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Chronic pain patients commonly complain of working memory deficits, but the mechanisms and brain areas underlying this cognitive impair-
ment remain elusive. The neuronal populations of the mPFC and dorsal CA1 (dCA1) are well known to form an interconnected neural circuit that
is crucial for correct performance in spatial memory-dependent tasks. In this study, we investigated whether the functional connectivity between
these two areas is affected by the onset of an animal model of peripheral neuropathic pain. To address this issue, we implanted two multichannel
arrays of electrodes in the mPFC and dCA1 of rats and recorded the neuronal activity during a food-reinforced spatial working memory task in
a reward-based alternate trajectory maze. Recordings were performed for 3 weeks, before and after the establishment of the spared nerve injury
model of neuropathy. Our results show that the nerve lesion caused an impairment of working memory performance that is temporally associ-
ated with changes in the mPFC populational firing activity patterns when the animals navigated between decision points—when memory
retention was most needed. Moreover, the activity of both recorded neuronal populations after the nerve injury increased their phase locking
with respect to hippocampal theta rhythm. Finally, our data revealed that chronic pain reduces the overall amount of information flowing in the
fronto-hippocampal circuit and induces the emergence of different oscillation patterns that are well correlated with the correct/incorrect per-
formance of the animal on a trial-by-trial basis. The present results demonstrate that functional disturbances in the fronto-hippocampal
connectivity are a relevant cause for pain-related working memory deficits.

Introduction
Evidence from both animal neurophysiological recordings
and human brain imaging studies shows that the neural activ-
ity of medial prefrontal cortex (mPFC) and hippocampus cor-
relates with the retention of information over a brief temporal
scale, a function that is crucial for a wide range of cognitive
tasks (Floresco et al., 1997; Jung et al., 1998; Rainer et al., 1999;
Stern et al., 2001; Pesaran et al., 2002; Baeg et al., 2003; Schon
et al., 2005). Important memory performance-related mPFC–
hippocampus interactions occur via coherent oscillations in
the theta frequency range (Hyman et al., 2005; Jones and
Wilson, 2005b; Siapas et al., 2005; Lisman, 2010). These inter-
actions were greatest just before a correct decision was made
(Jones and Wilson, 2005a) and are evidence of a functional
connection between both regions.

Impaired working memory is observed in several clinical con-
ditions, such as traumatic brain injury (McDowell et al., 1997),
mental retardation (Vallar and Papagno, 1993), schizophrenia
(Green, 2006), attention deficit hyperactivity disorder (Frank et
al., 1996), and chronic pain (Ling et al., 2007; Luerding et al.,
2008). Indeed, it is commonly assumed that chronic pain may
lead to learning dysfunctions (Kim et al., 2012). This clinical
observation is corroborated by neuroimaging studies during
noxious stimulation that demonstrated an activation of brain
areas crucial for memory and learning (Peyron et al., 1998;
Ploghaus et al., 2000; Ducreux et al., 2006; Schweinhardt et al.,
2006; Buhle and Wager, 2010; Apkarian et al., 2011). Recent stud-
ies in animal pain models have also demonstrated that pain in-
duces disturbances in different cognitive processes (for review,
see Moriarty et al., 2011). Some of these pain-related cognitive
impairments have been observed in spatial information acquisi-
tion (Cardoso-Cruz et al., 2011a), spatial memory (Cain et al.,
1997; Lindner et al., 1999; Leite-Almeida et al., 2009; Hu et al.,
2010), memory recognition (Cain et al., 1997; Lindner et
al., 1999; Millecamps et al., 2004), emotional decision making
(Pais-Vieira et al., 2009a, 2012; Ji et al., 2010), attentional perfor-
mance (Millecamps et al., 2004; Boyette-Davis et al., 2008; Pais-
Vieira et al., 2009b; Legrain et al., 2011), and aversive learning
(Suzuki et al., 2007).

However, little is known about how pain affects the mPFC–
hippocampal circuit. The mPFC region has an important role in
pain modulation (Seifert et al., 2009; Devoize et al., 2011), and
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pain-induced plasticity of mPFC region may provide a cellular
basis for cognitive impairments (Metz et al., 2009). Additionally,
chronic pain has been associated with working memory deficits
due to hippocampal LTP inhibition (Kodama et al., 2007; Ren et
al., 2011), and abnormal cytokine expression (Al-Amin et al.,
2011; del Rey et al., 2011), while reduction in hippocampal vol-
ume in chronic pain patients has been suggested to underlie
learning and emotional deficits (Mutso et al., 2012). Despite all
the knowledge gathered in recent years, it remains unclear how
pain affects the share, maintenance, and processing of informa-
tion that is crucial for spatial mnemonic processes. Therefore,
our interest was to study how the mPFC– hippocampal connec-
tivity is affected during a neuropathic condition.

Materials and Methods
Animal model and ethical statement
Fifty-one adult male Sprague Dawley rats weighing between 275 and
320 g were used in this study. The rats were maintained on a 12 h light/
dark cycle, and both training and recording sessions run at approxi-
mately the same time each day during the light portion of the cycle. All

animals were food deprived to 90 –95% of their ad libitum feeding body
weights during the course of these experiments. All procedures and ex-
periments adhered to the guidelines of the Committee for Research and
Ethical Issues of the International Association for the Study of Pain
(Zimmermann, 1983), with the Ethical Guidelines for Animal Experimen-
tation of the European Community Directive Number 86/609/ECC of No-
vember 24, 1986, and were approved by national and local boards.

Mazes and training procedures
We used two distinct mazes in this study. Most experiments were based
in a behavioral task consisting of a food-reinforced delayed spatial alter-
nation task on a figure-eight-shaped maze, in a paradigm used in previ-
ous studies of episodic memory (Baeg et al., 2003; Ji and Wilson, 2007).
The total dimension of the arena was 90 � 60 cm, with Plexiglas corridors
15 cm wide and opaque walls 30 cm high with intramaze cues in the
reward locations (Fig. 1A). Starting from the center of the maze (Fig. 1A,
C), the rats were trained to alternately visit two reward sites (Fig. 1A, R)
to obtain one chocolate-flavored pellet (45 mg) that was automatically
delivered by a pellet dispenser (Coulbourn Instruments). After visiting
one of the reward locations, the animal had to continue forward and
cross again the central corridor before visiting the opposite reward site;

Figure 1. Apparatus and behavioral performance. A, Figure-eight maze, spatial alternation working memory task. Starting from the center of the maze (C), the animal had to alternately visit two rewardsites
(R)(feederAandB)toobtainchocolate-flavoredpellets.Theanimalwasrequiredtocomebacktothecenterfromagivenrewardsitebeforevisitingtheotherrewardsite.Thearrowsindicatethedirectionoftravel
when going to the left and right goals. B, Training period performance for the spatial working memory task. Only rats that reach at least the threshold of 80% of correct alternations from feeder A to feeder B
according to the task imposed rules were selected to be candidates to receive the surgery for electrode implantation. C, Movement map of a rat across days 2 and 10 of the training period. As shown, the rat
frequently made more navigation errors in the early days of training (see, for example, the direct trajectories between reward locations across day 2). D, Level of sensibility to mechanical stimulation evaluated
using von Frey filaments. A large decrease was observed in the threshold required to induce a paw response in the SNI group. E, Recording period performance for the spatial working memory task. F, A significant
decrease in performance level and running velocity was observed in the SNI group after nerve lesioning. G, Total number of trials performed in each recording session. A large decrease of the number of performed
trialswasobservedintheSNIgroupsafternervelesioning.H,TheSNIanimalsspentmoretimenavigatinginthedelayzoneofthebehavioraltestafter lesioning. I,Alsoasignificant increaseoftheaverageinterval
between correct alternations was observed in this experimental group. Values are presented as the mean�SEM. SNI group, n �5; sham group, n �5. Comparisons between experimental groups are based
on two-factor repeated-measures ANOVA, followed by post hoc Bonferroni test. *p � 0.05, **p � 0.01, ***p � 0.001.
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food rewards were not dispensed if the animal failed to cross the central
corridor before arriving at the reward sites or if the animal made two
consecutive visits to the same reward site (Fig. 1A, arrows illustrate the
pattern of correct maze navigation). Control of pellet dispensers was fully
automated using the OpenControl software adapted to this particular
task (Aguiar et al., 2007). In all the analysis of this study, we have consid-
ered three different zones in the behavioral arena: the “reward zones” are
the 15 � 15 cm corner areas where the animal receives a pellet upon a
correct alternation; the “delay zones” comprise the area between the
reward zones and the central corridor; finally, the “choice zone” is the
area preceding the reward zones and immediately following the central
corridor (Fig. 1A). The testing room was moderately illuminated and
rich in visual cues distant from the maze. During the training period (10
d), the rats were given three daily 10 min sessions to learn the alternation
schedule. An error was defined by a consecutive visit to the same reward
site or when the return route was the same as the approach route. Errors
were not reinforced. Only animals that reached 80% of correct maze
alternations during the training period were selected to continue the
testing protocol of neuronal recordings (Fig. 1B).

The second maze used in a few experiments was a classical nonsample
to match the T-maze, in which the animals need to alternate from the
forced visited arm to receive a food reward. The arena consisted of a
T-shaped arena with three sections that were 45 cm long and 15 cm wide,
and opaque walls 30 cm high with intramaze cues in the reward locations;
trials were initiated from the base of the T. Before alternation testing, the
animals were habituated during 2 d to the T-maze with both food wells
filled (four daily sessions of 3 min duration and 10 min intertrial inter-
vals). The daily testing session was composed of 10 groups of two trials—
one forced and one choice trial— both with an individual duration of 2
min. In the forced trial, only the baited sample arm is accessible. After the
animal has retrieved the reward, the animal is placed back in the start area
and both arms are made available for the choice trial. Correct arm entry
results in reward, whereas incorrect arm entry results in absence of re-
ward. An intertrial interval of 3 min was used between trials. Each session
contained an equal number of left and right arm baited trials.

Experimental protocols
Experiment 1—spatial performance. The first experiment addressed the
effect of the onset of the neuropathic pain model on working memory
performance in the figure-eight-shaped spatial alternation task. A total of
22 animals were included in this experiment. One group of 10 animals
(n � 5 in both sham and nerve-lesioned groups) was surgically implanted
with two arrays of eight isonel-insulated tungsten filaments (35 �m in
diameter) for the recording of extracellular single-unit and local field
potentials (LFPs) while performing the spatial alternation task (see de-
tails below). After 7 d of recovery from the implantation surgery, the
animals were retrained for 5 d to recover the presurgery performance
level. Neuronal recordings were then done during 5 consecutive days
[hereafter called the baseline or control period (CT)] while performing
the maze alternation task in two daily sessions of 10 min with a 4 h
interval between sessions. On the following day, the animals were briefly
anesthetized and either surgically subjected to the spared nerve injury
(SNI) model of neuropathic pain (Decosterd and Woolf, 2000) or to a
sham intervention with the same extent of skin incision and muscle
dissection. SNI surgery consists of ligation and transection of the tibial
and common peroneal branches of the sciatic nerve, while sparing the
sural nerve. Both interventions were done on the hindpaw contralateral
to the side of implantation of the recording arrays. Behavioral and neural
recordings in both groups were then resumed for a period of 3 weeks
(with recordings performed at days 1, 3, 5, 7, 10, 15, and 21 after SNI or
sham intervention). The sensory threshold for mechanical stimulation
was assessed 1 h after the end of the second daily recording session by
placing the animals in a cage with a metal mesh floor and touching the
plantar surface of the paw with von Frey filaments (Somedic) as previ-
ously described (Chaplan et al., 1994; Cardoso-Cruz et al., 2011a).

Experiment 2—spatial learning performance in neuropathic animals. To
study the effects of chronic pain on performance from a naive status, we
evaluated the learning curves of groups of animals first exposed to both
spatial alternation tasks 7 d after the SNI or sham intervention (eight-

shaped arena: n � 6 in sham group, n � 6 in nerve-lesioned group;
T-maze task: n � 6 in sham group, n � 9 in nerve-lesioned group). The
learning performance of the treatment groups was followed for 10 con-
secutive days.

Experiment 3— hippocampal-function performance dependency. Addi-
tionally, we also validated the functional hippocampal dependency in
both spatial alternation tasks. In this experiment, the animals were sub-
jected to a training protocol of 10 d (as detailed above), and after that they
received a hippocampal lesion or a sham intervention. Hippocampal
lesions were made by bilateral injections of quinolinic acid (QA) (Sigma
Chemical) centered at the dorsal CA1 region (dCA1) using the same
described coordinates for multielectrode implantation (0.4 �l of a 0.18 M

solution, pH 7.4) (see details below). Control animals received bilateral
injections of 0.4 �l of artificial CSF at the same coordinates. ACSF con-
tained the following (in mM): NaCl 115.0, KCl 5.6, CaCl2 2.0, MgCl2 1.0,
glucose 11.0, NaH2PO4 1.0, and NaHCO3 25.0, pH 7.4. Each rat was
given 5 d to recover from surgery before testing. Postsurgery behavioral
performance was evaluated during the following 6, 8, and 10 d.

Multielectrode implantation
The procedure for the surgical implantation of intracranial multielec-
trode arrays has been described in detail previously (Cardoso-Cruz et al.,
2011a). Briefly, animals were anesthetized with a ketamine/xylazine mix-
ture (10 and 60 mg/kg, respectively, i.m.). Anesthesia was maintained
with small additional injections of ketamine (one-third of the initial
dosage). Depth of anesthesia and paralysis of the musculature was as-
sessed by regular testing of the corneal blink, hindpaw withdrawal, and
tail-pinch reflexes. Core body temperature was maintained at 37°C
through use of a homeothermic blanket system (Harvard Apparatus).
Animals were secured in a stereotaxic frame using ear bars, and the skull
was exposed and cleaned using hydrogen peroxide. Holes were bored in
the skull to allow the implantation of four to five screws and the two
microelectrode arrays. The screws were used for securing probes and for
grounding purposes. Just before implantation, microelectrode array fil-
aments were cut to the ideal length using sharp tungsten scissors and then
were soaked in a saturated solution of sucrose. Each microelectrode array
contained eight filaments of isonel-coated tungsten wire (35 �m in di-
ameter) (California Fine Wire Company) with impedances varying be-
tween 0.5 and 0.7 M� at 1 kHz. The microelectrode arrays were
assembled in 4 � 2 architecture, with spacing of 250 �m between fila-
ments and 450 �m between each row. The arrays were mounted in the
holder of a hydraulic micropositioner (FHC) and subsequently slowly
driven (50 �m/min) to the mPFC and hippocampal dCA1 field. The
following coordinates (in millimeters) relative to bregma (Paxinos and
Watson, 1998) were used to place the arrays: mPFC (�2.2 rostrocaudal,
1.0 mediolateral, 3.2 dorsoventral); and dCA1 (�3.2 rostrocaudal, 2.2
mediolateral, 2.7 dorsoventral).

Neural recordings
All neural activity signals from the implanted microelectrodes were re-
corded and processed using a Multineuron Acquisition Processor system
(16-MAP, Plexon). Neural signals were preamplified (10,000 –25,000�)
and digitized at 40 kHz. Voltage time threshold windows were used to
identify single-unit waveforms. Up to two neuronal action potentials per
recording channel were sorted on-line (SortClient 2.6., Plexon) and were
validated by off-line analysis (Offline Sorter 2.8., Plexon) according to
the following cumulative criteria: voltage threshold �2 SDs of the am-
plitude distribution; signal-to-noise ratio �3; �1% of interspike inter-
vals �1.2 ms; and stability of the waveform shape as determined by a
waveform matching template algorithm and principal component anal-
ysis. In addition, the Waveform Tracker software (Plexon) was used to
verify that the recorded units were stable across experimental sessions.
Extracellular LFPs were simultaneously recorded from the same im-
planted microwires by low-frequency (0.5–200 Hz) filtering of the raw
signals. LFPs were preamplified and digitized at 500 Hz. An overhead
video tracking system (CinePlex 2, Plexon) was used to provide informa-
tion about the animal position on the maze and to synchronize the video
recordings with the acquired neuronal data.
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Data analysis
Neural data were processed off-line using NeuroExplorer 4 (NEX,
Plexon) and exported to our own MatLab R14 (MathWorks) routines for
additional analysis. The Kolmogorov–Smirnov (KS) test was used to
determine whether datasets were normally distributed (Prism 5.0,
GraphPad). Statistical comparisons of the experimental groups were per-
formed by a two-factor ANOVA [repeated-measures (rmANOVA)], and
when appropriate a post hoc analysis was performed using the Bonferroni
test. The level of significance was set as 5%. Results are expressed as the
mean � SEM.

Behavioral data. Custom MatLab and Python scripts were used to sort
behavioral intervals based on previous or next trial outcome (correct vs
incorrect), maze navigation zone (reward, delay, choice zones), and by
experimental session (control vs CFA). These measurements were calcu-
lated based on tracking navigation vectors obtained from behavior video
recordings. Several parameters concerning the behavioral performance
and navigation maps were examined across experimental sessions: per-
centage of correct alternations, total number of performed trials, aver-
aged running speed, mean time of navigation across the delay zone, and
average interval between two consecutive correct alternations per
session.

Spiking activity. Average firing rate activity for the mPFC and dCA1
neurons was examined across maze navigation zones, comparing SNI
and sham animals in presurgery and postsurgery recording sessions. To
examine which neurons displayed elevated activity in the delay zone
navigation, we compared for each alternation the average firing rate of
the last second spent in the delay zone versus the global firing rate of the
session (paired t test, p � 0.05).

Additionally, to analyze firing activity response for correct versus error
alternations during each recording session, individual perievent time
decision histograms were computed for each recorded neuron and plot-
ted in a 2 s range centered at the time of the transition between the delay
and the choice navigation zones (50 ms per bin). A KS test ( p � 0.05) was
used to test differences in the firing distribution of each neuron. The
units were classified based in their increased, decreased, or unchanged
firing rate. All recording sessions selected for comparisons of neuronal
activity for correct versus error alternations had at least 5% of incorrect
alternations.

To characterize the temporal structure of the spiking activity in respect
to the theta cycle, the raw hippocampal LFPs were filtered in the theta
range (4 –9 Hz) using a zero-phase forward and reverse digital four-pole
Butterworth bandpass filter to yield the signal LFP�. The relationship
between temporal structure of mPFC and dCA1 neuronal spiking activity
and hippocampal ongoing theta rhythm was calculated using standard
cross-correlograms (Neuroexplorer 4, Plexon). Correlations were com-
puted using dCA1 LFP� as reference with a temporal resolution of 2 ms
per bin, and the rate histograms for both mPFC and CA1 spiking activity
were calculated individually for each cell and are represented in the func-
tion of the populational activity across navigation zones. We compared
the signals from the control period versus the signals from only one
postsurgery session and selected day 10 because the nerve-lesioned
animals reach stable levels of pain at this time point. The comparison
of phase distributions was performed using a two-sample KS test
( p � 0.05).

Spectral analysis. Global spectral characteristics of mPFC-dCA1 LFP
signals were calculated for each navigation zone of the test arenas. The
power spectral density (PSD) of mPFC (Pxx) and CA1 (Pyy) LFP signals
was calculated between 1 and 50 Hz using the Welch method (MatLab
native function), with 512-point fast Fourier transform of nonoverlap-
ping 1 s epochs (Hanning window). Data are presented as the percentage
of total PSD within the 1–50 Hz frequency range. Five frequency bands
were considered: 1– 4 Hz (delta), 4 –9 Hz (theta), 9 –15 Hz (alpha), 15–30
Hz (beta), and 30 –50 Hz (gamma). To determine the spectral coupling
among signals from the recorded regions, we calculated the correlation
coefficient or coherence. Coherence (Cxy) was measured applying the
equation mathematically equivalent to Cxy � �Pxy�

2/(PxPy), where the
coherence for two signals, x and y, is equal to the average cross-power
spectrum (Pxy) normalized by the averaged power spectra of the two
signals. Its value lies between 0 and 1, and it estimates for a given fre-

quency the level to which phases are dispersed. Cxy � 0 means that phases
are dispersed, and high coherence (Cxy � 1) means phases of signals x
and y are identical and the two signals are totally phase locked at this
frequency.

The statistical method of partial directed coherence (PDC) was used to
quantify the information flow within the mPFC– dCA1 circuit. The PDC
method has been described in detail previously (Sameshima and Baccalá,
1999; Baccalá and Sameshima, 2001; Cardoso-Cruz et al., 2011b). Briefly,
PDC is an alternative representation of multivariate processes involving
Granger causality to uncover frequency domains of direct influence that
allows for assessing interactions between brain regions and revealing
their directionality. Its value lies between 0 and 1. PDC � 0 can be
interpreted as the absence of functional connectivity from the first struc-
ture ( j) to the second structure (i) at a particular frequency window,
while high PDC values indicate strong connectivity between the struc-
tures. This can be interpreted as the existence of information flow from
brain structure j to i.

Histology
After the end of all experiments, the rats were deeply anesthetized with
ketamine/xylazine mixture and the recording site was marked by inject-
ing DC current (10 –20 �A for 10 –20 s) through one microwire per array,
marking the area below the electrode tips. After this step, the animals
were perfused through the heart with 0.01 M phosphate buffer, pH 7.2, in
a 0.9% saline solution followed by 4% paraformaldehyde. Brains were
removed, post-fixed in 4% paraformaldehyde for 4 h, and stored in 30%
sucrose before they were frozen and sectioned into 60 �m slices. Sections
were Nissl counterstained to help visualize the electrode tracks under the
microscope.

Results
Mechanical stimulation threshold
All animals of the SNI group developed mechanical allodynia, as
indicated by the significant decrease in the mechanical force
needed to evoke paw withdrawal to von Frey filament stimulation
in the hindpaw ipsilateral to the lesion (Fig. 1D). In the sham
group, no statistical differences were noted in respect to the pre-
operation period (control period). A two-factor rmANOVA was
used to compare responses from sham and SNI animals. Signifi-
cant statistical differences were observed between experimental
groups (F(1,56) � 432.70, p � 0.0001) and across recording days
(F(7,56) � 19.24, p � 0.0001). Post hoc analysis revealed a signifi-
cant decrease in the SNI after nerve lesioning (Bonferroni test,
p � 0.001).

Maze performance behavior
Rats were trained to optimal performance on the figure-eight
spatial alternation task before electrode implantation, and all an-
imals performed the task at levels �80% of correct choices after
10 d of training (three daily sessions of 10 min per animal) (Fig.
1B). Figure 1C shows two representative examples of cumulative
animal trajectories in one session of day 2 and day 10 of the
training period. As shown, the animal made more navigational
errors in the early period of training (for example, see Fig. 1C,
top, direct trajectories between the reward locations).

Pain-related performance behavior
To evaluate the chronic pain effects on the cognitive learning
process, a set of animals already with pain were trained on a
classic T-maze forced-choice task (Fig. 2A), and in the figure-
eight spatial delayed alternation task (Fig. 2B). In the T-maze
task, there were significant differences between experimental
groups (F(1,130) � 73.26, p � 0.0001; SNI group, n � 9; sham
control group, n � 6), and between daily training sessions
(F(9,130) � 3.95, p � 0.0002). Post hoc analysis showed that SNI
group performance levels were lower when compared with the
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sham group at day 1 (Bonferroni test, p � 0.01), day 2 (p � 0.05),
day 3 (p � 0.01), day 5 (p � 0.05), and day 6 (p � 0.05) (Fig. 2A).
In the figure-eight spatial alternation task, ANOVA indicated
significant differences between experimental groups (F(1,100) �

70.81, p � 0.0001; SNI group, n � 6; sham
control group, n � 6) and between train-
ing sessions (F(9,100) � 40.50, p � 0.0001).
In addition, post hoc analysis revealed a
lower performance behavior of the SNI
group when compared with the control
group at day 3 (Bonferroni test, p � 0.05),
day 4 (p � 0.01), day 5 (p � 0.001), and
day 6 (p � 0.01) (Fig. 2B).

Hippocampal function
performance dependency
To evaluate whether the spatial cognitive
performance depends on normal hip-
pocampal function, we tested in both spa-
tial alternation tasks a set of animals that
received a bilateral lesion of the dCA1 hip-
pocampal region. After the lesioning, a
clear performance decrease was observed
in both tasks (Fig. 2C,D). In the case of the
T-maze task, ANOVA revealed statistical
differences across experimental groups
(F(1,30) � 70.22, p � 0.0001) as well as
across testing sessions (F(2,30) � 3.12, p �
0.0580). In addition, post hoc analysis re-
vealed that performance level was signifi-
cantly lower in hippocampus-lesioned
animals (QA group, n � 6) when com-
pared with control animals (ACSF group,
n � 6) at day 6 (Bonferroni test, p � 0.01),
day 8 (p � 0.001), and day 10 (p � 0.001)
after hippocampal lesioning. In the case of
the figure-eight spatial alternation task,
ANOVA revealed differences between ex-
perimental groups (F(1,30) � 46.79, p �
0.0001; QA group, n � 6; and ACSF con-
trol group, n � 6), but no significant effect
across testing sessions (F(2,30) � 1.28,
p � 0.2924). Post hoc analysis indicated
that the performance in hippocampus-
lesioned animals decreased when com-
pared with the control group at all testing
sessions after surgical hippocampal le-
sioning [days 6 and 8 (with Bonferroni
test), p � 0.001; day 10 (with Bonferroni
test), p � 0.05].

Spatial performance during recording
sessions
The performance of SNI rats (n � 5) was
significantly worse than those in the sham
group (n � 5) (Fig. 1E). ANOVA revealed
statistical differences in the rat’s per-
formance between experimental groups
[F(1,56) � 12.97, p � 0.0006; two-factor
(groups � time) rmANOVA], and across
recording days (F(7,56) � 2.17, p �
0.0482). Post hoc analysis revealed a signif-
icant performance decrease in the SNI
group at days 3 and 5 after nerve lesioning
(Bonferroni test, p � 0.05). Additionally,

a decrease in the running velocity was observed after lesioning in
both experimental groups; both groups fully recovered to normal
values of running speed 7 d after the surgery (Fig. 1F). ANOVA

Figure 2. Pain-related performance behavior and hippocampus function performance dependency. A, B, The chronic pain effects on
the cognitive learning process performance was tested on a classic T-maze forced-choice task (A), and on the figure-eight spatial delayed
alternation task (B). The nerve-lesioned animals (SNI: T-maze, n�9; figure-eight maze, n�6) showed a significantly lower performance
whencomparedwithcontrolanimals(sham:T-maze,n�6;figure-eightmaze,n�6)acrossbothtasks.Abilateral lesionofthedorsalCA1
hippocampal region was done with QA injection to evaluate whether the cognitive spatial performance depends on normal hippocampal
function. C, D, A clear decrease of the performance level was observed in hippocampus-lesioned group (QA group) across both behavioral
tasks (C, T-maze: QA, n�6; aCSF control, n�6; D, figure-eight: QA, n�6; aCSF-control, n�6). It should be noted that the performance
decrease was larger in the figure-eight task. Values are presented as mean�SEM. Comparisons between experimental groups are based
on two-factor repeated-measures ANOVA, followed by post hoc Bonferroni test. *p � 0.05, **p � 0.01, ***p � 0.001.

Figure 3. Stability of two cells simultaneously recorded in the same animal across experimental sessions and firing activity
during task navigation. A, Illustration of the waveform shape of a hippocampal CA1 cell (yellow) and an mPFC cell (green). Only
units with a �3:1 signal-to-noise ratio were considered. B, Off-line analysis of 3-D PC cluster stability from each channel shown
across the whole recording sessions using the WaveTracker software (Plexon). C, In this view, 2-D PC clusters are projected as
function of time (z-axis). Stability across time of the units isolated was used as an extra selection criteria. D, Correspondent
oscillations of intracranial LFP channels. Raw recordings represent 10 s of ongoing LFP activity.
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showed significant differences between experimental groups
(F(1,56) � 2.34, p � 0.0341) and a significant effect across record-
ing days (F(7,56) � 10.97, p � 0.0001). In terms of the total num-
ber of trials performed by the experimental groups per recording
session, a large decrease was observed in the SNI group after nerve
lesioning when compared with control group (groups: F(7,56) �
20.21, p � 0.0012; time: F(7,56) � 6.31, p � 0.0001; Fig. 1G).
Moreover, post hoc analyses revealed a significant decrease in
performance of the SNI group across days 3, 5, 7, and 10 (Bon-
ferroni test, p � 0.05, respectively), day 15 (p � 0.001), and day
21 (p � 0.05).

An essential issue of alternation tasks is the temporal gap be-
tween trajectory decisions, in which the animal should maintain a
retrospective memory of the previous visited reward location to
choose correctly in the next left/right decision point. Our results
show that after the nerve lesioning the SNI animals spent more
time navigating in the delay zone of the behavioral test (groups:
F(1,56) � 12.15, p � 0.0009) (Fig. 1H). Post hoc analysis revealed
an increase of the time of navigation in the delay zone for the SNI
group at days 3 and 5 after lesioning (Bonferroni test, p � 0.001).
In addition, the interval of time that mediated two consecutive
correct choices increased significantly for the SNI animals (Fig.
1I); ANOVA revealed a significant effect between experimental
groups (F(1,56) � 44.87, p � 0.0001) and across the recording days
after lesioning (F(7,56) � 3.60, p � 0.0025). Post hoc analysis re-
vealed an increase of the interval between correct choices for SNI
group after the nerve lesioning (Bonferroni test; days 5, 7, 15, and
21, p � 0.05; day 10, p � 0.01).

Neuronal activity
In the present study, the Waveform Tracker Software (Plexon)
was used to ensure that individual neural recordings were cor-
rectly identified across recording sessions (Fig. 3). Only neurons
that remained stable throughout the recording sessions in terms
of waveform shape and correct localization of the two recording
sites confirmed by histological slices were considered in the anal-
ysis. A total of 175 validated neurons were recorded from the
dorsal CA1 hippocampal region (n � 85 cells) and mPFC region
(n � 90 cells) in five nerve-injured rats (SNI; dCA1 � 43 and
mPFC � 46 cells) and five control sham rats (dCA1 � 42 and
mPFC � 44 cells). Table 1 presents the average populational
firing rate activity for the two recorded brain areas. No significant
variations of neuronal activity were observed between animals
during the presurgery period. The nerve injury caused an increase
of the average firing rate of hippocampal dCA1 neurons when the
animal was in the reward zone and choice zone, but not during
navigation in the delay zone, when compared with the presurgery
firing rates. In this case, we found a statistical effect in recording
days [reward zone: F(7,56) � 3.36, p � 0.0046; and choice zone:
F(7,56) � 4.06, p � 0.0012; two-factor (groups � time)
rmANOVA]. Post hoc analysis revealed an increase of the average
firing rate for SNI group at day 5 for reward zone (p � 0.05), and
at day 7 for choice zone (Bonferroni test, p � 0.05).

Spiking activity during the navigation on the delay zone
We calculated the percentage of neurons that elevated their aver-
age firing rate during the delay zone navigation in respect to the

Table 1. Average of fronto-hippocampal populational firing rate activity when the animals ran the figure-eight spatial alternation task

Recording sessions (d)

mPFC CA1

Sham SNI Sham SNI

Mean SEM Mean SEM Mean SEM Mean SEM

Reward zone
CT 4.18 0.24 4.78 0.42 3.68 0.19 3.78 0.12
1 4.04 0.21 4.53 0.38 3.70 0.34 4.35 0.30
3 4.22 0.09 4.62 0.43 3.83 0.35 4.88 0.35
5 4.27 0.30 4.22 0.44 3.61 0.24 4.85* 0.38
7 4.22 0.27 4.72 0.34 3.99 0.33 4.64 0.41
10 4.17 0.29 4.33 0.51 3.91 0.26 4.32 0.43
15 4.16 0.26 3.96 0.53 3.63 0.25 3.95 0.32
21 4.20 0.29 4.37 0.47 3.91 0.22 3.98 0.25

Delay zone
CT 5.47 0.38 5.10 0.43 3.52 0.27 3.89 0.23
1 5.50 0.29 5.04 0.33 3.36 0.30 4.02 0.35
3 5.77 0.44 5.40 0.22 3.27 0.38 3.64 0.33
5 6.08 0.51 5.01 0.28 3.36 0.38 3.67 0.36
7 5.55 0.42 5.38 0.20 3.21 0.44 3.86 0.36
10 5.55 0.47 5.03 0.23 3.41 0.27 3.22 0.35
15 5.81 0.46 5.12 0.21 3.43 0.27 3.21 0.30
21 6.04 0.50 5.30 0.16 3.45 0.24 3.36 0.27

Choice zone
CT 3.46 0.17 4.00 0.38 3.82 0.14 3.56 0.12
1 3.47 0.12 4.23 0.30 4.26 0.13 4.28 0.39
3 3.51 0.18 4.01 0.24 4.02 0.17 5.52 0.64
5 3.53 0.16 3.94 0.18 3.94 0.38 5.49 0.61
7 3.66 0.15 3.98 0.42 4.07 0.33 5.85* 0.60
10 3.57 0.15 4.17 0.28 3.84 0.15 5.03 0.46
15 3.57 0.15 3.87 0.26 4.05 0.24 4.91 0.48
21 3.53 0.17 3.70 0.23 3.73 0.50 4.89 0.53

No significant differences were encountered in mPFC neurons; note, however, in this case that the average firing rate was significantly higher during the navigation in the delay zone when compared to reward and choice zones. In the case
of CA1 an increase of the average firing rate was observed during reward and choice-zones navigation after nerve lesion. Values are presented as the mean � SEM Comparisons between CT and postsurgery recording sessions based on
two-factor repeated-measures ANOVA, followed by post hoc Bonferroni test. *p � 0.05.
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whole recording session. Note that only the activity recorded in
correct trials was selected for this analysis, so that direct compar-
isons could be made. From the pool of 175 neurons, we removed
the neurons whose average firing rate in the delay zone was �1
Hz (mPFC-sham: 3 neurons; SNI: 6 neurons; dCA1-sham: 11
neurons; SNI: 9 neurons) because these provided too few spikes
for a correct analysis (Floresco et al., 1997). In the case of mPFC
neurons (n � 81), significant differences were found between

experimental groups [F(1,56) � 8.76, p � 0.0182; two-factor
(groups � time) rmANOVA], and no differences across record-
ing days (Fig. 4D, top). Post hoc analysis revealed a decrease in the
percentage of mPFC neurons that elevated their average firing
rate within the delay zone at days 1, 7, and 10 after nerve lesioning
(Bonferroni test, p � 0.05). In the case of dCA1 neurons (n � 65),
no significant statistical differences were found between experi-
mental groups and recording sessions (Fig. 4D, bottom).

Figure 4. Typical neuronal responses for correct and error alternations. A, Perievent time decision histograms illustrate the averaged firing rate of four mPFC and four CA1 representative neurons
around the decision limit (bin resolution of 50 ms). Time � 0 on the x-axis corresponded to the time of decision of direction turn to yield the reward location. Across both recorded regions, some
neurons changed their spiking activity and others remain unchanged in respect to correct and error alternations after the decision of direction (from left to right, mPFC: KS � 0.32, p � 0.0001; KS �
0.07, p � 0.8200; KS � 0.24, p � 0.0282; and KS � 0.10, p � 0.6725; from left to right CA1: KS � 0.29, p � 0.0003; KS � 0.15 p � 0.1349; KS � 0.25, p � 0.0026; and KS � 0.13, p � 0.4973,
respectively). B, C, The majority of mPFC neurons elevated their average firing activity when the rat performed a correct alternation (B), and CA1 neurons decreased their firing activity across error
alternations (C). In both cases, no differences were found between experimental groups. D, The percentage of neurons that elevated their average firing rate during the delay zone navigation with
respect to the whole recording session decreased significantly after nerve lesioning in the case of mPFC neurons. Values are presented as mean � SEM. Comparisons between experimental groups
are based on two-factor repeated-measures ANOVA, followed by Bonferroni post hoc test. *p � 0.05.
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Firing activity of correct and
error alternations
To analyze whether the firing activity was
affected when the animal approached the
decision point of left/right alternation, we
calculated for each neuron the respective
peridecision histogram of firing activity
for either correct or error trials (Fig. 4A,
green and red vertical lines, respectively).
Figure 4A presents representative exam-
ples of mPFC and dCA1 neurons with dif-
ferent activity patterns. The majority of
the mPFC neurons increase their firing
activity after the rat performed a correct
direction choice (Fig. 4B, top). In con-
trast, the activity of dCA1 neurons com-
monly decreased across error alternations
(Fig. 4C, bottom). More importantly, it
should be noted that the analysis of firing
patterns revealed no statistical differences
in the percentage of neurons that in-
creased their activity, decreased activity,
or remained unchanged at the decision
point between experimental groups (Fig.
4B,C).

Changes in the hippocampal theta rhythm
The relationship between the temporal
structure of populational neuronal spik-
ing activity and ongoing theta cycle of hip-
pocampal LFPs was calculated for the
presurgery period versus day 10 after
sham or SNI surgery. As illustrated in Fig-
ure 5, different temporal activity patterns
were observed for mPFC and dCA1 after
peripheral nerve lesion surgery across the
navigation zones of the arena. In the case
of mPFC, no differences were observed af-
ter nerve lesion surgery during the reward
zone navigation between experimental
groups. With respect to delay and choice
zones, the mPFC neurons increased their
firing precision after lesioning in relation
to theta rhythm [delay zone: CT/SNI,
KS � 0.28, p � 0.0459; sham/SNI: KS � 0.25, p � 0.0257; choice
zone: CT/SNI, KS � 0.26, p � 0.0389; sham/SNI: KS � 0.26, p �
0.0291 (two-sample KS test)] (Fig. 5A,B). In the case of dCA1, no
differences in the timing of spiking activity were observed be-
tween groups for reward and choice zones, while for the delay
zone lesion the spiking activity was phase locked with respect to
theta cycle after lesioning (CT/SNI: KS � 0.24, p � 0.0289; sham/
SNI: KS � 0.26, p � 0.0311) (Fig. 5C,D).

Spectral analysis
Changes in power spectral densities
A qualitative comparison of PSD values for mPFC and hip-
pocampal dorsal CA1 LFPs is shown in Figure 6, comparing sham
and SNI groups across recording sessions and maze navigation
zones. The inspection of PSD confirmed that characteristic
power oscillations were as expected, with high power in the theta
frequency band (4 –9 Hz) shared by both recorded areas, as has
been previously described (Buzsáki, 2002; Lörincz et al., 2007).
ANOVA revealed no statistical differences between experimental
groups, but, as expected, a significant effect was found across

frequency bands [mPFC: reward zone, F(4,30) � 139.6, p �
0.0001; delay zone, F(4,30) � 152.40, p � 0.0001; choice zone,
F(4,30) � 371.30, p � 0.0001; dCA1: reward zone, F(4,30) � 139.90,
p � 0.0001; delay zone, F(4,30) � 89.40, p � 0.0001; choice zone,
F(4,30) � 164.10, p � 0.0001; two-factor (groups � frequency
bands) rmANOVA].

Fronto-hippocampal coherence activity
A qualitative comparison of the coherence activity measurements
between the mPFC– dCA1 circuit LFPs across recording days and
arena navigation zones is illustrated in Figure 7A. The global
levels of the fronto-hippocampal coherence activity after periph-
eral nerve lesioning changed across recordings sessions (Fig. 7B),
but not across frequency bands. In terms of statistical analysis, a
significant effect was observed in the coherence activity with respect to
recordingsessions[rewardzone:F(7,56) �26.89,p�0.0001;delayzone:
F(7,56) � 15.78, p � 0.0001; choice zone: F(7,56) � 10.62, p � 0.0001;
two-factor (groups � time) rmANOVA]. Post hoc analysis re-
vealed differences between experimental groups, in the reward
zone at the first and last recording sessions (Bonferroni test, p �

Figure 5. Correlation between hippocampal theta oscillations and spiking activity. The relationship between the temporal
structure of population neuronal spiking activity and the ongoing theta cycle of hippocampal LFPs (black dotted line), as calculated
for the preoperation period and day 10 after sham (n � 5) or SNI surgery (n � 5). The black dotted line represents the phase
histogram of the 4 –9 Hz hippocampal local field potential (LFP�). A, B, Illustrations of the populational mPFC activity before (CT)
and after sham surgery (A), and the activity before (CT) and after SNI surgery (B). The mPFC neurons increased their firing precision
with respect to theta rhythms after nerve lesioning during the navigation across delay and choice zones (two-sample Kolmogorov–
Smirnov test; delay zone: CT/SNI, KS � 0.24, p � 0.0459; sham/SNI, KS � 0.25, p � 0.0257; choice zone: CT/SNI, KS � 0.26, p �
0.0389; sham/SNI, KS � 0.28, p � 0.0291). C, D, Illustrations of the populational CA1 activity before (CT) and after sham surgery
(C), and the activity before (CT) and after SNI surgery (D). The CA1 conserved their temporal structure of activity across reward and
choice zones, but across delay zone increased their firing precision (CT/SNI: KS � 0.24, p � 0.0289; and sham/SNI: KS � 0.26, p �
0.0311). Values are mean � SEM.
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0.001; Fig. 7B, left); in the delay zone at the first and last two
recording sessions (p � 0.05, p � 0.01, and p � 0.05, respectively;
Fig. 7B, middle); and in the choice zone at days 1 (p � 0.01) and
3 (p � 0.001) and the last recording session (p � 0.001) (Fig. 7B,
right).

Partial directed coherence
The changes of mPFC– dCA1 circuit information flow in sham
and SNI animals were determined by PDC analysis. Figure 8
illustrates the PDC activity across recording days and arena nav-
igation zones. In the case of the direction from dCA1 to mPFC
(Fig. 8A), the qualitative analysis confirmed strong PDC values at
the theta frequency band (4 –9 Hz) in the choice and also in the
delay navigation zones, which is lost after peripheral nerve lesion-
ing. In the opposite direction—from mPFC to dCA1— high PDC
values at the theta band are also visible in the choice zone, and
they are also lost after the nerve injury (Fig. 8B).

Detailed analysis of averaged PDC values across the 1–50 Hz
frequencies for each recording session showed that the levels of
information flow decreased significantly after nerve lesioning
(Fig. 9). The global PDC level is particularly decreased in the
reward zone, in both circuit directions, and in the choice zone in
the dCA13mPFC direction of information. In the case of dCA1
3mPFC direction, ANOVA for reward location revealed signif-

icant differences between experimental groups [F(1,56) � 21.17,
p � 0.0066; two-factor (groups � time) rmANOVA], and no
effects across recording days. Post hoc analysis revealed a signifi-
cant decrease of PDC level for SNI group at days 1, 7, and 15 after
lesioning (Bonferroni test, p � 0.01; Fig. 9A, left). For the delay
zone, no differences were found between experimental groups, but a
significant effect was found across recording sessions (F(7,56) �
4.57, p � 0.0004). Post hoc analysis revealed a significant decrease
of the PDC levels in the SNI group at day 15 (p � 0.001; Fig. 9A,
middle). With respect to choice zone, statistical differences were
found between groups (F(1,56) � 197.60, p � 0.0001) as well as
across recording sessions (F(7,56) � 8.50, p � 0.0001). Post hoc
analysis revealed a large decrease in the PDC level for SNI group
(p � 0.001; Fig. 9A, right). In the case of the direction from mPFC
to dCA1, a significant effect was observed between experimental
groups when the animal was in the reward zone (F(1,56) � 113.40,
p � 0.0001), but no effect across recording sessions. Post hoc
analysis revealed that after the lesioning the PDC level decreased
significantly in the SNI group (days 1, 3, and 7, p � 0.05; days 5
and 21, p � 0.01); days 10 and 15, p � 0.001; Fig. 9C, left). In the
delay zone, ANOVA revealed no differences between groups, but
there was a significant effect across time (F(7,56) � 3.76, p �
0.0021; Fig. 9C, middle). With respect to choice zone, no signif-

Figure 6. Spectral analysis of mPFC-dCA1 LFPs channels. A, B, PSD of LFPs normalized by the percentage of total power within the frequency range analyzed (1–50 Hz) for mPFC (A) and CA1 (B)
channels, comparing the CT and sham or SNI recording sessions after surgery. Qualitative illustration of PSD showed that spectral power patterns were partially conserved across the experimental
groups.
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icant differences were registered between experimental groups,
but a significant effect was observed across recording sessions
(F(7,56) � 3.76, p � 0.0021). Post hoc analysis revealed that at day
3 after lesioning the PDC was significantly lower in the SNI group
compared with the sham group (p � 0.05; Fig. 9C, right).

To detail the fronto-hippocampal circuit information flow
across frequency bands, we calculated the averaged PDC per
range of frequencies (Fig. 9B). A two-way (groups � frequency
bands) rmANOVA was performed to assess the differences in the
averaged PDC between the sham and SNI groups. In the case of
the dCA13 mPFC direction, there was a significant difference
between experimental groups (reward zone: F(1,30) � 87.34, p �
0.0001; delay zone: F(1,30) � 20.08, p � 0.0001; choice zone:
F(1,30) � 326.89, p � 0.0001), as well between frequency bands
(reward zone: F(4,30) � 13.16, p � 0.0001; delay zone: F(4,30) �
21.10, p � 0.0001; choice zone: F(4,30) � 39.86, p � 0.0001). Post
hoc analysis revealed that after the nerve lesioning the PDC level
decreased at all frequency bands in the choice zone and in the
reward zone, with the exception of delta band in the reward zone
(Bonferroni test, p � 0.001). In the delay zone, we found only a
significant decrease at the theta frequency band (p � 0.001). In
the case of the mPFC3 dCA1 direction, there was a significant
difference between experimental groups at the reward and choice
zones (reward zone: F(1,30) � 363.50, p � 0.0001; choice zone:
F(1,30) � 26.61, p � 0.0001), and between frequency bands (re-
ward zone: F(4,30) � 8.59, p � 0.0001; delay zone: F(4,30) � 4.32,
p � 0.0039; and choice zone: F(4,30) � 81.91, p � 0.0001; Fig. 9D).

Post hoc analyses revealed that after the nerve lesioning the PDC
level decreased in all frequency bands at the reward zone (p �
0.001), and decreased in theta and alpha bands at the choice zone.
No significant differences were found for the delay zone.

Information flow activity in correct and error alternations
We expanded the analysis of the lesion-induced changes in
decision-related neuronal activity (Fig. 4A) by comparing the
PDC values of the local field potential signals for the same periods
of transition between the delay and the choice navigation zones,
and again separating these transition periods into correct or in-
correct alternations. Different patterns of PDC activity were ob-
served across correct and error alternations for both directions of
the circuit (Fig. 10A).

The quantitative analysis of the averaged PDC in the 1–50 Hz
frequency range showed that the global levels of information flow
decreased significantly after nerve lesioning (Fig. 10B). These
changes were observed for both directions of the mPFC– dCA1
circuit in both correct and error alternations. In the case of dCA1
3mPFC direction, for correct alternations statistical differences
were found for experimental groups [F(1,56) � 17.77, p � 0.0029;
two-factor (groups � time) rmANOVA], but not across record-
ing sessions. Post hoc analysis revealed a significant increase of the
PDC level across day 21 after SNI lesioning (Bonferroni test, p �
0.01). For error alternations, significant effects were observed
across groups (F(1,56) � 57.34, p � 0.0001) and recording sessions
(F(7,56) � 4.35, p � 0.0007). Post hoc analysis revealed a significant

Figure 7. Spectral coherence. A, Spectral coherence between simultaneously mPFC and CA1 LFPs recorded channels showed similar global levels of coherence activity across navigation zones for
experimental groups. B, The averaged coherence (in 1–50 Hz frequency range) across recording sessions indicated no significant differences between experimental groups; however, significant
differences were found across recording sessions, particularly during the early recording sessions after lesioning. Values are presented as mean � SEM. SNI group, n � 5; sham group, n � 5.
Comparisons between experimental groups are based on two-factor repeated-measures ANOVA, followed by post hoc Bonferroni test. *p � 0.05, **p � 0.01, ***p � 0.001.
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decrease of the PDC activity across days 1 and 5 after nerve le-
sioning (Bonferroni test, p � 0.05). In the case of mPFC3 dCA1
direction, for correct alternations statistical differences were
found for experimental groups (F(1,56) � 21.74, p � 0.0016), but
not across recording sessions. Post hoc analysis revealed a signif-
icant decrease of the PDC activity across days 1 and 21 after SNI
lesioning (Bonferroni test, p � 0.05 and p � 0.01, respectively).
For error alternations, statistical differences were observed across
groups (F(1,56) � 60.86, p � 0.0001), and recording sessions
(F(7,56) � 4.47, p � 0.0005). Post hoc analysis revealed a significant
decrease of the PDC level across days 1, 3, 5, and 21 after nerve
lesioning (Bonferroni test, p � 0.001, p � 0.001, p � 0.05, and
p � 0.001, respectively).

In relation to the frequency bands (Fig. 10C), the global PDC
level was particularly decreased across theta, alpha, and delta
bands for correct and error alternations. One exception was
found across correct alternations, for the dCA13 mPFC direc-
tion, which decreased across theta and increased for gamma fre-
quency band after nerve lesioning. For the dCA1 3 mPFC
direction during correct alternations, we found significant differ-
ences between experimental groups [F(1,30) � 4.83, p � 0.0319;
two-factor (groups � frequency bands) rmANOVA], and fre-
quency bands (F(4,30) � 41.96, p � 0.0001). Post hoc analysis
revealed a significant decrease of PDC activity after SNI lesioning
in the theta frequency band (Bonferroni test, p � 0.01), and an

increase in the gamma frequency band (p � 0.01). On the other
hand, for error alternations, statistical differences were found
between groups (F(1,30) � 30.42, p � 0.0001) and frequency
bands (F(4,30) � 11.49, p � 0.0001). Post hoc analysis revealed a
significant decrease of the PDC level for theta (Bonferroni test,
p � 0.01), alpha (p � 0.01), and beta (p � 0.05) bands after nerve
lesioning. In the case of mPFC 3 dCA1 direction, for correct
alternations significant differences were found between experi-
mental groups (F(1,30) � 41.38, p � 0.0001), and across frequency
bands (F(4,30) � 18.14, p � 0.0001). Post hoc analysis revealed a
significant decrease of the PDC activity for the SNI group across
theta (Bonferroni test, p � 0.001), alpha (p � 0.01), and beta
(p � 0.05) bands. For error alternations, a significant effect was
found across experimental groups (F(1,30) � 59.87, p � 0.0001)
and frequency bands (F(4,30) � 9.31, p � 0.0001). Post hoc analysis
revealed a significant decrease of the information flow across
theta (Bonferroni test, p � 0.001), alpha (p � 0.001), and beta
(p � 0.05) bands for the SNI group.

Discussion
In this study, we report how the induction of chronic neuropathic
pain affects the fronto-hippocampal functional connectivity by
examining the temporal structure in spiking and LFP activity
while rats performed spatial alternation tasks. The behavioral
tests used in the present study were classical spatial working

Figure 8. The oscillations of information flow between the two recorded regions were determined by partial directed coherence analysis. Data were presented individually across the three
considered navigation zones of the behavioral task. A, B, The amount of information flow from dorsal hippocampal CA1 to mPFC after peripheral nerve lesioning decreased dramatically across choice
zone navigation (A), and from mPFC to CA1 across the reward zone (B), indicating that less information was processed in the mPFC– dCA1 circuit after peripheral nerve lesioning.
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memory tasks, where the animals need to
remember the route previously used to
correctly alternate between reward sites.

We report that the pain-inducing SNI
lesion impaired the spatial memory per-
formance in these animals. These results
are in accordance with recent studies us-
ing animal models of neuropathic pain
that have also showed a reduction in spa-
tial memory (Hu et al., 2010; Ren et al.,
2011), and with clinical reports that
chronic pain patients commonly present
working memory impairments (Ling et
al., 2007; Luerding et al., 2008). Similar
memory impairments have been reported
following prefrontal (Kyd and Bilkey,
2003) or hippocampal lesioning (Gaskin
et al., 2009a,b), and during the inhibition
of the mPFC– hippocampus circuit by li-
docaine (Floresco et al., 1997) or musci-
mol infusions (Wang and Cai, 2006; Yoon
et al., 2008).

Previous reports have shown an in-
crease in the rate of mPFC neuron firing
activity during the delay period in
delayed-choice tasks (Miller et al., 1996;
Fuster, 1997; Rainer et al., 1999), and this
led to the suggestion that working mem-
ory processing may be dependent on in-
creased activity of mPFC neurons. Our
results show that the nerve lesion reduced
the number of mPFC neurons with in-
creased firing rates in the delay zone ver-
sus the other zones of the maze. This
decrease in mPFC activity during the de-
lay period is in agreement with the sugges-
tion that mPFC instability may play a
crucial role in pain-induced memory dys-
function (Metz et al., 2009; Apkarian et
al., 2011). In contrast, the nerve lesion
marginally affected the overall neuronal
firing rate of the CA1 in which we ob-
served an increase in the populational ac-
tivity during navigation in the reward and
choice zones. In addition, our data
showed that the majority of the mPFC
neurons increased their firing activity in the decision point when
the rat performed a correct alternation, while the activity of dCA1
neurons decreased during error alternations. More importantly,
these firing patterns remain unchanged after peripheral nerve
lesioning.

Recordings from awake animals have shown that hippocam-
pal neurons fire phase locked to the theta oscillation of the hip-
pocampal field potential (Fox and Ranck, 1981; Skaggs et al.,
1996), in which the supramammillary nucleus has an important
role in its generation (Ruan et al., 2011). The robust hippocampal
theta frequency band has also been reported to be responsible for
theta phase-locked firing patterns of mPFC neurons (Hyman et
al., 2005; Jones and Wilson, 2005a; Siapas et al., 2005; Sirota et al.,
2008), and these phase interactions were greatest when the ani-
mal made a decision (Jones and Wilson, 2005a,b). Hyman et al.
(2010), using a two-level delayed nonmatch-to-sample task re-
ported that during error trials the mPFC neurons loose the theta

entrainment that occurs via theta range interactions between
mPFC and hippocampus, which is in agreement with human
studies showing strong mPFC– hippocampus theta coherence
during working memory tasks (Tesche and Karhu, 2000; Onton
et al., 2005). In fact, half of the mPFC neuronal population re-
corded by Hyman et al. (2010) presented theta entrainment
across the correct trials, while only a limited number of mPFC
neurons presented theta entrainment for the error trials. More-
over, we found that almost all of the mPFC neurons had a similar
pattern of activity across correct and error trials.

Despite the differences between both behavioral tasks, we
found that after nerve lesioning the spiking oscillatory activity of
mPFC and dCA1 neurons increased their level of correlation with
respect to the hippocampal theta rhythm, particularly during de-
lay zone navigation. More importantly, it should be noted that we
observed an increase of theta entrainment in the SNI group that
was correlated with poor working memory performance; this is in

Figure 9. Partial directed coherence activity across recording days and frequency bands. A, B, The averaged PDC level in the
1–50 Hz frequency range across recording sessions indicates that less information was transmitted from CA1 to mPFC after
peripheral nerve lesioning (A), and across frequency bands for reward (in all frequency bands except in delta) and choice (in all
frequency bands) navigation zones (B). Note, however, that PDC activity was particularly conserved across the delay zone, and that
only the theta frequency showed a decreased after lesioning. C, D, In the mPFC3 CA1 direction, the averaged PDC level decreased
for reward zone across recording days (C), and across frequency bands for reward (in all frequency bands) and choice (in theta and
alpha bands) zones (D). No significant differences were found for delay zone across frequency bands. Frequency band analysis
corresponds to the averaged PDC activity across postsurgery sham/SNI recording sessions. Frequency bands: delta (�; 1– 4 Hz),
theta (�; 4 –9 Hz), alpha (�; 9 –15 Hz), beta (�; 15–30 Hz), and slow-gamma (�; 30 –50 Hz). Values are presented as the mean�
SEM. SNI group, n � 5; sham group, n � 5. Comparisons between experimental groups are based on two-factor repeated-
measures ANOVA, followed by post hoc Bonferroni test. *p � 0.05, **p � 0.01, ***p � 0.001.
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contrast with another study showing that an increased theta
entrainment correlated with enhanced memory performance
(Hyman et al., 2010). However, the biological role of fronto-
hippocampal theta entrainment is still a disputed matter (Hyman
et al., 2011). For example, similar increases in theta entrainment
have been described in anxious animals (Adhikari et al., 2010),
which is particularly relevant for our results since neuropathic
animals have increased anxiety (Bravo et al., 2012).

Although the LFPs activity did not present changes in power
spectrum, both recorded brain regions shared a prominent theta
power band, as has previously been described in other research
reports (Buzsáki, 2002; Lörincz et al., 2007). An intensification of
theta-range coherence across frontal and hippocampal regions
has been described during the execution of working memory
tasks using human EEG recordings (Tesche and Karhu, 2000;
Onton et al., 2005). More recently, an elevation of mPFC gamma-
range power has been associated with the maintenance of work-
ing memory processes (Izaki and Akema, 2008; Klimesch et al.,

2008; Sirota et al., 2008; Colgin et al., 2009). In our study, the
mPFC-dCA1 LFP coherence changed across experimental
groups and recording sessions, while no significant pain-related
differences were found across frequency bands. However, it must
be noted that, in our case, all coherence analysis compared
long periods of activity, which necessarily results in smaller
differences.

Previous studies have demonstrated that neural activity in the
mPFC is synchronized with theta frequency oscillations in the
dorsal hippocampus (Hyman et al., 2005; Jones and Wilson,
2005b), despite the fact that these two regions are indirectly con-
nected (Hoover and Vertes, 2007). In contrast, the ventral hip-
pocampus and the mPFC are directly connected (Verwer et al.,
1997), and in this case it was found that over a broad range of
frequencies the mPFC is highly coherent with the ventral hip-
pocampus but not with the dorsal hippocampus, and that this
coherency was modulated by anxiety (Adhikari et al., 2010).
However, it must be noted that coherent activity between two

Figure 10. Patterns of information flow activity for correct and error alternations. Different patterns of PDC activity were observed across correct and error alternations. A, Note, for example, a
strong theta band activity during correct alternations for the CA13mPFC direction, which is altered after peripheral nerve lesioning. B, In terms of recording sessions, the averaged PDC activity (in
the 1–50 Hz frequency range) indicates that significant differences were found between experimental groups. C, In terms of frequency bands, the PDC activity showed that less information was
processed in both directions of the circuit across theta, alpha, and beta frequency bands for correct and error alternations after nerve lesioning. Frequency band analysis corresponds to the averaged
PDC activity across postsurgery sham/SNI recording sessions. Frequency bands: delta (�; 1– 4 Hz), theta (�; 4 –9 Hz), alpha (�; 9 –15 Hz), beta (�; 15–30 Hz), and slow-gamma (�; 30 –50 Hz).
Values are presented as the mean � SEM. SNI group, n � 5; sham group, n � 5. Comparisons between experimental groups are based on two-factor repeated-measures ANOVA, followed by
Bonferroni post hoc test. *p � 0.05, **p � 0.01, ***p � 0.001.
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signals suggests synchronization but does not disambiguate
whether the synchrony is due to correlated fluctuations in power
(which relates to oscillation amplitude) or is due to a consistent
phase relationship between the two signals (which relates to os-
cillation timing).

To further study the relationship of activity between hip-
pocampus and the mPFC, we calculated the information flow
dynamics in the circuit using partial directed coherence analysis.
In fact, the most significant finding in the present study is that the
onset of neuropathic pain causes a decrease in mPFC– hippocam-
pus flow of information as measured by PDC (Sameshima and
Baccalá, 1999; Baccalá and Sameshima, 2001); this decrease was
observed in both directions of the circuit across reward and
choice navigation zones, despite the lack of alteration in the mP-
FC– hippocampus power spectrum.

Several authors have suggested that pain is one of the leading
factors that can induce disruptions of spontaneous oscillations at
different cortico-subcortical circuits (Corbetta and Shulman,
2002; Mouraux et al., 2003; Ohara et al., 2004), including the
inhibition or potentiation of oscillatory rhythms (Backonja et al.,
1991; Chang et al., 2002; Ploner et al., 2004). Oscillatory interac-
tions across the different brain circuits reflect a global functional
state of the system and are used as an alert mechanism to find
normal functional state perturbations (Ploner et al., 2006). In
what concerns processing of nociceptive information, an exam-
ple of these perturbations has recently been reported in the rat
thalamocortical circuit using the same chronic pain model ap-
plied to this study (Cardoso-Cruz et al., 2011b). Additionally, it
has recently been suggested that the transition from acute to
chronic pain in humans was correlated with an initially greater
connectivity level between nucleus accumbens and mPFC (Baliki
et al., 2012).

It should be noted that the reduction in task performance
could result from pain-induced motor impairment of the ani-
mals; indeed, both groups experienced a reduction of the naviga-
tion velocity following the sham or SNI surgery, which resolved
to presurgery levels of movement after 1 week. However, we be-
lieve that this motor impairment is not the leading cause of the
performance difference between groups because it similarly af-
fected both sham and nerve-lesioned animals and because the
video-tracking measurement of instantaneous speed showed
similar running speeds in both groups (Fig. 1F). Moreover, the
observed difference between groups in alternation duration is
caused by the longer trajectories and frequent pauses at transition
points done by the nerve-lesioned animals; this increase in the
average time of navigation also leads to longer delays between
alternations, which results in more challenging tasks (Lee and
Kesner, 2003).

Another important issue is the validation of the hippocampal
normal function dependency, because our task protocol contains
considerable training. Packard (2009) found that on tasks similar
to the path alternation task we used in this study, the behavior
progresses from a strict hippocampus-dependent to a hippo-
campus-independent striatum based habit. Thus, the changes we
observed in hippocampal activity could have no real effect on
spatial working memory performance. To test whether our task
protocol indeed requires hippocampal functioning, we tested
both hippocampus-lesioned animals and intact animals in a
hippocampus-dependent T-maze. The hippocampus-lesioned
animals revealed a significant decrease of their performance on
the task, showing that hippocampal function dependency re-
mains unchanged across the training schedule even with task

overtraining, suggesting that a causal link between electrophysi-
ological recordings and behavior is still valid.

In summary, our data suggest that peripheral nerve injury
(SNI) causes impairment in spatial working memory perfor-
mance. In terms of the temporal structure of spiking and LFP
activity in the mPFC– dCA1 circuit, both populations of neurons
increased their spiking phase precision with respect to hippocam-
pal theta rhythm after nerve lesioning. In addition, our data
showed a clear reduction of the amount of information shared by
this circuit, which occurs at different frequency bands depending
on whether the rat performs a correct or error alternation. These
changes are probably caused by adaptive mechanisms that occur
during the onset of a painful condition (Saab, 2012), which may
disturb the mnemonic processes that rely on the integration and
consolidation of spatial working memory.
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Sameshima K, Baccalá LA (1999) Using partial directed coherence to de-

scribe neuronal ensemble interactions. J Neurosci Methods 94:93–103.
CrossRef Medline

Schon K, Atri A, Hasselmo ME, Tricarico MD, LoPresti ML, Stern CE (2005)
Scopolamine reduces persistent activity related to long-term encoding in
the parahippocampal gyrus during delayed matching in humans. J Neu-
rosci 25:9112–9123. CrossRef Medline

Schweinhardt P, Glynn C, Brooks J, McQuay H, Jack T, Chessell I, Bountra C,
Tracey I (2006) An fMRI study of cerebral processing of brush-evoked
allodynia in neuropathic pain patients. Neuroimage 32:256 –265.
CrossRef Medline

Seifert F, Bschorer K, De Col R, Filitz J, Peltz E, Koppert W, Maihöfner C
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