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We have previously shown that fear extinction is accompanied by an increase of synaptic efficacy in inputs from the
ventral hippocampus (vHPC) and mediodorsal thalamus (MD) to the medial prefrontal cortex (mPFC) and that
disrupting these changes to mPFC synaptic transmission compromises extinction processes. The aim of this study was
to examine whether these extinction-related changes undergo further plasticity as the memory of extinction becomes
more remote. Changes in synaptic efficacy in both vHPC-mPFC and MD-mPFC inputs were consequently analyzed
when the memory was either 1 d or 7 d old. Increases of synaptic efficacy in the vHPC-mPFC pathway were observed
when the memory was 1 d old, but not 7 d after initial extinction. In contrast, potentiation of synaptic efficacy in the
MD-mPFC pathway increased over time. In rats that received low-frequency vHPC stimulation immediately after
extinction, both vHPC-mPFC and MD-mPFC inputs failed to develop potentiation, and the recall of extinction (both
recent and remote memories) was impaired. These findings suggest that post-extinction potentiation in vHPC-mPFC
inputs may be necessary for both the recall of recent memory and post-extinction potentiation in the MD-mPFC
inputs. This late potentiation process may be required for the recall of remote extinction memory.

Synaptic plasticity in the form of long-term potentiation (LTP),
first discovered in the hippocampus (HPC) (Bliss and Lomo
1973), can take place in the medial prefrontal cortex (mPFC)
following tetanic stimulation of the HPC (Laroche et al. 2000), or
the mediodorsal thalamus (MD) (Herry and Garcia 2002), or the
basolateral amygdala (BLA) (Maroun and Richter-Levin 2003).
LTP-like changes, which are believed to contribute to various
learning and memory processes (e.g., Garcia et al. 1993; Rogan et
al. 1997), have also been observed in the mPFC in relation with
extinction learning. Indeed, both MD-mPFC (Herry and Garcia
2002) and HPC-mPFC (Farinelli et al. 2006; Hugues et al. 2006)
pathways have been reported to display fear extinction learning–
related LTP.

Although recent findings have indicated that lesions of the
mPFC do not always impair extinction learning and memory
(Farinelli et al. 2006; Garcia et al. 2006), as previously reported
(Morgan et al. 1993; Quirk et al. 2000), analyses of extinction-
related changes in synaptic efficacy in the mPFC remain of par-
ticular interest for at least two main reasons. Firstly, studies using
rodents have repeatedly shown that the levels of changes in pre-
frontal neuronal activity strongly correlate with the degree of
expression of extinction memory (Herry and Garcia 2002; Milad
and Quirk 2002; Farinelli et al. 2006; Hugues et al. 2006). Indeed,
these investigators found that the lack of such changes or im-
pairment of their development, with low-frequency stimulation
(LFS) of mPFC inputs or drug infusions into the mPFC, is associ-
ated with full recovery of fear responses, indicating that LTP-like
changes in the mPFC following extinction training are a good
index of maintenance of extinction (Garcia 2002; Quirk et al.
2006). Second, HPC-cortical circuits have been reported to un-
dergo a major reorganization between recent and remote stages
of contextual fear memory (Frankland et al. 2004) and spatial
memory (Bontempi et al. 1999; Maviel et al. 2004), which are

both hippocampal-dependent tasks. Given that fear extinction is
also a hippocampal-dependent process (Vianna et al. 2001, 2003,
2004; Cannich et al. 2004; Corcoran et al. 2005; Farinelli et al.
2006), we hypothesized that extinction-related changes in mPFC
inputs may also undergo plasticity as a function of extinction
maturation.

In order to investigate this possibility, we examined changes
in HPC-mPFC and MD-mPFC synaptic efficacy 1 and 7 d after
extinction training. We then analyzed whether HPC LFS would
interfere with both extinction-related synaptic plasticity in the
mPFC and the recall of extinction memory 1 and 7 d after train-
ing.

Results

Histology
Verification of electrode placements revealed that all rats were
well implanted with stimulating electrodes in either the MD
or the vHPC (Fig. 1A) and recording electrodes in the mPFC
(Fig. 1B).

Hippocampal inputs to the mPFC
Field potentials recorded in the mPFC following stimulation of
the HPC (Fig. 2) were similar to responses that have been largely
described elsewhere (Laroche et al. 2000; Izaki et al. 2003; Hugues
et al. 2006; Okulski et al. 2007). One rat was excluded for instable
responses over days. All other rats (n = 9) exhibited stable field
potential responses across the 2 d of baseline recordings. Re-
sponses remained stable following fear conditioning (Fig. 2, Pre-
Ext recordings). Following extinction training, rats that did not
receive vHPC LFS (NLFS group; n = 5) exhibited potentiation of
synaptic efficacy that was observed 24 h, but not 7 d, after train-
ing (Fig. 2, 1d-post and 7d-post, respectively). In contrast, rats
that received vHPC LFS (LFS group; n = 4) showed decreases in
field potential amplitudes. A two-way ANOVA performed on
these data (two groups, five recording periods) indicated a main
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effect of group (F(1,7) = 19.6; P < 0.01). There was also a signifi-
cant interaction between group and recording period
(F(4,28) = 4.3; P < 0.01). Post-hoc Scheffé tests revealed that the
NLFS rats differed from the LFS group during the first post-
extinction delay (P < 0.05), the two groups being similar during
the second post-extinction delay. In addition, changes in vHPC-
mPFC synaptic efficacy (potentiation) in NLFS rats were signifi-
cant only during the first post-extinction delay.

Thalamic inputs to the mPFC
Field potentials recorded in the mPFC following stimulation of
the MD (Fig. 3) were similar to responses previously described by
our group (Herry et al. 1999; Herry and Garcia 2002, 2003). One
rat was also excluded here for instability of responses over days.
The nine other rats exhibited stable field potential responses
across the 2 d of baseline recordings. Fear conditioning reduced
amplitude of these responses. However, 1 and 7 d after extinction
training, rats that did not received vHPC LFS (NLFS group; n = 5)
showed a slight and a large potentiation, respectively (Fig. 3,
1d-post and 7d-post). Rats that received vHPC LFS (LFS group;
n = 4) failed to display these changes. In contrast, depression of
field potential amplitude was observed during the second post-
extinction delay (Fig. 3, 7d-post). A two-way ANOVA performed
on these data (two groups, five recording periods) revealed a
main effect of group (F(1,7) = 48.3; P < 0.001) and recording pe-
riod (F(4,28) = 3.8; P < 0.05) and a group � recording period in-

teraction (F(4,28) = 16.1; P < 0.0001). Post-hoc Scheffé tests indi-
cated that the two groups (NLFS and LFS) differed from each
other during both post-extinction delays (1d-post: P < 0.05 and
7d-post: P < 0.01). Post-conditioning depression was significant
in both groups (both P < 0.05). Post-extinction analyses per-
formed on data from the NLFS group indicated that potentiation
was significant from the first post-extinction delay (1d-post:
P < 0.01 and 7d-post: P < 0.001). However, in the LFS group, the
depression was significant only during the second post-
extinction delay (P < 0.05).

Extinction and recovery of conditioned
freezing behavior
Before extinction (Fig. 4, pre-Ext) and each retention test (Fig. 4,
pre-RT1 and pre-RT2), all rats exhibited low levels of freezing
behavior. However, during early extinction (EE; five CS-alone
presentations), both groups of rats (NLFS; n = 10; LFS, n = 8) dis-
played high levels of freezing to the tone CS (Fig. 4), indicating
acquisition of auditory fear conditioning. Their freezing levels
progressively decreased and reached low values during late ex-
tinction (EE; five CS-alone presentations). During each retention
test, levels of freezing stayed at low values in rats that did not
receive vHPC LFS (NLFS group). However, rats that received
vHPC LFS (LFS group) displayed high levels of freezing behavior
at each retention test, thus revealing difficulties to recall extinc-
tion (both recent and remote memories) in this group (Fig. 4, RT1
and RT2). Direct between-group analyses revealed that the two
groups differed from each other only during the retention tests
(1d-post: P < 0.0001 and 7d-post: P < 0.01).

Discussion
We found here that extinction of conditioned freezing to a tone
CS in rats produced increases of synaptic efficacy in two different
inputs to the mPFC, albeit with different time-courses. Potentia-
tion of vHPC-mPFC synaptic efficacy was high 1 d after extinc-
tion training but was no longer present 7 d after training. How-
ever, mPFC potentiation of synaptic efficacy in MD afferents was
present at both delays (1 and 7 d after training) but was greater at
7-d delay. In rats that received immediate post-training HPC LFS,
we found not only suppression of extinction-associated changes
in HPC-mPFC pathway but also inhibition of development of
potentiation of synaptic efficacy in the MD-mPFC and also re-
covery of conditioned freezing behavior during each retention
test.

Potentiation of neuronal activity in the mPFC following the
suppression of conditioned fear responses (extinction training or
treatment with antidepressants) has been widely reported in

Figure 2. Changes (mean � SEM percentage relative to baseline) in the amplitude of hippocampal-prefrontal field potential (mPFC FP) during
baseline (BL1 and BL2), pre-extinction training (PreExt), and at 1 and 7 d post-extinction delays (1d-post and 7d-post) in rats that received or did not
receive hippocampal low-frequency stimulation (NLFS and LFS groups). (Left) Representative prefrontal field potentials recorded during baseline
establishment and during 1 d after training. Changes in field potential amplitude were measured between the two dotted lines. FC indicates fear
conditioning; FE, fear extinction. *P < 0.05 (NLFS vs. LFS).

Figure 1. Diagrams showing electrode placements (filled circles) in the
mediodorsal thalamus (MD) and ventral hippocampus (vHPC) for stimu-
lation (A), and mostly in the ventral part of the prelimbic area (PrL) of the
medial prefrontal cortex for field potential recordings (B).
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both rodents (Herry and Garcia 2002; Milad and Quirk 2002;
Barrett et al. 2003; Herry and Mons 2004; Farinelli et al. 2006;
Hugues et al. 2006) and humans (Fernandez et al. 2001; Seedat et
al. 2004). Extinction-related potentiation in the MD-mPFC path-
way was first reported in mice (Herry et al. 1999; Herry and Gar-
cia 2002). Our present data confirm these findings in rats and
show that extinction-related MD-mPFC potentiation develops
progressively over a period of at least the week that followed
training. Our present data also confirm that synaptic plasticity
develop in the HPC-mPFC pathway in relation to fear extinction.
However, in the two previous studies, these changes were ob-
served within the 2 h (Hugues et al. 2006) and up to 3 d (Farinelli
et al. 2006) after extinction training. In the present study, we
found that these increases in vHPC-mPFC synaptic efficacy were
no longer observed when the retention test was performed with
a longer delay (7 d after training), at a time where MD-mPFC
potentiation was higher, indicating major reorganization of lev-
els of synaptic efficacy in mPFC inputs within the post-training
time-period of 7 d. Together, these observations indicate that
extinction training first induced potentiation changes in the
HPC-mPFC pathway, which declined with the passage of time,
and was progressively replaced by potentiation of synaptic effi-
cacy in another mPFC input. This shifting of potentiation
changes from the HPC inputs to other inputs to the mPFC sug-
gests possible transfer of extinction information from certain cor-
tical inputs to others as the memory becomes more remote. A
similar time-dependent reorganization of the neuronal networks
mediating the dialog between the HPC and neocortex has been
reported for HPC-dependent memory tasks such as spatial learn-

ing and contextual fear conditioning. For spatial learning, it has
been found that recall of recently acquired spatial information is
associated with a selective activation of the HPC, whereas recall
of remote spatial memory is associated with activation of the
mPFC and anterior cingulate cortex (Bontempi et al. 1999; Ma-
viel et al. 2004). Similarly, it has been observed that electrolytic
lesions of the HPC produce a temporally graded retrograde am-
nesia for contextual fear memories (Kim and Fanselow 1992),
while inactivation of the anterior cingulate cortex impairs re-
mote contextual fear memory without affecting recent fear
memory in the conditioning context (Frankland et al. 2004). As
is the case for both spatial memory and contextual fear memory,
fear extinction is also dependent on HPC functioning (Vianna et
al. 2001, 2003, 2004; Corcoran et al. 2005).

We also found that suppression of early extinction-related
HPC-mPFC potentiation, by means of HPC LFS, affected the de-
velopment of delayed extinction-related potentiation in MD-
mPFC inputs. The HPC is reciprocally connected to MD (Su and
Bentivoglio 1990). HPC LFS could have thus induced LTD in
synaptic efficacy in the MD that, in turn, produced hypofunc-
tionality of this structure in terms of inducing extinction-related
synaptic changes in its cortical outputs. It may be possible to
demonstrate this eventuality in animals additionally implanted
with recording electrodes in the MD. Alternatively, as the two
pathways studied here converge in the mPFC (Groenewegen et
al. 1997), installation of LTD in the HPC-mPFC synapses may
have produced associative LTD in other mPFC inputs that later
compromised development of extinction-related LTP in these in-
puts. It may be possible to address this issue experimentally in

Figure 4. (Left, extinction training). Freezing behavior (mean � SEM) before the first CS presentation (pre-Ext), and during the first (early extinction,
EE) and last (late extinction, LE) five CS presentations of extinction training (15 tone-alone presentations). (Right, retention tests) Freezing before and
during each retention test (1d-post and 7d-post; five tone-alone presentations/test) in rats that received or did not receive hippocampal low-frequency
stimulation (NLFS and LFS groups). **P = 0.01; ***P < 0.0001 (NLFS vs. LFS).

Figure 3. Changes (mean � SEM percentage relative to baseline) in the amplitude of mediodorsal thalamic-prefrontal field potential (mPFC FP)
during baseline (BL1 and BL2), pre-extinction training (PreExt), and at 1 and 7 d post-extinction delays (1d-post and 7d-post) in rats that received or
did not receive hippocampal low-frequency stimulation (NLFS and LFS groups). (Left) Representative prefrontal field potentials recorded during baseline
establishment and during 1 d after training. Changes in field potential amplitude were measured between the two dotted lines. FC, fear conditioning;
FE, fear extinction. *P < 0.05; **P < 0.01 (NLFS vs. LFS).
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animals if it can be demonstrated that animals that do not dis-
play LTD in MD-mPFC pathway following MD LFS (Herry et al.
1999) only develop LTD when MD LFS is associated with HPC
LFS.

Because we used a within-subjects design (i.e., the same rats
were tested at 1 d and 7 d), one can consider that any differences
at 7 d were somewhat confounded by potential extinction occur-
ring in the first retention test. However, animals completely ex-
tinguished their conditioned fear during initial extinction and
did not show any improvement in extinction during the first
retention test. In addition, animals that received HPC LFS com-
pletely recover their conditioned freezing during the second test
despite the first test. We have also reported that animals tested
directly 7 d after extinction training have both potentiation of
MD-mPFC synaptic efficacy and same levels of freezing as during
their late extinction (Herry and Garcia, 2002). In other words, it
is likely that prior testing (1 d) in the present study did not affect
responses to subsequent testing (7 d).

In conclusion, our findings provide evidence for the exist-
ence of differential changes in levels of synaptic efficacy in mPFC
inputs between recall of a 1-d-old extinction memory and recall
of a 7-d-old extinction memory. As a consequence, this reorga-
nization, which depends on hippocampal functioning, would
allow long-term maintenance of potentiation of neural activity
in the mPFC. It has been suggested that increases of neural ac-
tivity in the infralimbic area of the mPFC contribute to the acti-
vation of GABAergic intercalated cells (ITCs) within the amyg-
dala. These ITCs, in turn, inhibit outputs of the central nucleus of
the amygdala, thereby canceling fear expression during the recall
of extinction (Quirk et al. 2006). However, in the present study,
mPFC field potentials were recorded in the ventral part of the
prelimbic area, where they were found higher in amplitude. To-
gether with other findings (Sierra-Mercado et al. 2006; Vidal-
Gonzalez et al. 2006; Corcoran and Quirk 2007), it is likely that
these field potentials reflected activity in the infralimbic area of
the mPFC, although when the electrodes were lowered in the
infralimbic region, the responses did not significantly increase in
amplitude.

Materials and Methods

Subjects and surgery
Twenty male Wistar rats (Dépré, Saint Doulchard, France),
weighing ∼280 g were housed in individual cages in room at 22°C
with 12-h light/dark cycle and allowed food and water ad
libitum. The experiments were designed in accordance to the
European Community Guidelines on the care and use of labora-
tory animals (86/609/EEC). Five to seven days after arrival, each
rat was anesthetized with sodium pentobarbital (65 mg/kg, i.p.)
and placed in a stereotaxic frame. They were ipsilaterally im-
planted (right side) with a pair of twisted silver electrodes (90-µm
diameter; insulated except at section) for field potential record-
ing. The recording electrodes targeted the mPFC (3.2 mm
anterior to bregma, 0.6 mm lateral to midline, and 3.2 mm from
dura), and the stimulating electrodes targeted the CA1/
subiculum region of the ventral HPC (vHPC: 5.8–6.3 mm poste-
rior to bregma, 5.3–5.6 mm lateral to midline, and 4.5–5.5 mm
from dura). Half of these rats were also implanted with a
third pair of electrodes in the MD (2.5–2.8 mm posterior to
bregma, 0.7 mm lateral to midline, and 4.0–4.5 mm from dura).
One of three screws on the skull served as the recording ground.
In addition to electrode placement in the brain, two stimulating
electrodes (silver wires, 110-µm diameter, insulated except at the
tip: 0.4–0.6 mm exposed) were inserted in the right eyelid for
shock administration during fear conditioning. The entire min-
iature system was fixed in place onto the skull with dental ce-
ment.

Stimulating and recording procedures
After 4–7 d of recovery from surgery, rats were habituated, over a
2-d period, to being transported (from the animal house to the
experimental room) and to being connected to electrophysi-
ological cables (relayed at the top of the experimental box by a
multi-channel rotating connector, allowing free movement).
Electrophysiological studies started after this period. Field poten-
tials evoked in the mPFC by single-pulse stimulation (0.1-msec
rectangular monophasic pulses) applied to the vHPC or MD were
sent to an amplifier (gain 1000�; bandpass 0.001–1 kHz) and
recorded (Spike2 software; Cambridge Electronic Design) for off-
line analysis. Before the first baseline recording session, responses
were measured as a function of stimulus strength (input-output
curves: 100–800 µA). An intensity corresponding to 60%–70% of
the saturation level was chosen for the test stimulus, which was
applied every 5 sec during each recording session.

Experimental protocol
Baseline recording sessions (20 field potentials/session/day) took
place in a box (box A, with four vertical sides, each 30 cm wide),
which was washed with a solution containing a mixture of co-
conut and vanilla scent before introducing each animal. Thirty
minutes following the second baseline recording session, each rat
was then placed in another box (box B, with six vertical sides,
one 30 cm, three 25 cm, and two 10 cm wide), which was washed
with a solution containing a mixture of ethanol (50%) and
lemon scent. Boxes A and B were placed inside a sound-
attenuating and temperature-regulated chamber (Imetronic).
Two minutes after being placed in box B, all rats implanted for
electrophysiology (FC group) were subjected to five tone (30-sec/
2.5-kHz/75-dB)-shock (a train of eight pulses/5 Hz/3.5 mA/1.4
sec) pairings (intertrial interval: 30–120 sec). After the last tone
presentation, animals were divided into two groups: NLFS
(n = 10) and LFS (n = 10). Rats of the LFS group were immediately
submitted to vHPC LFS that consisted of a train of pulses at 2 Hz
for 25 min. The NLFS rats were also left in box B for 25 min but
did not receive LFS. The following day, each rat was placed in box
A, where 15 tone-alone presentations were delivered (intertrial
interval: 30–120 sec). Retention tests took also place in box A, 1
and 7 d following extinction training; rats were exposed to five
tone-alone presentations at each post-extinction test.

Field potentials (20/session) were recorded in box A before
each first presentation of the tone during extinction training and
each retention test. The behavior of each rat was continuously
monitored and recorded via a camera-VCR-monitor system. Con-
ditioned fear was assessed by measuring freezing behavior, de-
fined as the absence of all movement except for respiratory-
related movements (Blanchard and Blanchard 1969), during the
32 sec preceding the first CS-alone presentation (i.e., before ex-
tinction training and each retention test). Freezing was scored
using a time-sampling procedure.

Histology and data analyses
On completion of the experiments, rats were placed under deep
anesthesia, and the tips of electrode placements in the mPFC,
MD or HPC were marked by passing 0.3- to 0.5-mA current for 20
sec. The placement of the electrodes was then verified by stan-
dard histological methods.

All data were expressed as means and SEM and analyzed by
ANOVA.
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