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Stimulation of Medial Prefrontal Cortex Decreases the
Responsiveness of Central Amygdala Output Neurons

Gregory J. Quirk,' Ekaterina Likhtik,” Joe Guillaume Pelletier,> and Denis Paré?
Department of Physiology, Ponce School of Medicine, Ponce, Puerto Rico 00732 and 2Center for Molecular and Behavioral Neuroscience, Rutgers
University, Newark, New Jersey 07102

In extinction of auditory fear conditioning, rats learn that a tone no longer predicts the occurrence of a footshock. Recent lesion and unit
recording studies suggest that the medial prefrontal cortex (mPFC) plays an essential role in the inhibition of conditioned fear following
extinction. mPFC has robust projections to the amygdala, a structure that is known to mediate the acquisition and expression of
conditioned fear. Fear conditioning potentiates the tone responses of neurons in the basolateral amygdala (BLA), which excite neurons
in the central nucleus (Ce) of the amygdala. In turn, the Ce projects to the brainstem and hypothalamic areas that mediate fear responses.
The present study was undertaken to test the hypothesis that the mPFCinhibits conditioned fear via feedforward inhibition of Ce output neurons.
Recording extracellularly from physiologically identified brainstem-projecting Ce neurons, we tested the effect of mPFC prestimulation on Ce
responsiveness to synaptic input. In support of our hypothesis, mPFC prestimulation dramatically reduced the responsiveness of Ce output
neurons to inputs from the insular cortex and BLA. Thus, our findings support the idea that mPFC gates impulse transmission from the BLA to

Ce, perhaps through GABAergic intercalated cells, thereby gating the expression of conditioned fear.
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Introduction

Much evidence suggests that the amygdala is necessary for the
acquisition and expression of learned fear associations (LeDoux,
2000; Davis and Whalen, 2001) (but see Cahill et al., 1999). This
has been demonstrated most clearly for auditory fear condition-
ing (Quirk et al., 1995; Paré and Collins, 2000; Blair et al., 2001;
Maren, 2001; Walker and Davis, 2002), in which rats learn to
freeze to a tone [conditioned stimulus (CS)] that predicts a foot-
shock [unconditioned stimulus (US)]. Cortical and thalamic af-
ferents communicate tone and shock information to the basolat-
eral complex of the amygdala (BLA), in which tone-shock
associations are thought to be formed (Quirk et al., 1995; Repa et
al., 2001; Lamprecht et al., 2002). In turn, the BLA sends gluta-
matergic projections to the central nucleus (Ce) (Smith and Paré,
1994; Paré et al., 1995; Pitkidnen et al., 1997), which is the main
source of amygdala outputs to the brainstem and hypothalamic
sites (Holstege et al., 1996) that mediate the behavioral and auto-
nomic correlates of fear (LeDoux et al., 1988; Bellgowan and
Helmstetter, 1996; De Oca et al., 1998; Davis, 2000).

Once acquired, conditioned fear associations are not always
expressed. For instance, repeated presentation of the tone CS in
the absence of the US causes conditioned fear responses to rapidly
diminish, a phenomenon termed extinction. Behavioral studies
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have demonstrated that extinction does not erase the CS-US as-
sociation, but it forms a new memory that inhibits conditioned
responses (Pavlov, 1927; Rescorla and Heth, 1975; Bouton and
King, 1983; Quirk, 2002).

The following three lines of evidence suggest that long-term
memory for extinction depends on the medial prefrontal cortex
(mPEC), especially the infralimbic (IL) subregion of mPFC: (1)
lesions of IL disrupt recall of extinction (Morgan et al., 1993;
Quirk et al., 2000); (2) tone responses of IL neurons are corre-
lated with recall of extinction (Milad and Quirk, 2002); and (3)
electrical stimulation of IL reduces freezing to conditioned tones
(Milad and Quirk, 2002). Thus, mPFC appears to be essential for
inhibition of conditioned fear responses after extinction (but see
Gewirtz et al., 1997).

How might mPFC inhibit conditioned fear responses? mPFC
sends robust projections to the amygdala (McDonald et al., 1996)
and could exert feedforward inhibition of Ce output neurons.
However, mPFC also projects directly to the hypothalamic and
brainstem targets of the Ce (Hurley et al., 1991; Fisk and Wyss,
2000; Floyd et al., 2000, 2001) and thus could inhibit fear re-
sponses independently of the amygdala. Because of its divergent
projections, inhibition of Ce would be an efficient way of damp-
ening multiple fear responses after extinction (Royer and Paré,
2002). It is not known, however, whether mPFC neurons can
influence Ce excitability. To address this, we recorded the re-
sponses of Ce output neurons to cortical and basolateral nucleus
stimulation in anesthetized rats and cats. Consistent with an
amygdala route of fear inhibition, we show that mPFC stimula-
tion decreases the responsiveness of Ce output neurons to affer-
ent inputs.
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Materials and Methods

Experiments were conducted in two different species for scientific and
technical reasons. Rats were used because most behavioral and unit data
on the involvement of mPFC in extinction were obtained in this species.
However, because of the small size of the rat amygdala, some of the
experimental manipulations detailed below could only be performed in
the larger cat amygdala. Nevertheless, it should be noted that the rat and
cat amygdala are identical in terms of cell types, transmitters, physiolog-
ical properties, and connectivity (Paré and Smith, 1998; Paré et al., 2003).
Moreover, the mPFC has similar projections in rats and cats (Musil and
Olson, 1988; Sesack et al., 1989).

Rat experiments. All procedures were approved by the Institutional
Animal Care and Use Committee of the Ponce School of Medicine, in
compliance with the Guide for the Care and Use of Laboratory Animals
(Department of Health and Human Services publication 86-23). Exper-
iments were performed in 10 male Sprague Dawley rats (~300 gm) anes-
thetized with a mixture of ketamine and xylazine (74 and 11 mg/kg, i.p.).
The level of anesthesia was assessed by continuously monitoring the
electroencephalogram (EEG) and electrocardiogram (ECG), and supple-
mental doses were administered to maintain a synchronized EEG and
stable heart rate. The body temperature was maintained at 37-38°C with
a heating pad.

The bone overlying the amygdala, insula, mesencephalon, and mPFC
was removed bilaterally, and the dura mater was opened. To physiolog-
ically identify brainstem-projecting Ce neurons, two concentric stimu-
lating electrodes were inserted stereotaxically, just dorsal to the substan-
tia nigra, where Ce axons form a compact bundle en route to more caudal
sites (Hopkins and Holstege, 1978). Concentric stimulating electrodes
were inserted in the insula to synaptically activate Ce neurons (Mc-
Donald, 1998). Stimulating electrodes were also inserted in the mPFC, at
the border between the IL and prelimbic subdivisions.

An array of four tungsten microelectrodes (0.4 mm spacing) was
aimed stereotaxically at the Ce nucleus. During the experiments, the
microelectrode arrays were lowered in steps of 4 um by a piezoelectric
micromanipulator. While moving the microelectrodes, electrical stimuli
(0.3 msec, 1 mA, 1 Hz) were delivered to the insula or brainstem to
increase the likelihood of encountering responsive cells. At regular inter-
vals, stimuli were also delivered to the mPFC. When responsive neurons
with a high signal-to-noise ratio (=3) were encountered, the stimulus
intensity and duration was decreased just above threshold (typically
0.05-0.2 msec pulses of 0.1-0.5 mA), and the type of response (ortho-
dromic vs antidromic) was determined (for the criteria used to distin-
guish antidromic and orthodromic responses, see Results). The evoked
activity of responsive neurons was observed on a digital oscilloscope,
digitized, and stored on disk for offline analysis.

To study the influence of mPFC inputs on the responsiveness of Ce
neurons, one to three conditioning stimuli (at 300 Hz, typically 0.05-0.2
msec pulses of 0.1-0.5 mA) were delivered to the mPFC before a single
test stimulus to the insula or brainstem. This mPFC stimulation fre-
quency was chosen because it is optimal for producing temporal summa-
tion of EPSPs in target cells. The interstimulus interval (ISI) was varied
from 2 to 200 msec. At least 20 stimuli were delivered at each ISI.

Cat experiments. All procedures were approved by the Institutional
Animal Care and Use Committee of Rutgers State University, in compli-
ance with the Guide for the Care and Use of Laboratory Animals (Depart-
ment of Health and Human Services publication 86-23). Four adult male
cats (2.5-3.5 kg) were preanesthetized with a mixture of ketamine and
xylazine (15 and 2 mg/kg, i.m.) and artificially ventilated with a mixture
of ambient air, oxygen, and isoflurane. Atropine (0.05 mg/kg, i.m.) was
administered to prevent secretions. The end-tidal concentration in CO,
was kept at 3.7 £ 0.2%, and the body temperature was maintained at
37-38°C with a heating pad. The level of anesthesia was assessed by
continuously monitoring the EEG and ECG. The bone overlying the
amygdala, mPFC, and mesencephalon was removed, and the dura mater
was opened.

To synaptically drive Ce neurons, an array of three concentric stimu-
lating electrodes was stereotaxically inserted in the lateral, basolateral,
and basomedial nuclei, respectively. In addition, the electrodes were in-
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serted obliquely to avoid damaging the Ce nucleus. In all Ce cells, we used
a large range of BLA stimulation intensities (up to 1.5 mA) to test the
robustness of mPFC inhibitory effects.

As in rat experiments, brainstem stimulating electrodes were posi-
tioned just dorsal to the substantia nigra and the mPFC electrodes at the
border between IL and the prelimbic area. The procedures used to acti-
vate mPFC inputs to the amygdala were identical to those used in the rat
experiments. The procedures used to record and physiologically identify
brainstem-projecting Ce neurons and test the effects of mPFC stimuli on
their responsiveness were identical to those used in the rat experiments.

Histological identification of recording and stimulating sites. At the end
of the experiments, recording sites were marked with electrolytic lesions
(0.5 mA for 5 sec). After this, the animals were given an overdose of
sodium pentobarbital (rat, 100 mg/kg, i.p.; cat, 50 mg/kg, i.v.) and per-
fused with a cold saline solution (0.9%), followed by a solution contain-
ing 2% paraformaldehyde and 1% glutaraldehyde in 0.1 m PBS, pH 7.4.
The brains were later sectioned on a vibrating microtome (at 100 pum)
and stained with thionin or neutral red to verify the position of the
recording electrodes.

The microelectrode tracks were reconstructed by combining micro-
meter readings with the histology. In doing so, shrinkage resulting from
fixation was taken into account. The amount of shrinkage was estimated
by measuring the postfixation separation of tracts left by tungsten rods
inserted 10 mm apart before fixation, as described previously (Paré et al.,
1997).

Analysis. Analyses were performed offline with commercial software
(IGOR; WaveMetrics, Lake Oswego, OR) and home-made software run-
ning on Macintosh computers (Apple Computers, Cupertino, CA).
Spikes were detected using a window discriminator after filtering (0.3-10
kHz) of the raw waves. Peristimulus histograms of unit discharges were
computed. All values are expressed as means = SE.

Results

Rat experiments

Histological and physiological identification of recorded cells
Because brainstem-projecting neurons are concentrated in the
medial sector of Ce (CeM) (Hopkins and Holstege, 1978; Veen-
ing et al., 1984), microelectrodes were aimed at this subnucleus.
Histological reconstructions of electrode tracks confirmed that
most recorded amygdala neurons (n = 137) were obtained in the
CeM (n = 64) (Fig. 1AI) and the ventrally adjacent basolateral
(BL) nucleus (n = 59) (Fig. 1A2). To activate CeM neurons
orthodromically, stimulating electrodes were placed in the insu-
lar cortex (Fig. 1BI), which projects to the CeM directly and
indirectly via the BLA (McDonald, 1998). In addition, because we
aimed to study the effects of mPFC inputs (Fig. 1 B2) on CeM
projection neurons, we attempted to identify recorded neurons
by antidromic invasion. To this end, stimulating electrodes were
inserted just dorsal to the substantia nigra (Fig. 1B3), in which
CeM axons form a compact bundle en route to more caudal
brainstem sites (Hopkins and Holstege, 1978). Figure 1 shows
photomicrographs of recording and stimulating sites.

Criteria for identifying antidromic spikes were fixed response
latency, high-frequency (300 Hz) following, and (when possible)
collision with spontaneously occurring or orthodromically
evoked spikes. Using these criteria, we determined that 59 of 64
CeM neurons (92%) could be antidromically activated from the
brainstem, indicating that they were CeM output neurons. In BL,
22 of 59 neurons (37%) could be antidromically activated from
the ipsilateral mPFC, consistent with the prominent projection of
BL to mPFC (McDonald, 1991).

Figure 2 shows fixed latency and collision tests demonstrating
antidromic activation of CeM (Fig. 2A) and BL (Fig. 2 B) neurons
from the brainstem and mPFC, respectively. The average anti-
dromic response latency of CeM neurons to brainstem stimuli
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was 23.6 = 7.3 msec. Latencies were bimo-
dally distributed with peaks at 15 and 30
msec, in agreement with a previous obser-
vation in the rabbit (Pascoe and Kapp,
1985). A similar antidromic response la-
tency of 20.9 * 1.5 msec was observed for
BL neurons after stimulation of mPFC.
As the electrode descended through
CeM and then BL, there was an abrupt
transition in the ability to antidromically
activate cells, first from the brainstem and
then from mPFC (Fig. 2C). Histological
analysis of electrode tracks showed this
transition to be at the border between CeM
dorsally and BL ventrally, consistent with
the known projection sites of these nuclei.

Effect of mPFC stimuli on the synaptic and
antidromic responsiveness of CeM cells
Although the CeM receives strong excita-
tory inputs from the insula (McDonald,
1998), it proved surprisingly difficult to
synaptically activate CeM neurons from
this site. Of the 59 physiologically identi-
fied projection cells recorded in CeM, only
four were also synaptically activated from
the insular cortex. In all four cases, how-
ever, mPFC prestimulation produced a ro-
bust inhibition of CeM responses to insula
stimuli. An example of mPFC-induced in-
hibition of insula-evoked activity is shown in Figure 3A. mPFC
prestimulation reduced the probability of synaptic activation of
this CeM neuron to zero. The inhibitory effect of mPFC stimula-
tion peaked at interstimulus intervals of 10—20 msec, gradually
decreased with longer ISIs and vanished at ISIs ranging between
40 and 100 msec.

In addition to studying the effects of mPFC prestimulation on
synaptically evoked spikes, we tested whether mPFC stimuli
could block brainstem-evoked antidromic responses of CeM
neurons. In one of the tested cells (n = 59), mPFC prestimulation
reduced the probability of antidromic spiking (from 80 to 20%)
(Fig. 3B). The contrasting effectiveness of mPFC stimuli in inhib-
iting synaptic versus antidromic discharges suggests that the in-
hibitory inputs activated by mPFC end at a location that is elect-
rotonically remote from the soma (see Discussion). However, it is
important to stress that the effect of mPFC stimulation on CeM
neurons was always inhibitory; mPFC stimulation never acti-
vated CeM cells nor facilitated their orthodromic or antidromic
responsiveness.

Figure1.

Cat experiments

In the experiments described above, mPFC could have inhibited
the synaptic responsiveness of CeM neurons in several ways. One
possibility is feedforward inhibition of CeM cells via the recruit-
ment of GABAergic intercalated (ITC) cells (Nitecka and
Frotscher, 1989; McDonald and Augustine, 1993; Paré and
Smith, 1993a) that project to the Ce (Paré and Smith, 1993b;
Royer et al., 1999). Indeed, there is a prominent projection from
mPFC to ITC cells (Sesack et al., 1989; McDonald et al., 1996;
Freedman et al., 2000; Pinto and Sesack, 2002). Another possibil-
ity is inhibition of BLA responses to cortical inputs via the acti-
vation of local inhibitory interneurons within the BLA (Rosen-
kranz and Grace, 2001), leading to a disfacilitation of CeM
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Histological identification of recording ( A) and stimulating ( B) sites. A, Electrolytic lesions (arrows) made along two
different electrode tracks during which we recorded several CeM neurons antidromically responsive to brainstem stimuli. In A7,
the lesion marks the site where the first neuron backfired from the brainstem was encountered. In A2, the lesion marks the site
where the first neuron antidromically responsive to mPFC stimuli was recorded. 8, Tip of stimulating electrodes in the insula (B7),
mPFC (B2), and brainstem (B3). The scale bar in AT is also valid for A2. The scale bar in B7 is also valid for B2. CPU, Striatum; Fl,
fimbria; H, hippocampus; LA, lateral nucleus of the amygdala; MG, medial geniculate nucleus; OT, optic tract; PAG, periaqueductal
gray; RN, red nucleus; rh, rhinal sulcus; SC, superior colliculus; Th, thalamus.
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Figure2. Examplesofantidromicactivation of CeM and BL neurons in the rat. A7, Consistent

with antidromic activation, brainstem stimulation fired this CeM neuron at a fixed latency (filled
circle, 10 overlapped sweeps). A2, A3, Collision test. Collision was observed when spontaneous
action potentials occurred within twice the antidromic response latency (A2, 3 overlapped
sweeps) but not with longer intervals (43, 3 overlapped sweeps). B7, Antidromic activation
(filled circle) of a BL neuron in response to stimulation of the ipsilateral (ipsi) mPFC. B2, Collision
with spikes evoked by suprathreshold stimulation of the contralateral (contra) mPFC. C, Histo-
gram shows the number of neurons (x-axis) in either CeM or BL that were antidromically acti-
vated by brainstem (right, gray bars) or mPFC (left, white bars) stimuli, respectively, as a func-
tion of depth ( y-axis). Note abrupt transition from antidromicactivation of neuronsin response
to brainstem or mPFC stimuli at the CeM—>BL border (arrows on the right), as determined in
histological verification of two electrode tracks.

neurons. We reasoned that the latter possibility would seem unlikely
if mPFC stimulation could also inhibit the orthodromic activation of
CeM neurons to direct electrical stimulation of the BLA.

However, one potential difficulty with conducting such ex-
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Figure 3.  Inhibition of a CeM output neuron by prestimulation of mPFC in the rat. A, CeM

output neuron was synaptically driven by stimulation of the insular cortex (INS). Prestimulation
of mPFCreduced the responsiveness of this CeM neuron to insular cortex stimulation (each trace
shows 10 overlapping sweeps). Interval between mPFC and insula stimuli is indicated on the
left. Inhibition lasted for up to 40 msec in this cell (inset). In the inset, responsiveness was
calculated from 20 trials at each ISI. B, Inhibition of antidromic responses of a CeM output
neuron. Each trace is the response to a single stimulus. The left column shows responses to
brainstem (BS) stimuli applied in isolation. Prestimulation of mPFC (right column) reduced the
probability of antidromicinvasion of this CeM neuron from 80 to 20% (calculated from 20 trials).
The ISI was 20 msec in this case.

periments in rats is the possibility of current spread from the BLA
to the adjacent Ce. Thus, to minimize this possibility, we opted to
perform these experiments in the cat amygdala (Fig. 4A,B),
which is larger but has identical internuclear connections to rats
(Paré and Smith, 1998).

Histological and physiological identification of recorded cells

A total of 192 neurons were recorded from the cat amygdala.
Histological verification of microelectrode tracks (Fig. 4A)
showed that 144 of these cells were recorded in the CeM, 21 were
recorded in the CeL or amygdalostriatal transition area, and 27
were recorded in the BLA. As in rats, we observed an abrupt
transition in the ability of brainstem and mPFC stimuli to evoke
antidromic discharges as the electrodes advanced from the CeM
to the BL nucleus (Fig. 4A).

Consistent with the presence of glutamatergic projections
from BLA to Ce (Smith and Paré, 1994; Paré et al., 1995), most
CeM neurons could be synaptically activated by electrical stimuli
delivered in one or more nuclei of the BLA (Fig. 4 B). In particu-
lar, 58 CeM neurons were synaptically activated by stimulation of
the lateral nucleus (latency, 13.01 = 0.58 msec), 92 from the
basolateral nucleus (latency, 8.34 = 0.30 msec), and 82 from the
basomedial nucleus (latency, 8.81 * 0.38 msec). In fact, most
CeM neurons showed no spontaneous spiking and could only be
identified via responses to stimulation.

In addition, 69 of these orthodromically responsive CeM neu-
rons responded antidromically to stimulation of the brainstem
(latency, 14.25 £ 0.99 msec), confirming that they were CeM
output neurons. As was observed in rats, antidromic response
latencies were bimodally distributed (modes of 8 and 17 msec).

Effect of mPFC stimuli on the synaptic and antidromic
responsiveness of CeM cells

mPFC prestimulation (Fig. 4C) inhibited BLA-induced synaptic
responses in 51 of 69 CeM output cells (74%). In only one CeM
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Figure 4. Histological identification of recording (A) and stimulating (B-D) sites. A, Elec-
trolyticlesions made along two different electrode tracks during which we recorded several CeM
neurons antidromically responsive to brainstem stimuli. In the top (A7), the lesion marks the
site where the first neuron backfired from the brainstem was encountered. In A2, the lesion
marks the site where the first neuron antidromically responsive to mPFC stimuli was encoun-
tered. B=D, Tip of stimulating electrodes in the BL ( B), mPFC ( (), and brainstem (D). The scale
barin A7is also valid for A2. BM, Basomedial nucleus; CA, caudate nucleus; CE, , central lateral
nucleus; CE,,, central medial nucleus; Cru, cruciate sulcus; EC, external capsule; H, hippocampus;
LA, lateral nucleus of the amygdala; OT, optic tract; P, cerebral peduncle; R, red nucleus; SN,
substantia nigra; V, ventricle.

cell did mPFC stimulation evoke spiking, albeit at a long and
variable latency (~70-90 msec), suggestive of a polysynaptic
response.

An example of mPFC-induced inhibition in the cat is shown
in Figure 5. As in the rat, mPFC prestimulation produced a dra-
matic reduction in BLA-evoked spiking. In the example of Figure
5, the BLA stimulation intensity was adjusted just above thresh-
old so that orthodromic spikes could be evoked in essentially all
control trials (Fig. 5A, top trace, B, 0 msec ISI). However, in all
tested cells (n = 51), mPFC prestimuli also produced a robust
inhibition of Ce orthodromic spiking when we used the highest
intensity BLA stimuli that our equipment could deliver (1.5 mA).
As was observed in rats, the mPFC-evoked inhibition gradually
decreased with increasing mPFC-BLA ISIs, disappearing at ISIs
ranging from 60 to 120 msec.

A similar time course of inhibition was observed for BLA-
evoked field potentials in the CeM (Fig. 6). BLA stimulation
evoked a prominent negative potential that peaked at 10 msec
latency. This field response was significantly reduced by mPFC
prestimulation (peak reduction of 61%; p < 0.001; ¢ test). This
experiment was repeated in three different animals, and similar
results were obtained (maximal reductions of 50% or higher).
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Figure 5.  Inhibition of a CeM output neuron by prestimulation of mPFCin the cat. A, BL
stimulation activated this CeM output neuron at a latency of ~7 msec. Prestimulation of ipsi-
lateral mPFC eliminated synaptic responses to BL stimulation. Interval between mPFC and BL
stimuli is indicated on the left. B, Graph plotting responsiveness to BL stimuli ( y-axis) as a
function of mPFC-BL ISIs (x-axis). Responsiveness was calculated from 20 trials at each ISI. The
inhibitory effect of mPFC stimulation lasted ~120 msec in this neuron.

As was observed in rats, mPFC stimulation was more effective
in inhibiting orthodromic than antidromic Ce discharges. Nev-
ertheless, mPFC stimulation inhibited brainstem-evoked anti-
dromic spikes in 7 of 69 cells (10%).

Exactly 81% of central lateral nucleus (CeL) neurons (17 of 21
cells) could also be orthodromically activated from one or more
BLA nuclei. In all cases, mPFC prestimulation produced a robust
inhibition of BLA-evoked discharges in CeL cells, as was observed
in the CeM. These results suggest that GABAergic CeL neurons
projecting to CeM (Paré et al., 1993b) are unlikely to mediate the
inhibitory effects of mPFC on CeM neurons.

Discussion

Descending projections of the central amygdala are thought to
mediate behavioral components of conditioned fear reactions,
such as freezing and startle potentiation (LeDoux et al., 1988;
Helmstetter, 1992; Davis, 2000). Although it has been proposed
previously that mPFC reduces conditioned fear responses via its
projections to the amygdala (al Maskati and Zbrozyna, 1989;
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Figure 6. Inhibition of BL-evoked field responses in CeM by mPFC prestimulation. Inset

shows CeM field response to BL stimulation, both without and with mPFC prestimulation (60
msec ISI). Graph plots BL-evoked field potential amplitude (negative component, y-axis) as a
function of mPFC-BL ISI (x-axis). Note the reduction in negative component amplitude with
mPFC prestimulation. mPFC stimuli applied in isolation evoked a positive field potential in CeM
(data not shown).

Morgan et al., 1993; Milad and Quirk, 2002; Rosenkranz and
Grace, 2002; Royer and Paré, 2002), this has never been directly
tested.

In the present study, we observed that stimulation of the
mPFC dramatically reduced the responsiveness of CeM neurons
to insula and BLA inputs. The inhibitory effect of mPFC stimu-
lation occurred in CeM neurons that were antidromically acti-
vated from the brainstem. Thus, our findings provide direct
physiological support for the hypothesis that the mPFC reduces
fear responses by reducing amygdala output (Garcia et al., 1999;
LeDoux, 2000; Milad and Quirk, 2002).

In the following account, we consider the circuits that might
mediate mPFC inhibition of CeM neurons and discuss the rele-
vance of our findings for the extinction of conditioned fear
responses.

Possible circuits mediating mPFC inhibition of the amygdala
Given that mPFC projections to the amygdala are excitatory
(Smith et al., 2000), mPFC inhibition of CeM must involve in-
hibitory interneurons within the amygdala. A previous study
showed that mPFC stimulation inhibited the response of BLA
projection neurons to inputs from cortical area Te3 (Rosenkranz
and Grace, 2001). It was suggested that this inhibition resulted
from a preferential projection of mPFC to BLA inhibitory inter-
neurons as opposed to projection cells. Although mPFC activa-
tion of local interneurons in BLA is possible, we believe that this
explanation is unlikely for the following reasons: (1) prefrontal
inputs to the BLA terminate almost entirely on dendritic spines
(Brinley-Reed et al., 1995; Smith et al., 2000), suggesting that the
main targets of mPFC axons are projection neurons rather than
interneurons; and (2) mPFC input to parvalbumin-expressing
cells, a common type of inhibitory interneuron in BLA, are ex-
tremely sparse (Smith et al., 2000).

An alternative explanation for the findings of Rosenkranz and
Grace (2001), however, is that antidromic activation of BLA neu-
rons by mPFC stimulation fired local recurrent collaterals ending
on inhibitory interneurons in BLA. This possibility is supported
by the fact that as many as 37% of BL neurons could be backfired
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Figure 7.  Scheme depicting the IL—amygdala interactions hypothesized to underlie the
phenomenon described in this study. IL inhibits CeM projection neurons via GABAergic ITC cells,
thereby reducing CeM responses to inputs from BL or cortex. For clarity, several intramygdala
projections have been omitted. BS, Brainstem; IC, internal capsule; OT, optic tract; Pu, putamen;
rh, rhinal fissure.

from mPFC in the present study. Accordingly, stimulation of any
site that receives a substantial projection from BLA might be
expected to inhibit subsequent synaptic activation of BLA be-
cause of local recurrent inhibition.

Moreover, even if mPFC axons activated inhibitory local-
circuit cells of the BLA, this effect could not account for the
inhibition of CeM responses to direct electrical stimulation of the
BLA. Indeed, BLA interneurons do not project to the Ce nucleus.
This contention is supported by electron microscopic studies in
which it was found that BLA axons only form asymmetric syn-
apses in the Ce (Smith and Paré, 1994; Paré et al., 1995).

Also remote is the possibility that, by exciting BLA inhibitory
interneurons, mPFC stimuli reduced the number of BLA projec-
tion cells activated by direct electrical stimuli. Indeed, if this was
the case, one would predict that applying high-intensity electrical
stimuli in the BLA would overwhelm the more subtle intra-BLA
synaptic inhibition and abolish mPFC effects in the Ce. At odds
with this idea, however, we observed that mPFC could inhibit Ce
orthodromic spiking evoked by the highest intensity BLA stimuli
that our equipment could deliver.

An alternative possibility is that the inhibitory effect of mPFC
stimulation is mediated by ITC cells, which send GABAergic pro-
jections to the CeM (Fig. 7) (Paré and Smith, 1993b). ITC cells are
a likely candidate because they receive a robust projection from
mPFC (Sesack et al., 1989; McDonald et al., 1996; Freedman et al.,
2000) and inhibit CeM output neurons (Royer et al., 1999).
Moreover, activation of mPFC by local picrotoxin injections pro-
duced a threefold increase in the number of c-Fos immunoreac-
tive ITC neurons with little change in the BLA (Berretta et al.,
2003). Also consistent with the idea that ITC cells mediated the
inhibitory effect of mPFC, physiological data suggest that ITC
axons form synapses with the dendrites but not the soma of Ce
neurons (Delaney and Sah, 2001). This could explain why it was
easier to inhibit synaptic as opposed to antidromic discharges of
CeM cells in the present study. Finally, at least some cortical
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inputs can fire ITC cells, as was shown with electrical stimulation
of the perirhinal area (Collins and Paré, 1999). Interestingly, ITC
cells exhibit NMDA-dependent long-term potentiation and de-
pression (Royer and Paré, 2002), raising the possibility that they
might store a more persistent memory of extinction learning.

Relevance to extinction of conditioned fear

Consistent with our present findings, stimulation of mPFC pre-
vents blood pressure increases induced by exposure to condi-
tioned tones (Zbrozyna and Westwood, 1991) or electrical stim-
ulation of the amygdala (al Maskati and Zbrozyna, 1989). Is there
any evidence, however, that mPFC neurons naturally increase
their activity at times when conditioned fear responses are re-
duced? Recording from behaving rats during auditory fear con-
ditioning, it was reported recently that neurons in the IL region of
the mPFC increased their responses to tones after extinction,
when rats were recalling extinction training (Milad and Quirk,
2002). Rats showing the largest IL tone responses exhibited the
least freezing to the tone. A similar finding has been reported for
field potentials in mPFC (Herry and Garcia, 2002). IL appears to
be essential for recall of extinction memory, because rats with
lesions of IL act as if they never received extinction training
(Quirk et al., 2000).

IL activity is not only necessary for recall of extinction, it
appears to be sufficient. Pairing fear-conditioned tones with brief
(300 msec) electrical stimulation of IL at tone onset (designed to
mimic extinction-induced tone responses) reduced freezing to
the tone (Milad and Quirk, 2002). In contrast, stimulation of
nearby prelimbic cortex or IL shortly before or after tone onset
had no effect (Vidal-Gonzalez et al., 2002), suggesting that IL
stimulation acts by gating the response of downstream structures
to conditioned stimuli. Our present findings suggest that the Ce
nucleus of the amygdala is a critical downstream structure (Fig.
7). Given its divergent projections to multiple fear-expression
centers, inhibition of CeM projection neurons by mPFC would
be an efficient way of dampening multiple fear responses after
extinction (Royer and Paré, 2002). Inhibition of fear expression
via ITC cells could explain how fear behavior might be extin-
guished, despite the persistence of conditioned tone responses in
lateral amygdala neurons throughout extinction (Repa et al.,
2001). However, the possibility that mPFC also regulates fear
expression via its direct projections to hypothalamus and brain-
stem (Floyd et al., 2000, 2001) cannot be ruled out.

In conclusion, we showed that stimulation of mPFC reduces
the responsiveness of CeM output neurons to synaptic activation
from BLA and insular cortex. Activation of CeM output neurons
by BLA is a critical link in the expression of conditioned fear
responses. Our findings suggest that mPFC gates the transmis-
sion from BLA to CeM output neurons and thereby gates the
expression of conditioned fear responses. These findings support
a growing number of lesion and recording studies implicating
mPFC in the storage and expression of extinction memory.
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