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Switching on and off fear by distinct

neuronal circuits

Cyril Herry'*, Stephane Ciocchi'*, Verena Senn', Lynda Demmou’, Christian Miiller' & Andreas Liithi’

Switching between exploratory and defensive behaviour is fundamental to survival of many animals, but how this transition
is achieved by specific neuronal circuits is not known. Here, using the converse behavioural states of fear extinction and its
context-dependent renewal as a model in mice, we show that bi-directional transitions between states of high and low fear
are triggered by a rapid switch in the balance of activity between two distinct populations of basal amygdala neurons. These
two populations are integrated into discrete neuronal circuits differentially connected with the hippocampus and the medial
prefrontal cortex. Targeted and reversible neuronal inactivation of the basal amygdala prevents behavioural changes
without affecting memory or expression of behaviour. Our findings indicate that switching between distinct behavioural
states can be triggered by selective activation of specific neuronal circuits integrating sensory and contextual information.
These observations provide a new framework for understanding context-dependent changes of fear behaviour.

The amygdala is a key brain structure mediating defensive behaviour
in states of fear and anxiety. Such states can be induced by classical
auditory fear conditioning, in which an initially neutral auditory
stimulus (the conditioned stimulus, CS) comes to elicit a fear res-
ponse after pairing with an aversive foot shock (the unconditioned
stimulus, US). Subsequent repetitive presentations of the CS alone
induce a progressive decrease in the fear response, a phenomenon
called extinction. Whereas firing of amygdala neurons is critical for
the retrieval of conditioned fear memories'™, their firing after the
extinction of conditioned fear is thought to be constrained by local
inhibitory circuits activated by the medial prefrontal cortex
(mPFC)*'". Converging evidence from animal studies indicates,
however, that the basolateral complex of the amygdala (BLA), com-
prising the lateral (LA) and the basal (BA) nuclei, actively participates
in fear extinction'>™". Although fear extinction is an active learning
process eventually leading to the formation of a consolidated extinc-
tion memory'®", it is a fragile behavioural state that is readily influ-
enced by context'®"”. Changing context results in the immediate
recovery of the previously conditioned fear response, a process
known as fear renewal'®'. In vivo pharmacological studies indicate
that the hippocampus, which is reciprocally connected to the BLA*,
processes contextual information during fear conditioning, extinc-
tion and renewal'>*'"**. Thus, bi-directional changes in fear beha-
viour during extinction and context-dependent renewal are likely
to be encoded within a distributed network containing the BLA,
the mPFC and the hippocampus; however, the neuronal circuits
mediating such behavioural transitions are not known. In particular,
this raises the question of whether there are specialized circuits driv-
ing behavioural transitions in opposite directions.

To address this question, we used a combination of in vivo single-
unit recordings and targeted pharmacological inactivation in behav-
ing mice. Because the BA is strongly connected to the hippocampus®’
and to the mPFC**, and because extinction has previously been
shown to induce the expression of the activity-dependent immediate
early gene product Fos in BA neurons®®, we focused our study on this
sub-nucleus. Here we identify two distinct neuronal circuits differ-
entially connected with the mPFC and the hippocampus, and show

that a rapid switch in the balance of activity between those circuits
specifically drives behavioural transitions without being necessary for
memory storage or behavioural expression.

Distinct BA neurons encode fear and extinction

To examine plasticity of spike firing of individual BA neurons,
C57Bl/6 mice were implanted with chronic recording electrodes
and trained in a discriminative fear-conditioning paradigm
(Fig. 1a). During training, mice learned to discriminate two auditory
CS of different frequencies. One CS (the CS™) was paired with an
aversive foot shock (US), whereas the second CS (CS™) was not
paired. Twenty-four hours after fear conditioning, mice (n= 30)
exhibited a selective increase in fear behaviour (as measured by freez-
ing) when exposed to the CS™ in a different context (Fig. lc).
Extinction of conditioned fear behaviour was induced by exposing
mice to 24 CS™ presentations in the absence of any aversive stimuli.
After extinction training, CS*-induced freezing behaviour was
reduced back to pre-conditioning levels, and did not differ from
CS -induced freezing (Fig. 1¢).

Analysis of changes in CS™- and CS -evoked spike firing during
extinction training revealed that BA neurons (259 recorded units;
Fig. 1b) could be divided into distinct functional classes.
Consistent with previous reports*”*®, we found a class of neurons
(‘fear neurons’; n = 43 neurons, 22 mice; 17% of recorded units) that
exhibited a selective increase in CS™-evoked spike firing during and
after fear conditioning (Fig. 1d, Supplementary Fig. 1 and
Supplementary Table 1). Subsequent extinction completely abol-
ished this increase and converted it into a CS*-evoked inhibition
(Fig. 1d). On average, spontaneous activity of fear neurons was not
affected by fear conditioning or extinction (Supplementary Table 1).
Thus, fear-conditioning-induced behavioural discrimination
between the CS™ and the CS~, and its reversal by extinction, was
accurately reflected at the neuronal level by the discriminative and
reversible activity of fear neurons.

During extinction training, another class of neurons emerged. In
contrast to fear neurons, ‘extinction neurons’ (n = 35 neurons, 20
mice; 14% ofrecorded units) did not show any increase in CS-evoked
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responses during or after fear conditioning, but instead showed a
slight reduction (Fig. le). However, subsequent extinction training
induced a marked and selective increase in CS™-evoked activity in
these neurons (Fig. le), without any changes in spontaneous activity.
Plotting extinction-induced changes in z-score for individual fear
and extinction neurons revealed that the two populations were sepa-
rated in a bi-modal distribution (Supplementary Fig. 2). The remain-
ing neurons did not exhibit any changes in activity during extinction
(Supplementary Table 1). Thus, changes in CS*-evoked firing of fear
and extinction neurons were oppositely correlated with behavioural
extinction.

Although these results demonstrate a specific activation of fear and
extinction neurons by a given CS, they do not address the question of
whether individual extinction neurons can function as fear neurons for
another CS, or vice versa. We therefore trained mice in a discriminative
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extinction paradigm (Fig. 2a). In this paradigm, two different CS (CS1
and CS2) were first fear-conditioned, followed by extinction of only
one of them (CS1). At the end of extinction, mice exhibited selective
freezing behaviour when exposed to the non-extinguished CS2
(Fig. 2b). Fear neurons and extinction neurons were identified during
fear conditioning and extinction of CS1 according to the same criteria
as described above, and CS1- and CS2-evoked spike firing was com-
pared at the end of extinction. Whereas individual extinction neurons
(n =9 neurons, 3 mice) responded to the extinguished CS (CS1), but
not to the non-extinguished CS (CS2), fear neurons (n = 8, 3 mice)
only fired during CS2 exposure, but remained unresponsive to the CS1
(Fig. 2¢, d). These observations confirm that individual fear neurons
and extinction neurons represent functionally distinct classes of neu-
rons that can discriminate between extinguished and non-extin-
guished stimuli.

In addition to the BA, we also recorded from 38 neurons in the LA,
which represents the main target of sensory afferents from the thal-
amus and cortex’. In keeping with previous studies"*’, we did not
observe any LA neuron in which CS*-evoked firing increased during
extinction. Although we cannot exclude the existence of such neu-
rons in the LA, this may suggest that extinction neurons are specific
for the BA, where they represent 14% of all recorded neurons.

Activity balance predicts behaviour

Comparing the averaged time courses of CS-evoked activity of fear
and extinction neurons during the acquisition of behavioural extinc-
tion indicated that significant behavioural changes occurred after the
activity scores of the two populations of neurons crossed over
(Fig. 3a). The largest changes in CS-evoked activity for both fear
and extinction neurons occurred between the third and the fourth
blocks of extinction training, which are separated by 24 h, suggesting
that an overnight consolidation process may be required. To invest-
igate further the exact time point during extinction learning at which
fear and extinction neurons displayed a significant change in activity,
we applied a change-point analysis algorithm®. Change-point ana-
lysis identifies the trial(s) exhibiting a significant change in neuronal
activity or freezing behaviour relative to the preceding trials. This
analysis confirmed that changes in neuronal activity precede beha-
vioural changes, and revealed that the activity of extinction neurons
started to increase one trial before the activity of fear neurons began
to decline (Fig. 3b, c). Plotting activity changes of single fear and
extinction neurons recorded in the same animal showed that the
sequence of events is the same in an individual animal, and that such
changes occur abruptly in an all-or-none manner (Fig. 3¢). This is
consistent with the idea that behavioural changes are driven by
sequential switches in the activity of two distinct neuronal circuits.

Figure 1| Distinct populations of BA neurons encode fear conditioning and
extinction. a, Experimental protocol. Ext., extinction; FC, fear conditioning;
Hab., habituation. b, Coronal sections through the rostro-caudal extent of
the amygdala, showing the location of the recording sites in the BA.

¢, Summary graphs illustrating behavioural data. During habituation, mice
(n = 30) exhibited equally low freezing levels in response to CS™ and CS~
exposure. Twenty-four hours after fear conditioning, presentation of the
CS™ (CS 1-4 on day 2), but not the CS™, evoked significantly higher freezing
levels. After extinction, both CS™ (CS 9-12 on day 3) and CS™ elicited low
freezing levels. Error bars indicate mean * s.e.m. d, e, Raster plots (top) and
peristimulus time histograms (middle) illustrating selective changes in CS™-
evoked firing of a representative fear (d) and an extinction (e) neuron. The
duration of the auditory stimulus is indicated (red bar; tone). Insets show
superimposed spike waveforms recorded during habituation, after fear
conditioning and after extinction, respectively. Bottom: fear conditioning
and extinction-induced changes in CS *-evoked firing of fear and extinction
neurons. Fear neurons (n = 43 neurons from 22 mice) exhibited a selective
increase in CS ™" -evoked firing after fear conditioning (P < 0.001 versus
habituation or versus CS™), which was fully reversed on extinction. In
contrast, CS " -evoked firing of extinction neurons (1 = 35 neurons from 20
mice) was selectively increased after extinction (P < 0.001 versus post-FC or
versus CS”). ¥**P < 0.001.
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Rapid reversal of activity during fear renewal

To test whether the activity of fear and extinction neurons represents
the same behavioural values in a different paradigm, we analysed
renewal of extinguished fear behaviour and associated changes in
CS-evoked spike firing. To make sure that extinction memory was
stably consolidated, mice (1 = 15) were tested for extinction memory
7 days after extinction training in the same context in which extinc-
tion training occurred (Fig. 4a). After successful recall of extinction
memory (Fig. 4b), mice were transferred to the context in which they
had been initially fear conditioned. Changing context resulted in a
modest, but significant, increase in baseline freezing levels owing to
contextual fear conditioning (Supplementary Fig. 3), and in a full
renewal of the original cued fear memory (Fig. 4b).

During recall of extinction memory in the extinction context,
presentation of the CS™ induced a selective activation of extinction
neurons (n = 14, 8 mice) with no effect on fear neurons (n=19, 9
mice; Fig. 4¢, d). Thus, activation of extinction neurons by an extin-
guished CS is not a transient phenomenon, but remains stable for at
least oneweek. After placing the animals in the fear-conditioning
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Figure 2 | Fear and extinction neurons discriminate stimuli with different
emotional significance. a, Experimental design for discriminative
extinction training. Initially, animals were fear conditioned to two distinct
CS (CS1 and CS2). Both CS were paired with a US (CS-US). Subsequently,
only one CS (CS1) was extinguished. b, Summary of behavioural data.
During habituation, mice (n = 6) exhibited equally low freezing levels in
response to CS1 and CS2 exposure. After fear conditioning, presentation of
the CS1 (CS 1-4) evoked significantly increased freezing levels. After
extinction to CS1, CS1 exposure (CS 9-12) elicited low freezing levels,
whereas CS2-evoked freezing behaviour remains high. Error bars indicate
mean = s.e.m. ¢, Fear conditioning- and extinction-induced changes in CS1-
and CS2-evoked firing of fear neurons (n = 8 neurons from 3 mice). Twenty-
four hours after fear conditioning (day 2), fear neurons exhibited increased
firing in response to CS1 stimulation. After extinction of CS1, only CS2
stimulation elicited significant firing (day 3; P < 0.05 versus CS1). d, Fear
conditioning- and extinction-induced changes in CS1- and CS2-evoked
firing of extinction neurons (n = 9 neurons, 3 mice). After fear conditioning
(day 2), extinction neurons did not respond to CS1 stimulation. After
extinction of CS1, only CS1 stimulation elicited significant firing (day 3;

P < 0.05 versus CS2). **P < 0.01.
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context, increased CS™-evoked freezing behaviour was associated
with a complete reversal of spiking activity at the cellular level.
Whereas extinction neurons stopped responding to CS™* stimulation,
fear neurons exhibited a significant and selective increase in CS™ -
evoked spike firing (Fig. 4d). Extinction-resistant neurons were not
significantly activated during renewal (not shown). Thus, a switch in
the balance of activity between fear and extinction neurons not only
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Figure 3 | Sequential switches in neuronal activity precede behavioural
changes. a, Averaged time courses of freezing behaviour (grey bars; n = 30
mice) and neuronal activity (z-scores) of BA fear neurons (red circles;

n = 43) and extinction neurons (blue circles; n = 35) during extinction
training. Significant behavioural changes (that is, decreased freezing levels)
occurred after activity scores of fear and extinction neurons have crossed
over. Error bars indicate mean * s.e.m. b, Change-point analysis confirms
that changes in neuronal activity preceded behavioural changes, and
demonstrates that the activity of extinction neurons started to increase one
trial before the activity of fear neurons changed. The plot represents the
cumulative sums of the averaged and normalized z-scores of fear and
extinction neurons, and freezing behaviour during extinction training.
Change points are indicated by dotted lines. ¢, Normalized cumulative sums
of the z-scores of a single fear neuron and a single extinction neuron
recorded in the same animal together with the corresponding freezing
behaviour during extinction training. Change-point analysis reveals that the
extinction neuron abruptly switched on one trial before the fear neuron
switched off. Changes in neuronal activity preceded behavioural changes.
Change points are indicated by dotted lines. **P < 0.01; ***P < 0.001.
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reflects extinction but also parallels rapid context-dependent renewal
of conditioned fear responses.

Differential long-range connectivity

We next addressed the question of whether fear neurons and extinc-
tion neurons are anatomically segregated. Comparing the location of
electrolytic lesions made by the electrodes from which fear and extinc-
tion neurons were recorded did not provide any evidence for anatom-
ical segregation (Supplementary Fig. 4). As a complementary
approach, we compared the anatomical distribution of BA neurons
activated during exposure to an extinguished or to a non-extinguished
CS using the immediate early gene product Fos as an activity-marker.
Given the similar numbers of extinction and fear neurons, one would
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Figure 4 | Context-dependent fear renewal induces rapid reversal of
neuronal activity patterns. a, Experimental protocol. b, Summary of
behavioural data. Seven days after extinction, extinction memory was tested
in the same context in which extinction training took place (n = 15 animals).
Both CS™ and CS elicited low freezing behaviour. Subsequently, mice were
placed back into the context in which fear conditioning took place. In this
context, exposure to the CS™ evoked significantly more freezing than CS™
stimulation. Error bars indicate mean = s.e.m. ¢, Context-dependent
changes in CS *-evoked firing of fear neurons (1 = 19 neurons from 9 mice).
Fear neurons exhibited a context-dependent increase in CS* -evoked firing
in the fear-conditioning context where freezing levels were high (P < 0.05
versus extinction context and versus CS"). d, Extinction neurons (n = 14
neurons, 8 mice) showed the opposite pattern. Whereas CS™-exposure
elicited strong firing in the extinction context (P < 0.05 versus fear-
conditioning context and versus CS"), extinction neurons did not show any
CS™-evoked responses in the fear-conditioning context. **P < 0.01.
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predict that an extinguished and a non-extinguished CS should
induce Fos expression in an equal number of BA neurons with an
overlapping anatomical distribution. Consistent with this, we found
no difference in the density and anatomical distribution of Fos-pos-
itive neurons in animals exposed to an extinguished and a non-extin-
guished CS (Supplementary Fig. 4). Together, these results suggest
that BA fear and extinction neurons are intermingled in a salt-and-
pepper-like manner.

Converging evidence supports a role for the mPFC in the consol-
idation of extinction memory®'®”?', and for the hippocampus in
processing contextual information relevant for the expression and
extinction of conditioned fear behaviour'. This raises the question as
to how fear and extinction neurons in the BA communicate with the
mPFC and the hippocampus during context-dependent behavioural
transitions. We first addressed the possibility that fear neurons might
be excitatory projection neurons whereas extinction neurons might
be inhibitory interneurons. However, both fear and extinction neu-
rons exhibited low spontaneous firing rates characteristic of BLA
projection neurons® (Supplementary Table 1). Consistent with this,
analysis of cross-correlations between identified fear or extinction
neurons and neighbouring BA neurons revealed short-latency excit-
atory interactions (Supplementary Fig. 5). To examine whether iden-
tified fear and extinction neurons project to, or receive input from,
the mPFC and/or the hippocampus, we tested for antidromic activa-
tion of BA efferents and orthodromic activation of afferents by using
extracellular stimulation electrodes in re-anaesthetized mice (Fig. 5a;
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Figure 5 | Fear neurons and extinction neurons are part of distinct neuronal
circuits. a, Use of extracellular stimulation in anaesthetized mice to identify
orthodromic and antidromic connections between BA neurons and the
mPFC or the hippocampus. Top left: schematic illustrating the placement of
stimulating and recording electrodes. Rec., recording electrode; Stim.,
stimulation electrode. Top right: orthodromic spikes elicited in a BA fear
neuron on stimulation of the ventral hippocampus. Orthodromic spikes
exhibited a large temporal jitter and high failure rates. Middle: antidromic
spikes recorded from a BA extinction neuron in response to mPFC
stimulation. Antidromic spikes exhibited low temporal jitter, and followed
high frequency (200 Hz) stimulation (bottom). b, Top: fear neurons project
to the mPFC (5 out of 8 stimulated neurons) and receive input from the
hippocampus (5 out of 14 stimulated neurons). vHip, ventral hippocampus.
No antidromic responses from the hippocampus (0 out of 14 stimulated
neurons) or orthodormic responses from the mPFC (0 out of 8 stimulated
neurons) were observed. The graph depicts the percentage of all stimulation
experiments in which a particular response was observed in identified fear
neurons. Bottom: extinction neurons are reciprocally connected with the
mPFC (antidromic responses, 3 out of 6 stimulated neurons; orthodromic
responses, 7 out of 9 stimulated neurons, P < 0.001 versus fear neurons). No
connections with the hippocampus were observed (0 out of 9 stimulated
neurons, P < 0.05 versus fear neurons).
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see Methods). These experiments revealed that fear neurons received
input from the hippocampus, whereas no connections with the hip-
pocampus were found for extinction neurons (P <<0.05 versus fear
neurons; Fig. 5b). Although these findings cannot exclude that some
extinction neurons might be contacted by hippocampal afferents,
they demonstrate that the probability of receiving hippocampal
input is significantly different for fear and extinction neurons.
Likewise, fear and extinction neurons were differentially connected
with the mPFC. Whereas extinction neurons were reciprocally con-
nected, fear neurons projected to the mPFC, but we did not find any
inputs (P<0.001 versus extinction neurons; Fig. 5b). Extinction-
resistant neurons were reciprocally connected to both the mPFC
and to the hippocampus (Supplementary Fig. 6). Taken together,
these findings indicate that fear and extinction neurons, although
co-localized within the same nucleus, not only are functionally
specialized but also form part of discrete neuronal circuits.

BA inactivation prevents behavioural transitions

The observed changes in CS™-evoked spike firing of fear and extinc-
tion neurons during the extinction and context-dependent renewal
of conditioned fear responses could be necessary for the acquisition,
storage and/or behavioural expression of the learned information. To
distinguish between these possibilities, we used micro-iontophoresis
of a fluorescently labelled GABA, (y-aminobutyric acid subtype A)
receptor agonist (muscimol) to reversibly inactivate neuronal activ-
ity in the BA in a targeted and controlled manner (Fig. 6a).
Simultaneous iontophoresis and multi-unit recording revealed that
muscimol application silenced neuronal activity in the BA for more
than 60 min (Fig. 6b). We first tested whether BA activity was neces-
sary for the acquisition of extinction. Inactivation of the BA comple-
tely prevented the decrease in freezing behaviour normally observed
during extinction training (Fig. 6¢), with no effect on pre-CS freezing
levels (not shown). Twenty-four hours later, after wash-out of mus-
cimol, the same animals initially exhibited high freezing levels fol-
lowed by normal fear extinction, demonstrating that BA inactivation
did not merely interfere with the behavioural expression of extinc-
tion, nor irreversibly damage BA function (Fig. 6d). These results
demonstrate that BA activity is necessary for the acquisition of
extinction.

Next, we tested whether BA activity was necessary for the context-
dependent renewal of previously extinguished fear responses. Mice
exhibiting low freezing levels during recall of extinction memory
oneweek after extinction training were injected with muscimol
before renewal. In contrast to control animals injected with the fluor-
escent label only, muscimol-injected animals exhibited no increase in
freezing levels when exposed to the CS* in the fear-conditioning
context (Fig. 6e). These results demonstrate that BA activity is neces-
sary for context-dependent fear renewal.

Because muscimol unselectively silences all neurons in the targeted
region, the high fear level observed in muscimol-injected mice during
extinction learning cannot be accounted for by activity of fear neu-
rons. Conversely, the low fear level displayed by muscimol-injected
mice during context-dependent fear renewal cannot be dependent on
the activation of extinction neurons. Thus, whereas animals with
inactivated BA are able to express high and low fear states, possibly
by activation of other parts of the amygdala and the mPFC, they
exhibit emotional perseveration (that is, they remained in the emo-
tional state they were in before BA inactivation). This suggests that
the BA is unlikely to be associated with the storage, retrieval or
expression of conditioned fear and extinction memories, but may
instead mediate context-dependent behavioural transitions between
low and high fear states.

Thus, silencing of BA activity should have no effect on the retrieval
and expression of conditioned and extinguished fear memories when
there is no need to change fear levels in a context-dependent manner.
Consistent with this scenario, BA inactivation had no effect on the
retrieval or expression of consolidated extinction memories (Fig. 6e).
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Moreover, in animals that had been fear conditioned one week
before, but that did not receive extinction training, muscimol had
no effect on the retrieval and expression of the fear memory inde-
pendently of the context in which they were tested (Fig. 6f).

Discussion

Our data show that the BA contains distinct populations of neurons
for which activity is oppositely correlated with high and low fear
behaviour—two converse behavioural states. Although fear and
extinction neurons represent relatively small sub-populations within
the BA, a rapid switch in the balance of their activity is essential for
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Figure 6 | Targeted inactivation of the BA prevents behavioural changes
without affecting memory. a, Epifluorescent image illustrating bilateral
targeting of the BA with muscimol covalently attached to a fluorescent tag
(bodipy, dipyrromethene boron difluoride). b, Simultaneous multi-unit
recordings revealed silencing of neuronal activity for up to two hours after
muscimol iontophoresis. ¢, Inactivation of the BA before extinction training
prevented the acquisition of extinction. Control mice injected with
fluorophore only (n = 5; blue bars) exhibited significant reduction of
freezing levels after extinction training. Muscimol-injected animals (n = 11;
red bars) showed high freezing levels after extinction. d, Twenty-four hours
later, in the absence of muscimol, the same animals showed normal
acquisition of extinction (P < 0.05). Bars illustrate the progressive decrease
in freezing behaviour during extinction learning. e, Inactivation of the BA
prevented context-dependent renewal. Control mice injected with
fluorophore only (n = 5) exhibited a significant increase in freezing levels on
change of context (P < 0.05). Muscimol-injected animals (n = 5) did not
show any context-dependent fear renewal (P < 0.01 versus control). f, In the
absence of extinction training, BA inactivation did not affect fear memory
retrieval. Fluorophore-injected mice (n = 4) and muscimol-injected mice
(n = 5) exhibited equal freezing levels during CS™ exposure in the fear-
conditioning context one week after fear conditioning. Error bars indicate
mean * s.e.m. **P < 0.01, ***P < 0.001.

©2008 Macmillan Publishers Limited. All rights reserved



NATURE| Vol 45431 July 2008

triggering behavioural transitions during extinction and context-
dependent fear renewal. Although intermingled within the BA, fear
and extinction neurons are differentially connected with the hip-
pocampus and the mPFC, two brain areas previously implicated in
extinction and context-dependent renewal of conditioned fear res-
ponses. In keeping with the proposed role of the ventral hippocam-
pus in mediating context-dependent renewal of fear behaviour in
animals subjected to extinction®, we found that hippocampal input
to the BA selectively targets fear neurons over extinction neurons.
Thus, hippocampal input to BA fear neurons may override the
retrieval of extinction memory allowing for fear expression after a
particular CS has undergone extinction. Extinction neurons, in turn,
are bi-directionally connected with the mPFC and are switched on
during extinction training. This indicates that they may be upstream
of a previously identified population of mPFC neurons thought to
mediate consolidation of extinction memory, because they are acti-
vated by an extinguished CS during recall, but not during the acquisi-
tion of extinction®.

Previous findings demonstrate that the BLA is not critical for
triggering behavioural transitions during reversal learning in a two-
odour-discrimination task®**. Nevertheless, abnormally persistent
BLA activity induced by orbitofrontal cortex lesions® or repeated
cocaine administration® interferes with reversal learning. This sug-
gests that, whereas the BLA can only veto slow behavioural transi-
tions during more complex reversal learning tasks, it is actively
involved in situations requiring rapid context-dependent switching
between two converse behavioural states.

How might activity of BA fear and extinction neurons mediate
behavioural transitions? In keeping with a role for the amygdala in
facilitating network function and memory formation in other parts
of the brain®, a possible interpretation is that BA fear and extinc-
tion neurons might drive or facilitate the induction of synaptic plas-
ticity in their respective target areas. Moreover, whereas previous
studies using pre-fear-conditioning lesions came to the conclusion
that the BA does not contribute to the acquisition or the expression of
conditioned fear’®™*' (but see ref. 42), a recent analysis using post-
fear-conditioning lesions indicates that the BA also contributes to the
consolidation of long-term fear memories*'. This suggests that
repeated activity of BA fear neurons, over longer-time periods,
may be required for fear memory consolidation.

Our findings are consistent with the idea that in mammals, as in
invertebrates*>**, switches between appropriate behavioural states
can be driven by discrete neuronal circuits. It may be a general prin-
ciple of the functional micro-architecture of the nervous system in
diverse species, that circuits mediating switches between distinct
behavioural states are located in close anatomical proximity thereby
allowing for local interactions. However, it remains to be shown how
fear and extinction neurons interact locally. Finally, our results also
suggest that context-dependent recovery of extinguished fear beha-
viour in humans*, which represents a major clinical obstacle for the
therapy of certain anxiety disorders*, might be modulated by tipping
the balance of activity between specific neuronal circuits.

METHODS SUMMARY

Behaviour and pharmacological inactivations. Mice were submitted to a dis-
criminative auditory fear-conditioning paradigm in which the CS™, but not the
CS, was paired with a US (mild foot shock). Extinction training was performed
over two days in a different context'*. One week later, mice were placed in the
extinction context for recall of extinction, and in the original conditioning
context for fear renewal. Freezing behaviour was quantified during each beha-
vioural session using an automatic infrared beam detection system as described
previously”. Bilateral inactivation of the BA was achieved using micro-ionto-
phoretic injection of fluorescently labelled muscimol before extinction training
or context-dependent fear renewal.

Electrophysiological recordings and analysis. Individual neurons were
recorded extracellularly in freely behaving mice during fear conditioning, extinc-
tion, recall of extinction and context-dependent fear renewal. Spikes of indi-
vidual neurons were sorted by time—amplitude window discrimination and
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template matching as described previously*”*%. Cluster quality and unit stability
were verified by quantifying the cluster separation and the stability of the average
waveform shape over time**** (Supplementary Fig. 7). Unit isolation was verified
using auto- and cross-correlation histograms. Spike rasters and histograms were
constructed by aligning sweeps relative to the CS onset, and CS-evoked responses
were normalized to baseline activity using a z-score transformation. Antidromic
and orthodromic spikes evoked by extracellular stimulations of the mPFC or the
ventral hippocampus were recorded in previously identified neurons in anaes-
thetized mice.

Immunohistochemistry. Mice were submitted to an auditory fear-conditioning
paradigm in which only one CS was used. Two hours after the end of training,
mice exposed to the CS only, extinguished and non-extinguished mice were
transcardially perfused, and their brains collected for immunohistochemical
staining of the immediate early gene product Fos as previously described*®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Animals. Male C57BL6/] mice (3 months old; RCC Ltd) were individually
housed for 7days before all experiments, under a 12h light/dark cycle, and
provided with food and water ad libitum. All animal procedures were performed
in accordance with institutional guidelines and were approved by the Veterinary
Department of the Canton of Basel-Stadt.

Behaviour. Fear conditioning and extinction took place in two different contexts
(context A and B). The conditioning and extinction boxes and the floor were
cleaned with 70% ethanol or 1% acetic acid before and after each session,
respectively. To score freezing behaviour, an automatic infrared beam detection
system placed on the bottom of the experimental chambers (Coulbourn
Instruments) was used. The animals were considered to be freezing if no move-
ment was detected for 2 s. On day 1, mice were submitted to a habituation session
in context A, in which they received 4 presentations of the CS™ and the CS (total
CS duration of 30's, consisting of 50-ms pips repeated at 0.9 Hz, 2-ms rise and
fall; pip frequency: 7.5kHz or white-noise, 80dB sound pressure level).
Discriminative fear conditioning was performed on the same day by pairing
the CS™ with a US (1-s foot shock, 0.6 mA, 5CS™/US pairings; inter-trial inter-
val: 20-180's). The onset of the US coincided with the offset of the CS*. The CS~
was presented after each CS*/US association but was never reinforced (5 CS™
presentations, inter-trial interval: 20~180's). The frequencies used for CS™ and
CS™ were counterbalanced across animals. On day 2 and day 3, conditioned mice
were submitted to extinction training in context B, during which they received 4
and 12 presentations of the CS™ and the CS™, respectively. Recall of extinction
and context-dependent fear renewal were tested 7 days later in context B and A,
respectively, with 4 presentations of the CS™ and the CS™. Pharmacological
experiments were performed using the same conditioning and extinction pro-
tocol except for one group of mice that was not submitted to extinction training
but tested for conditioned fear with 4 CS™ and 4 CS™ presentations on day 2 in
context B. Seven days later, mice were submitted to 2 sessions of extinction recall
5h apart in context B (4 presentations of each CS for each session). Finally,
10 min after the second recall session, mice were submitted to 4 CS™ and 4
CS™ presentations in context A for context-dependent fear renewal.

For discriminative extinction, mice were habituated on day 1 to 4 presenta-
tions of two different CS in context A (total CS duration of 30 s, consisting of 50-
ms pips repeated at 0.9 Hz, 2 ms rise and fall; pip frequency: 7.5kHz or white-
noise, 80 dB sound pressure level). Both CS were subsequently paired with a US
(1-s foot shock, 0.6 mA, 5CS/US pairings for each CS; inter-trial interval: 20—
1805). The onset of the US coincided with the offset of the CS. On days 3 and 4,
only one of the two CS was extinguished by 16 and 12 presentations in context B,
respectively. At the end of the second extinction session, mice were exposed to 4
presentations of the non-extinguished CS in context B.

Surgery and recordings. Mice were anesthetized with isoflurane (induction 5%,
maintenance 2.5%) in O,. Body temperature was maintained with a heating pad
(CMA/150, CMA/Microdialysis). Mice were secured in a stereotaxic frame and
unilaterally implanted in the amygdala with a multi-wire electrode aimed at the
following coordinates™: 1.7 mm posterior to bregma; *3.1 mm lateral to mid-
line; and 4 mm to 4.3 mm deep from the cortical surface. The electrodes con-
sisted of 8 to 16 individually insulated nichrome wires (13-pim inner diameter,
impedance 1-3 MQ; California Fine Wire) contained in a 26 gauge stainless steel
guide canula. The wires were attached to a 10pin to 18pin connector
(Omnetics). The implant was secured using cyanoacrylate adhesive gel. After
surgery mice were allowed to recover for 7 days. Analgesia was applied before,
and during the 3 days after, surgery (Metacam, Boehringer). Electrodes were
connected to a headstage (Plexon) containing eight to sixteen unity-gain opera-
tional amplifiers. The headstage was connected to a 16-channel computer-con-
trolled preamplifier (gain 100X, bandpass filter from 150 Hz to 9 kHz, Plexon).
Neuronal activity was digitized at 40 kHz and bandpass filtered from 250 Hz to
8 kHz, and was isolated by time—amplitude window discrimination and template
matching using a Multichannel Acquisition Processor system (Plexon). At the
conclusion of the experiment, recording sites were marked with electrolytic
lesions before perfusion, and electrode locations were reconstructed with stand-
ard histological techniques.

Single-unit spike sorting and analysis. Single-unit spike sorting was performed
using Off-Line Spike Sorter (OFSS, Plexon) as described*”** (Supplementary Fig.
7). Principal component scores were calculated for unsorted waveforms and plot-
ted on three-dimensional principal component spaces, and clusters containing
similar valid waveforms were manually defined. A group of waveforms was con-
sidered to be generated from a single neuron if it defined a discrete cluster in
principal component space that was distinct from clusters for other units and if it
displayed a clear refractory period (>1 ms) in the auto-correlogram histograms.
In addition, two parameters were used to quantify the overall separation between
identified clusters in a particular channel. These parameters include the J3 statistic,
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which corresponds to the ratio of between-cluster to within-cluster scatter, and the
Davies—Bouldin validity index (DB), which reflects the ratio of the sum of within-
cluster scatter to between-cluster separation*®. High values for the J3 and low
values for the DB are indicative of good single-unit isolation (Supplementary
Fig. 7). Control values for this statistics were obtained by artificially defining
two clusters from the centred cloud of points in the principal component space
from channels in which no units could be detected. Template waveforms were then
calculated for well-separated clusters and stored for further analysis. Clusters of
identified neurons were analysed offline for each recording session using principal
component analysis and a template-matching algorithm. Only stable clusters of
single units recorded over the time course of the entire behavioural training were
considered. Long-term single-unit stability isolation was first evaluated using
Wavetracker (Plexon) in which principal component space-cylinders were calcu-
lated from a 5min segment of data spontaneously recorded before any training
session. Straight cylinders suggest that the same set of single units was recorded
during the entire training session (Supplementary Fig. 7).

Second, we quantitatively evaluated the similarity of waveform shape by cal-
culating linear correlation (r) values between average waveforms obtained over
training days" (Supplementary Fig. 7). As a control, we computed the r values
from average waveforms of different neurons.

Third, for each unit we used correlation analysis to quantitatively compare the
similarity of waveform shape during CS™ -stimulation and during a 60 s period of
spontaneous activity recorded before each behavioural session (Supplementary
Fig. 8). To avoid analysis of the same neuron recorded on different channels, we
computed cross-correlation histograms. If a target neuron presented a peak of
activity at a time that the reference neuron fires, only one of the two neurons was
considered for further analysis. CS-induced neural activity was calculated by
comparing the firing rate after stimulus onset with the firing rate recorded
during the 500 ms before stimulus onset (bin size, 20 ms; averaged over blocks
of 4 CS presentations consisting of 108 individual sound pips in total) using a
z-score transformation. z-score values were calculated by subtracting the average
baseline firing rate established over the 500 ms preceding stimulus onset from
individual raw values and by dividing the difference by the baseline standard
deviation. Only CS-excited neurons were considered for analysis. Classification
of units was performed by comparing the largest significant z-score values within
100 ms after CS-onset during post-fear conditioning and extinction sessions
according to the freezing levels. For high-fear states, the entire post-fear con-
ditioning session was analysed, whereas, for low-fear states, analysis was
restricted to the block of 4 CS presentations during which the fear level was
the lowest. A unit was classified as a fear neuron if it exhibited a significant
z-score value after fear conditioning (when freezing levels were high), but no
significant z-score value after extinction (when freezing levels were low), and vice
versa for extinction neurons. Finally, units were classified as extinction-resistant
neurons if they displayed a significant z-score value during both post-fear con-
ditioning and extinction sessions, independently of freezing levels. For statistical
analysis, z-score comparisons were performed using the average z-score value
calculated during the 40 ms after CS-onset. In cases in which shorter or longer
CS-evoked activity was observed, the average z-score was calculated during the
20ms and 80 ms after CS-onset, respectively. To identify the trial in which
individual neurons changed their CS-evoked responses during fear conditioning
and extinction, we applied a change point analysis algorithm™. Change point
analysis identifies the trial(s) exhibiting a significant change in neuronal activity
or freezing behaviour relative to the preceding trials. Change points are graph-
ically represented by a change in the slope of a plot showing the cumulative sums
of the averaged and normalized z-score and freezing values. Statistical analyses
were performed using paired Student’s t-tests post hoc comparisons at the
P <0.05 level of significance unless indicated otherwise. Results are presented
as mean * s.e.m.

Extracellular stimulation. To determine the connectivity of recorded neurons,
we used extracellular stimulation of the mPFC and the vHip in a subset of
animals. At the end of the training procedure, animals were anesthetized using
urethane (1.4 g kg'l), and concentric stimulating electrodes (FHC) were lowered
in the mPFC (2 mm anterior to bregma; £0.3 mm lateral to midline; and 1.6 mm
to 2mm deep from the cortical surface) and the ventral hippocampus (3.6 mm
posterior to bregma; =3.1 mm lateral to midline; and 4 mm to 4.2 mm deep from
the cortical surface). During the experiments, the stimulation electrodes were
advanced in steps of 5um by a motorized micromanipulator (David Kopf
Instruments), and BA-evoked responses were recorded. Stimulation-induced
and spontaneous spikes were sorted using principal component analysis and
template matching. The similarity of stimulation-induced spike waveforms
was quantitatively compared to the waveforms of units previously identified
in the awake animal and recorded on the same wire using correlation analysis
(Supplementary Fig. 9). To be classified as antidromic, evoked responses had to
meet at least two out of three criteria: (1) stable latency (<0.3 ms jitter), (2)
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collision with spontaneously occurring spikes, and (3) the ability to follow high-
frequency stimulation (200 Hz). At the end of the experiments, stimulating sites
were marked with electrolytic lesions before perfusion, and electrode locations
were reconstructed with standard histological techniques. For each stimulation
site, orthodromic and antidromic response probabilities of fear and extinction
neurons were analysed using binomial statistics, with P < 0.05 indicating non-
random connectivity.

Muscimol iontophoresis. Muscimol micro-iontophoresis injection was per-
formed in chronically implanted animals. Single-barrel micropipettes with a
tip diameter of 10 to 15 um were cut at 1 cm length and filled with a solution
containing muscimol covalently coupled to a fluorophore (Muscimol-Bodipy-
TMR conjugated, Invitrogen; 5mM in phosphate buffered saline (PBS) 0.1 M,
DMSO 40%) or with bodipy alone (Invitrogen; 5mM in PBS 0.1 M, DMSO
40%). Mice were bilaterally implanted at the following coordinates (according
to ref. 50): 1.7 mm posterior to bregma; *3.1 mm lateral to midline; and 4 mm to
4.3 mm deep from the cortical surface. Chlorided silver wires were inserted in
each micropipette and attached to a connector. A third silver wire screwed onto
the skull and attached to the connector served as a reference electrode. The entire
miniature was secured using cyanoacrylate adhesive gel. After surgery, mice were
allowed to recover for 2 days. On the injection day, iontophoretic applications
were performed by means of cationic current (+12 pA to +15 pA) for 15 min per
side using a precision current source device (Stoelting). Mice were submitted to
the behavioural procedure 5 min after the end of iontophoretic injections and
were immediately perfused at the end of the experiments. Brains were collected
for further histological analysis. Serial slices containing the amygdala were
imaged at X5 using an epifluorescence stereo microscope (Leica), and the loca-
tion and the extent of the injections were controlled. Mice were included in the
analysis only if they presented a bilateral injection targeting exclusively the BA
and if the targeted injections cover at least 25% of the BA. Statistical analyses
were performed using paired and unpaired Student’s t-tests post hoc compar-
isons at the P << 0.05 level of significance. Results are presented as mean =* s.e.m.
Immunohistochemistry. Mice were transcardially perfused with ice-cold 4%
paraformaldehyde in 0.1 M PBS 120 min after the onset of the training session™.
Brains were prepared for immunohistochemistry using primary polyclonal rab-
bit anti-c-Fos antibody (Calbiochem; anti-c-Fos, Ab-5, 4-17, rabbit pAb, PC38;
1:20,000 dilution). A fluorescent-dye-coupled goat anti-rabbit antibody
(Invitrogen; Alexa-Fluor 633; 1:1,000 in PBS) was used as secondary antibody.
Stained slices were imaged at X40 using an LSM 510 Meta confocal microscope
(Carl Zeiss Inc.). Quantitative analysis of c-Fos-positive nuclei was performed
using a computerized image analysis system (Imaris 4.2, Bitplane). Structures
were defined according to ref. 50. Immunoreactive neurons were counted bilat-
erally using a minimum of three sections per hemisphere per animal. Statistical
analyses were performed using unpaired Student’s ¢-tests at the P < 0.05 level of
significance. Results are presented as mean * s.e.m.

50. Franklin, K. J. B. & Paxinos, G. The Mouse Brain in Stereotaxic Coordinates
(Academic, 1997).
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