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The paraventricular thalamus controls a central
amygdala fear circuit
Mario A. Penzo1, Vincent Robert1,2, Jason Tucciarone1,3, Dimitri De Bundel4{, Minghui Wang1, Linda Van Aelst1, Martin Darvas5,
Luis F. Parada6, Richard D. Palmiter7, Miao He8, Z. Josh Huang1 & Bo Li1

Appropriate responses to an imminent threat brace us for adversi-
ties. The ability to sense and predict threatening or stressful events
is essential for suchadaptivebehaviour. In themammalianbrain,one
putative stress sensor is the paraventricular nucleus of the thalamus
(PVT), an area that is readily activated by both physical and psycho-
logical stressors1–3.However, the role of thePVTin the establishment
of adaptive behavioural responses remains unclear.Herewe show in
mice that the PVT regulates fear processing in the lateral division of
the central amygdala (CeL), a structure that orchestrates fear learn-
ing and expression4,5. Selective inactivation of CeL-projecting PVT
neuronsprevented fear conditioning, aneffect that canbeaccounted
for by an impairment in fear-conditioning-induced synaptic poten-
tiation onto somatostatin-expressing (SOM1) CeL neurons, which
has previously been shown to store fear memory6. Consistently, we
found that PVTneurons preferentially innervate SOM1neurons in
theCeL, and stimulationof PVTafferents facilitated SOM1neuron
activity and promoted intra-CeL inhibition, two processes that are
critical for fear learning and expression5,6. Notably, PVT modula-
tion of SOM1CeLneuronswasmediated by activationof the brain-
derived neurotrophic factor (BDNF) receptor tropomysin-related
kinase B (TrkB). As a result, selective deletion of either Bdnf in the
PVTorTrkb inSOM1CeLneurons impaired fear conditioning,while
infusion of BDNF into the CeL enhanced fear learning and elicited
unconditioned fear responses.Ourresultsdemonstrate that thePVT–
CeL pathway constitutes a novel circuit essential for both the estab-
lishment of fear memory and the expression of fear responses, and
uncovermechanisms linking stress detection inPVTwith the emer-
gence of adaptive behaviour.
To probe the sensitivity of the PVT to threatening events, we exam-

ined theexpressionof c-Fos, amarker of recentneuronal excitation, both
following fear conditioning and after a fearmemory retrieval test. Fear
conditioning markedly increased the number of neurons expressing
c-Fos in the posterior PVT (pPVT) (Extended Data Fig. 1), consistent
with the finding that thepPVTreceivesdirect inputs fromthenociceptive
parabrachialnucleus and theperiaqueductal grey7,8.Notably, fearmemory
retrieval induced a similar increase inpPVTc-Fos expression (Extended
Data Fig. 1). These results demonstrate that the pPVT is recruited by
both the unconditioned stimulus and the threat-predicting conditioned
stimulus, and raise the possibility that it might be instrumental in fear
conditioning.
The pPVT strongly projects to the CeL9,10, with weaker projections

to other amygdala nuclei, such as the basolateral amygdala (BLA)10. To
examine thedistributionpatterns ofpPVTneurons innervatingdifferent
amygdala subregions, we injected the CeL andBLAwith the retrograde
tracer cholera toxin subunit B conjugated toAlexaFluor-488 (CTB-488)
orAlexa Fluor-555 (CTB-555), respectively. This approach resulted in
dense labelling throughout the ipsilateral pPVT, indicating prominent
pPVT–amygdala projections (Extended Data Fig. 2). Notably, pPVT

neurons projecting to the CeL and BLA were largely non-overlapping
(Extended Data Fig. 2).
Todeterminewhether thepPVT–CeLpathway, themost prominent

projection originating from the pPVT9,10, is involved in fear condition-
ing, we sought to selectively inhibit CeL-projecting neurons in the pPVT
througha chemogeneticmethod11.Webilaterally injected theCeLwith a
retrograde canine adenovirus expressingCre recombinase (CAV2-Cre)12,
followed by injection into the pPVT of AAV-DIO-hM4Di-mCherry,
an adeno-associated virus harbouring a double-floxed inverted open
reading frame (AAV-DIO) that expresses, in aCre-dependentmanner,
an engineered Gi-coupled receptor hM4Di tagged with a fluorescent
proteinmCherry (hM4Di–mCherry). This intersectional strategy effec-
tively targeted CeL-projecting pPVT neurons (Fig. 1a, b), which can
subsequently be suppressed by treating mice with clozapine-N-oxide
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Figure 1 | CeL-projecting pPVT neurons are essential for both learning and
expression of conditioned fear. a, A schematic of the experimental approach.
b, Representative images showing the expression of hM4Di–mCherry in
CeL-projecting pPVT neurons. c, Quantification of freezing levels in memory
retrieval test. Control, n5 15 mice; hM4Di with CNO before conditioning,
n5 9 mice; hM4Di with CNO before retrieval, n5 13 mice; effect of
treatments, F(2,68)5 5.14, P, 0.01; effect of condition stimulus presentation,
F(1,68)5 51.27, P, 0.001; interaction, F(2,68)5 7.42, P, 0.01; *P, 0.05;
two-way analysis of variance (ANOVA) followed by Tukey’s test. The control
group contains mice that were injected only with CAV2-Cre bilaterally in the
CeL and were treated with CNO either before conditioning (n5 7 mice) or
before retrieval (n5 8 mice). d, Correlation between viral infection efficiency
in pPVT and the behavioural effect. CNO before conditioning, R25 0.59,
P, 0.01, n5 9 mice; CNO before retrieval, R25 0.47, P, 0.05, n5 13 mice;
linear regression lines are shown in grey. Data are presented as mean6 s.e.m.
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(CNO), the agonist of hM4Di11. Notably, selective suppression of the
CeL-projecting pPVT neurons during either conditioning or a 24-h
memory retrieval test significantly impaired fear responses measured
as freezing in the retrieval test (Fig. 1c andExtendedData Fig. 3). These
behavioural effects significantly correlatedwith the number of hM4Di-
expressing neurons in the pPVT (Fig. 1d), demonstrating the specifi-
city and potency of ourmanipulation.Altogether, these results indicate
that the pPVT is crucial for both the establishment and expression of
fear memory.
We next determined the mechanisms by which the pPVT–CeL cir-

cuit contributes to fear regulation. Fear conditioning induces a potentia-
tionof excitatory synapses onto SOM1CeLneurons, a synaptic change
that stores fear memory6. To investigate whether the pPVT is required
for this plasticity,we labelled SOM1CeLneuronswith enhanced yellow
fluorescent protein (eYFP) by injecting CeL with AAV-DIO-eYFP in
Som-cre mice, in which the Cre recombinase is expressed under the
endogenous Som promoter6. In addition, we injected the pPVT in the
same mice with a mixture of AAV-GFP-Cre and AAV-DIO-hM4Di-
mCherry (Fig. 2a–c). This strategy allowedus to inhibit pPVTneurons
using the chemogenetic method during fear conditioning, and subse-
quently determine the effect on SOM1 (eYFP1) CeL neurons (Fig. 2
and Extended Data Fig. 3).
As previously reported6, fear conditioning significantly enhanced

excitatory synaptic transmission—measured as an increase in both the
frequency and amplitude ofminiature excitatory postsynaptic currents
(mEPSCs)—ontoSOM1CeLneurons (Fig. 2d, e). This synaptic poten-
tiation can be detected at both 3 h and 24 h following conditioning6.
Notably, inhibition of pPVT neurons during fear conditioning did not
affect this synaptic potentiation when examined 3 h after conditioning
(Fig. 2d, e). In contrast, the same manipulation completely abolished
synaptic potentiation measured 24 h after conditioning (Fig. 2d, e).
These results indicate that the pPVT is required for the maintenance
or consolidation, but not the initial induction, of CeL plasticity, and
are consistent with findings in an accompanying study that long-term

($24 h), but not short-term (0.5 and 6 h), fear memories are suscepti-
ble to PVT manipulations (see accompanying paper13).
AsmEPSCs donot allowus todistinguishbetweendifferent synaptic

pathways, we next examined whether pPVT inactivation impairs plas-
ticity at lateral-amygdala–CeL synapses, apathway thatpresumably con-
veys conditioned-stimulus information to theCeL. For this purposewe
used the Som-cre;Rosa26-stopflox-H2b-GFP (Som-cre;H2b-GFP) mice14

inwhich all SOM1CeLneurons are readily identifiedon thebasis of the
nucleus-localizedGFPsignal (ExtendedDataFig. 4a).We inhibitedpPVT
neurons during fear conditioning using the samemethod as described
above (Fig. 2a, b). We then simultaneously recorded pairs of adjacent
SOM1 (green fluorescent) andSOM– (non-fluorescent)CeLneurons in
acute brain slices, while EPSCswere evoked by electrical stimulation in
the lateral amygdala (Extended Data Fig. 4a). As previously reported6,
innaive controlmiceAMPAreceptor (AMPAR)-mediatedEPSCswere
significantly larger in SOM–neurons than inSOM1neurons (Extended
Data Fig. 4b, c), indicating a clear distinction between these two cell
types in their intrinsic functional connectivity.However, fear condition-
ing reversed this relationship such thatAMPAR-mediated transmission
was significantly stronger in SOM1 neurons than in SOM– neurons
(Extended Data Fig. 4b, c).
Fear conditioning also induced a decrease in the paired-pulse ratio

ofEPSCs (an indicatorof increasedpresynaptic release probability) onto
SOM1CeL neurons (Extended Data Fig. 4d). This result, when consid-
ered together with data obtained from the paired recording (Extended
Data Fig. 4a–c) andmEPSC recording (Fig. 2d, e) experiments (also see
ref. 6), demonstrates that fear conditioning strengthens excitatory syn-
aptic transmission onto SOM1 CeL neurons, and that an increase in
presynaptic releaseprobability is likely to be themajorunderlyingmech-
anism. Notably, inhibition of the pPVT during conditioning largely
blocked these synaptic changes in the lateral-amygdala–CeL pathway
(Extended Data Fig. 4b–d). Altogether, these results indicate that the
pPVTparticipates in fearmemory formation by regulating themainte-
nance of fear-conditioning-induced plasticity at the lateral-amygdala–
CeL synapses.
SOM1 and SOM– neurons—the latter being predominantly protein

kinase C-d-expressing (PKC-d1)6—constitute twomajor CeL popula-
tions that aremutually inhibitory6,15.We reasoned that the pPVTmight
control CeL synaptic plasticity by regulating either one or both of these
populations. To distinguish between these possibilities, we used amod-
ified rabies virus system that can trace the monosynaptic inputs onto
genetically identifiedneurons16 (Methods). This approach revealed that
the pPVT projects to both populations (Fig. 3a–c), with the distinction
that there were twice as many pPVT neurons innervating SOM1 neu-
rons as those innervating PKC-d1 neurons (the connectivity indices,
calculated as the ratio of the number of rabies-virus-labelled cells in
the pPVT to that of starter cells in the CeL, for the two cell types are:
SOM1, 0.996 0.08, n5 3 mice; PKC-d1, 0.496 0.03, n5 3 mice;
P, 0.01, t-test), suggesting that pPVT afferents in the CeL preferen-
tially innervate SOM1 neurons.
To assess the functional connectivity between the pPVT and CeL,

we used the Som-cre;Ai14mice, in which SOM1 cells can be identified
by their red fluorescence, and injected the pPVT with an AAV expres-
sing channelrodhopsin-2 (AAV-ChR2-YFP) that allows photostimu-
lation of axonal projections17 (Fig. 3d, e). Bright ChR2–YFP-labelled
fibreswere readily observed throughout theCeL in acute slices prepared
from these mice, confirming a strong pPVT–CeL projection. To our
surprise, brief light pulses, which reliably evoked excitatory synaptic
transmission inBLAneurons (ExtendedData Fig. 5a–c), failed to evoke
any detectable fast synaptic transmission in all the recorded SOM1

or SOM– CeL neurons (Fig. 3e, f). Notably, high-frequency photosti-
mulation of pPVT afferents in the CeL induced a slow inward current
exclusively in SOM1neurons (Fig. 3e–g andExtendedData Fig. 5d–f).
High-frequency photostimulation also generated a sustained increase
in the frequencyof spontaneous inhibitorypostsynaptic currents (sIPSC)
onto SOM– neurons (Extended Data Fig. 5g–i). Because SOM1 cells
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Figure 2 | The pPVT is required for the maintenance of fear conditioning-
induced synaptic plasticity in the CeL. a, A schematic of the experimental
approach. b, Representative images showing the expression of Cre–GFP and
hM4Di–mCherry in the pPVT. c, SOM1 (eYFP1) CeL neurons in acute
slices were targeted for recording. d, Top, a schematic of the experimental
procedure. Bottom, representative traces of mEPSCs recorded from SOM1

CeL neurons in mice of the following groups (from left to right): naive control;
fear conditioned, treated with saline and killed 24 h after conditioning;
fear conditioned, treated with CNO and killed 3 h after conditioning; and
fear conditioned, treated with CNO and killed 24 h after conditioning.
e, Quantification of mEPSC frequency (left) and amplitude (right). Frequency,
F(3,89)5 8.4, *P, 0.05, ***P, 0.001; NS, non-significant (P. 0.05) (Control,
n5 16 neurons (3 mice); ‘Fear, saline’, n5 27 neurons (4 mice); ‘Fear, CNO,
3 h’, n5 16 neurons (3 mice); ‘Fear, CNO, 24 h’, n5 34 neurons (3 mice));
Amplitude, F(3,89)5 2.9, P, 0.05 (no significant difference was detected in the
post-hoc analysis); one-way ANOVA followed by Tukey’s test. Data are
presented as mean6 s.e.m.
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inhibit SOM– cells in the CeL6, these results suggest that pPVT inputs
selectively facilitate the activation of SOM1 neurons, which in turn
suppress SOM– neurons.
Given that stimulation of pPVT afferents in the CeL evoked slow

inward currents, rather than canonical fast synaptic responses inSOM1

neurons, it is likely that the pPVT–CeLSOM transmission ismediated by
a neuromodulator. One notable candidate for this is BDNF, a known
modulator of synaptic function18, the messenger RNA expression of
which is highest in the pPVT within the dorsal thalamus19. We found
that the majority (,70%; n5 5 mice) of CeL-projecting pPVT neu-
rons expressed BDNF (Extended Data Fig. 6a, b). In contrast, only
29% (n5 2mice) of BLA-projecting pPVT neurons expressed BDNF,
a value that is probably an overestimation owing to contamination by
CeL-projecting pPVT neurons caused by tracer diffusion into the CeL
(Extended Data Fig. 6c, d). In addition, CeL expression of the high-
affinity BDNF receptor TrkB was largely restricted to SOM1 neurons
(76% colocalization, n5 4 mice; Extended Data Fig. 7a), consistent
with the preferential targeting of this particular cell type by inputs from
the pPVT (Fig. 3). These results suggest that BDNF might be a critical
factor mediating pPVT to CeL communication.
To examine the functional role ofBDNF in the pPVT–CeLSOM inter-

action, we bred theTrkblox/lox;Som-Flpmice, which carry theTrkblox/lox

conditional alleles20 and inwhich theFlp recombinase is expressedunder
the endogenous Som promoter21. In these mice, Trkb can be deleted in
theCeLby infectionwith theAAV-GFP-Cre,while SOM1neurons can
be tagged by infection with AAV-fDIO-mCherry, an AAVharbouring
adouble-FRT-flanked invertedopen reading frame (fDIO) that expresses
mCherry in an Flp-dependent manner, thereby allowing their identi-
fication in acute slices for electrophysiological recording (Extended
DataFig. 7b, c).Using this strategy,we found that thepPVT-driven slow
excitatory inward currents were selectively abolished in SOM1 neurons
inwhichTrkbwas deleted (mCherry andGFPdouble-positive neurons;
Extended Data Fig. 7c–f). Consistent with this result, bath application
of the BDNF scavenger TrkB–Fc in acute slices abolished the pPVT-
driven increase in inhibition onto SOM–CeL neurons (ExtendedData
Fig. 7g, h), whereas exogenous application of BDNF mimicked this
increase in inhibition (ExtendedDataFig. 7i, j). These results indicate that
BDNF/TrkB signalling is a mediator of pPVT–CeLSOM communication.

Next, todeterminewhether thisBDNF/TrkB-mediatedpPVT–CeLSOM

communication is important for fear processing, we selectively deleted
eitherBdnf from the pPVT, orTrkb in SOM1CeLneurons. To achieve
the former, we employed a mouse line carrying the Bdnf lox/lox condi-
tional alleles22 and injected the pPVT with AAV-GFP-Cre (Fig. 4a–c).
Toachieve the latter,wedesignedanAAV-fDIO-Cre-GFP that expresses
Cre–GFP (a Cre and GFP fusion protein) under the control of Flp
(Extended Data Fig. 8). This virus, when injected into the CeL of the
Trkblox/lox;Som-Flpmice, expresses Cre (and hence leads to Trkb dele-
tion) specifically in SOM1 neurons. This intersectional recombinases-
mediated areal-and-cell-specific gene excision (IRASE)method can be
generally applied for gene deletionwith spatial and cell-type specificity.
DeletionofBdnf in the pPVTdepletedBDNF from theCeL (BDNF1

cells in CeL: GFP group, 156.366 39.40 cells per mm2, n5 8 mice;
GFP–Cre group, 41.206 12.00 cells per mm2, n5 7 mice; P, 0.05, t-
test) (Fig. 4a, b) andmarkedly impaired fear conditioning (Fig. 4c and
Extended Data Fig. 3). In parallel, selective deletion of Trkb in SOM1

CeL neurons by IRASE similarly impaired fear conditioning (Fig. 4d–f
andExtendedData Fig. 3). These results indicate that thePVT is amajor
source ofBDNFfor theCeL, and that theBDNF/TrkB-mediatedpPVT–
CeLSOM interaction has an important role in fear processing.
Of note, Bdnf deletion in the pPVT or Trkb deletion in SOM1 CeL

neuronsnot only impaired conditioned-stimuli-evoked freezing, amea-
surement of tone-associatedmemory, but also reducedpre-conditioned-
stimuli freezing, which presumably represents contextual memory
(Fig. 4c, e). Alternatively, or additionally, these behavioural effects could
reflect a general reduction in fear responses, such as that caused by
altered arousal or negative behavioural states23.
To disentangle these issues, we first determined whether disruption

of BDNF signalling affects the synaptic potentiation onto SOM1 CeL
neurons that, as mentioned above, can serve as a fear memory trace6.
Deletion of Trkb in SOM1 CeL neurons by IRASE prevented the fear-
conditioning-induced increase in frequency,butnotamplitude, ofmEPSCs
(ExtendedData Fig. 9a–d), suggesting that presynaptic potentiation, the
major component of fear-conditioning-drivenCeLplasticity6, depends
onBDNF signalling.Wenext examined the effects of enhancingBDNF
signalling. Bath application of BDNF on slices was sufficient to induce
long-termpotentiationof excitatory synaptic transmissiononto SOM1

PVT
PVT

Som-cre;Rosa-stopflox-tTAa

rabies-EnvA-SAD-ΔG-
mCherry

AAV-TRE-hGFP-TVA-G

PVT

CeL

b Prkcd-cre;Rosa-stopflox-tTA

PVT

CeL

AAV-ChR2-YFP

CeL

CeMBLA

d

CeL

SOM– SOM+

SO
M
–

SO
M
+

30 Hz5 Hz

20

15

10

5

0C
u
rr

e
n
t 

a
m

p
lit

u
d

e
 (
p

A
)

30 Hz stimulationg

c

e

CeL CeL CeL
CeL CeL CeL

mCherry hGFP Overlay mCherry hGFP Overlay

–70 mV

100 μm

100 μm

20 pA

0.5 s

10 pA

20 s

f

* * *

Som-cre;Rosa-stopflox-tTA
or

Prkcd-cre;Rosa-stopflox-tTA
mouse

Som-cre;Ai14mouse

PVT PVT

Figure 3 | pPVT neurons preferentially innervate SOM1 cells in the CeL.
a, A schematic of the experimental approach (seeMethods).b, c, Representative
images of the tracing result for SOM1 (b) and PKC-d1 (c) CeL neurons.
Top, retrogradely labelled neurons in the pPVT. Bottom, starter neurons in the
CeL are identified by their co-expression of mCherry (left) and histone GFP
(hGFP) (middle) (overlay on right). CeM, medial division of the central
amygdala. d, e, Schematics of the experimental approach. f, Sample traces of

synaptic responses to brief (1-s train of 5-Hz, 5-ms pulses; left) or prolonged
high frequency (20-s train of 30-Hz, 5-ms pulses; right) photostimulation
of pPVT afferents. Holding potential was 270mV. g, Quantification
of the synaptic responses induced by the 30Hz stimulation of pPVT
afferents (SOM2, n5 7 neurons (5 mice); SOM1, n5 12 neurons (5 mice);
***P, 0.001, t-test). Data are presented as mean6 s.e.m.

LETTER RESEARCH

2 6 M A R C H 2 0 1 5 | V O L 5 1 9 | N A T U R E | 4 5 7

Macmillan Publishers Limited. All rights reserved©2015



CeL neurons, which was accompanied by a reduction in the paired-
pulse ratio (Extended Data Fig. 9e–g), indicating a presynaptic mech-
anism. These presynaptic effects in the CeL induced by BDNF/TrkB
manipulations are consistent with the presynaptic action of BDNF in
other brain areas18. Notably, infusion of BDNF into the CeL facilitated
conditioning to a mild foot shock (Fig. 4g, h). These results, together
with the above finding regarding the role of the pPVT–CeL pathway in
fear learning (Figs 1 and 2 and Extended Data Fig. 4), indicate that
BDNF is a critical regulator of fear memory in the CeL.
In light of our previous finding that activationof SOM1CeLneurons

is sufficient to drive unconditioned fear responses and is required for
the expression of conditioned fear6, the observation that activation of

TrkB induces a slowexcitatory current inSOM1CeLneurons (Fig. 3d–g
and Extended Data Fig. 7b–f) suggests that BDNF might increase the
excitability of these neurons, thereby promoting fear expression. We
found that bath application of BDNF on slices markedly increased the
spike probability of SOM1 CeL neurons (Extended Data Fig. 10a–d);
and notably, bilateral infusion of BDNF into the CeL of naive mice
elicited robust freezing responses (Extended Data Fig. 10e, f and Sup-
plementary Videos 1 and 2). These results, together with the above
finding that the pPVT–CeL pathway is required for the expression of
conditioned fear (Fig. 1), suggest that BDNF signalling in the pPVT–
CeLSOM pathway may facilitate the expression of fear by promoting
SOM1 CeL neuron activation.
On the basis of our collective results, we propose that BDNF/TrkB-

mediatedpPVT–CeLcommunicationpromotes both synapticplasticity
and the excitability of SOM1 CeL neurons, thereby facilitating not
only the formation of stable fear memories but also the expression of
fear responses.
Recent studies suggest a role for thePVTinanxiety-relatedbehaviours24.

In addition, altered BDNF signalling has been implicated in anxiety
disorders25,26. Our findings that the pPVT recruits BDNF/TrkB signal-
ling to controlCeL functiondefine a functional framework for thepPVT
that can subserve its role in the coordination of behavioural responses
to stress.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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Figure 4 | BDNF/TrkB-mediated pPVT–CeL communication is essential
for fear conditioning. a, Top, a schematic of the experimental approach.
Bottom, a representative image of the pPVT infected with AAV-GFP-Cre.
b, Representative images of the CeL from Bdnf lox/lox mice in which the pPVT
was injected with either AAV-GFP (top) or AAV-GFP-Cre (bottom).
Mice injected with AAV-GFP-Cre in the pPVT showed marked reduction
of BDNF labelling in the CeL (middle and right panels). c, Deletion
of Bdnf in the pPVT significantly reduced freezing levels during memory
retrieval test (n5 16 mice for both groups; effect of treatments, F(1,60)5 6.91,
P, 0.05; effect of conditioned stimulus presentation, F(1,60)5 11.17, P, 0.01;
interaction, F(1,60)5 1.34, P. 0.05; *P, 0.05; two-way ANOVA followed
by Tukey’s test). d, A schematic of the experimental approach. e, Selective
deletion of Trkb in SOM1 CeL neurons significantly reduced freezing levels
during memory retrieval test (n5 9 and 10 mice for Cre–GFP and mCherry,
respectively; effect of treatments, F(1,30)5 9.59, P, 0.01; effect of conditioned
stimulus presentation, F(1,30)5 14.37, P, 0.001; interaction, F(1,30)5 0.88,
P. 0.05; **P, 0.01; two-way ANOVA followed by Tukey’s test). f, The
bilateral infection rate in the CeL significantly correlated with freezing levels
during retrieval (R25 0.44, P, 0.05, n5 9 mice; linear regression is indicated
by a grey line). g, Drawing of the cannula sites. Each dot denotes where the
tip of the injection cannula was located in each mouse. h, BDNF infusion into
the CeL promotes fear learning. Left, performance of mice during a mild
conditioning procedure (Methods). BDNF infusion had a trend to improve
performance (F(1,55)5 3.65, P5 0.06, two-way ANOVA). Right, BDNF
infusion enhanced freezing levels during a memory retrieval test (n5 9 and 10
mice for saline and BDNF, respectively; effect of treatment, F(1,34)5 5.63,
P, 0.05; effect of conditioned stimulus, F(1,34)5 17.35, P, 0.001;
interaction, F(1,34)5 2.44, P. 0.05; *P, 0.05; two-way ANOVA followed
by Tukey’s test). Data are presented as mean6 s.e.m.
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METHODS
Mice. All procedures were approved by the Institutional Animal Care and Use
Committees of Cold Spring Harbour Laboratory and conducted in accordance to
the US National Institutes of Health guidelines. Mice were housed under a 12 h
light–dark cycle (9 a.m. to 9 p.m. light), with food and water available ad libitum.
Som-cre6, Prkcd-cre15, Som-Flp21, Bdnf lox/lox22, Trkblox/lox20, Ai146, H2b-GFP14, and
Rosa26-stop flox-tTA27 mice have all been described elsewhere. All mice were bred
onto C57BL/6J genetic background. Male and female mice 6–9weeks of age were
used for all the experiments. All subjects were randomly allocated to the different
experimental conditions used in this study.
Viral vectors. AAV-DIO-hM4Di-mCherry, AAV-DIO-eYFP, AAV-GFP-Cre,
AAV-ChR2-YFP, and AAV-TRE-hGFP-TVA-G were produced by the Univer-
sity of North Carolina (UNC) Vector Core Facilities and have been described pre-
viously6,16. For the generationof theAAV-fDIO-Cre-GFPandAAV-fDIO-mCherry
strains, standard cloningprocedureswereused to subclone theCre–GFPormCherry
cassettes into the backbone of a Flippase-dependentAAV-Ef1a-fDIO-YFP express-
ion plasmid21 (gift from K. Deisseroth). Following DNA sequencing screening, the
AAV plasmid was packaged into AAV serotype 8 virus from UNC Vector Core,
with titres of 8.33 1012 virus particles perml. TheEnvA-pseudotyped, protein-G-
deleted rabies-EnvA-SAD-DG-mCherry virus16 was produced by theViral Vector
Core Facility at Salk Institute. CAV2-Cre was prepared using E1-transcomple-
menting dogkidney cells andpurified by sucrose andCsCl gradient centrifugation,
and was re-suspended in 13Hanks Balanced Saline Solution (HBSS)12. All viral
vectors were stored in aliquots at 280 uC until use.
Stereotaxic surgery. Viral injections were performed using previously described
procedures6 at the following stereotaxic coordinates: pPVT,21.34mmfrombregma,
0.05mm lateral from midline, and 3.03mm vertical from cortical surface; CeL,
21.22mm from bregma, 2.9mm lateral from midline, and 4.6mm vertical from
cortical surface; BLA,21.80mm from bregma, 3.4mm lateral frommidline, and
5.4mm vertical from cortical surface. For pPVT injections we used a 6.5u angle to
avoid damage to the superior sagittal sinus. Animals were kept on a heating pad
throughout the entire surgical procedures and were brought back to their home
cages after 24h of post-surgery recovery andmonitoring. Postoperative care included
intraperitoneal injection with 0.3–0.5ml of lactated Ringers solution and meta-
cam (meloxicam, 1–2mg kg21) for analgesia and anti-inflammatory purposes. All
AAVs and the CAV2-Cre were injected at a total volume of approximately 1 ml
(except for the monosynaptic rabies viral tracing, see below), and were allowed at
least 2weeks formaximal expression. For retrograde tracing of amygdala-projecting
pPVTcells, CTB-555orCTB-488 (0.1–0.3ml, 0.5% inPBS) (Invitrogen)was injected
into the CeL and BLA and allowed 3–5 days for sufficient retrograde transport.
Monosynaptic tracingwithpseudotyped rabies virus.Retrograde tracing ofmono-
synaptic inputs onto genetically-defined cell populations of the CeL was accomp-
lished using a previously describedmethod16. In brief, the Som-cre;Rosa26-stopflox-
tTAmice and thePrkcd-cre;Rosa26-stopflox-tTAmice,which express tTA in SOM1

cells and PKC-d1 cells, respectively, were injected into the CeL with the AAV-
TRE-hGFP-TVA-G (0.2–0.3ml) that expresses the following components in a
tTA-dependent manner: a fluorescent reporter histone GFP (hGFP); TVA (which
is a receptor for the avian virus envelope protein EnvA); and the rabies envelope
glycoprotein (G). Twoweeks latermice were injected in the same locationwith the
rabies-EnvA-SAD-DG-mCherry (1.2ml), a rabies virus that ispseudotypedwithEnvA,
lacks the envelope glycoprotein, and expressesmCherry. Thismethod ensures that
the rabies virus exclusively infects cells expressingTVA.Furthermore, complemen-
tationof themodified rabiesviruswith envelopeglycoprotein in theTVA-expressing
cells allows the generation of infectious particles,which then can trans-synaptically
infect presynaptic neurons.
Histology. Animals were deeply anaesthetized and transcardially perfused with
PBS, followed by perfusion with 4% paraformaldehyde (PFA) in PBS. Brains were
extracted and post-fixed in 4% PFA at 4 uC for 2 h for BDNF and TrkB immuno-
histochemistry and overnight for all other experiments. This was followed by cry-
oprotection in a 30% PBS-buffered sucrose solution until brains were saturated
(,36 h). Coronal brain sections (40mm)were cut using a freezingmicrotome (SM
2010R, Leica). Brain sections were first washed in PBS (33 5min) and then incu-
bated in PBST (0.1% Triton X-100 in PBS) for 15min at room temperature. Next,
sections were blocked in 10% normal goat serum (NGS) in PBST for 30min at
room temperature, followed by incubation with primary antibodies overnight at
4 uC. Sections were then washed with PBST (53 15min) and incubated with fluo-
rescent secondary antibodies at room temperature for 1 h. After washing with PBS
(53 15min), sectionsweremounted onto glass slides with Fluoromount-G (Beck-
manCoulter). Images were taken using a LSM780 laser-scanning confocal micro-
scope (Carl Zeiss).
Antibodies. The primary antibodies used were: anti-c-Fos (1:2,000, rabbit, Santa
Cruz, sc-52); anti-BDNF (1:100, rabbit, abcam, ab108383); and anti-TrkB (1:1,000,
rabbit, Biosensis, R-149-100). Fluorophore-conjugated secondary antibodies were

purchased from Invitrogen. Antibodies were diluted in PBS with 10% NGS and
0.1% Triton X-100.
Fear conditioning.Micewere initially handled andhabituated to the conditioning
cage, a mouse test cage (18 cm3 18 cm3 30 cm) with an electrifiable floor con-
nected to a H13-15 shock generator (Coulbourn Instruments). The test cage was
located inside a sound attenuated cabinet (H10-24A; Coulbourn Instruments). Be-
fore each conditioning session the test cagewaswiped cleanwith 70%ethanol.Dur-
ing conditioning the cabinet was illuminated and the behaviour was captured with
a monochrome CCD-camera (Panasonic WV-BP334) at 3.7Hz and stored on a
personal computer. The FreezeFrame software (Coulbourn Instruments) was used
to control the delivery of both tones and foot shocks. For habituation, five 4-kHz,
75-dB tones (conditioned stimulus), each of which was 30 s in duration, were de-
livered at variable intervals. During conditioning,mice received five presentations
of the conditioned stimulus, each of which co-terminated with a 2-s, 1-mA foot
shock (unconditioned stimulus). In the experiment todetermine the effect of BDNF
infusionon fear learning (Fig. 4g,h),weaker (2 s, 0.5mA) foot shockswere used. The
test for fear memory was performed 24 h following conditioning in a novel illu-
minated context, where mice were exposed to two presentations of unreinforced
conditioned stimulus (120 s inter-stimulus interval). The novel context was a cage
with a different shape (22 cm3 22 cm3 21 cm) and floor texture compared with
the conditioning cage. Prior to each use the floor and walls of the cage were wiped
clean with 0.5% acetic acid tomake the scent distinct from that of the conditioning
cage. Behavioural responses to the conditioned stimuli were recorded. Freezing beha-
viour was analysed with FreezeFrame (Coulbourn Instruments).
Electrophysiology.Mice used for electrophysiological experimentswere anaesthe-
tized with isoflurane, decapitated and their brains quickly removed and chilled in
ice-cold dissection buffer (110mM choline chloride, 25mM NaHCO3, 1.25mM
NaH2PO4, 2.5mMKCl, 0.5mMCaCl2, 7.0mMMgCl2, 25.0mMglucose, 11.6mM
ascorbic acid and 3.1mMpyruvic acid, gassedwith 95%O2 and 5%CO2). Coronal
slices (300mm) containing the amygdala complex were cut in dissection buffer
using a HM650 Vibrating-blade Microtome (Thermo Fisher Scientific), and were
subsequently transferred to a storage chamber containing artificial cerebrospinal
fluid (ACSF) (118mM NaCl, 2.5mM KCl, 26.2mM NaHCO3, 1mM NaH2PO4,
20mM glucose, 2mMMgCl2 and 2mMCaCl2, at 34 uC, pH7.4, gassed with 95%
O2 and5%CO2).After at least 40min recovery time, sliceswere transferred to room
temperature (20–24 uC) and were constantly perfused with ACSF.
For plasticity experiments, recordingswere always performed on interleaved naive

and fear-conditioned animals. Simultaneous whole-cell patch-clamp recordings
fromSOM1/SOM2neuronal pairs in theCeLwereobtainedwithMulticlamp700B
amplifiers (MolecularDevices). Recordingsweremade under visual guidance using
an Olympus BX51 microscope with transmitted light illumination, and SOM1

cells were identified based on their fluorescence (hGFP or tdTomato). Synaptic
responseswere evokedwith abipolar stimulating electrodeplaced in theBLAapprox-
imately 0.2mm away from the recorded cell bodies in the CeL. Electrical stimula-
tionwas delivered every 10 s and synaptic responses were low-pass filtered at 1KHz
and recorded at holding potentials of 270mV (for AMPA-receptor-mediated
responses), 140mV (for NMDA-receptor-mediated responses), or 0mV (for
GABAA-receptor-mediated responses).NMDA-receptor-mediated responseswere
quantified as the mean current amplitude between 50 and 60ms after stimulation.
Recordingsweremade in theACSF. The internal solution for voltage-clampexper-
iments contained 115mM caesium methanesulphonate, 20mM CsCl, 10mM
HEPES, 2.5mMMgCl2, 4mM Na2ATP, 0.4mM Na3GTP, 10mM sodium phos-
phocreatine and 0.6mM EGTA (pH7.2). Evoked EPSCs were recorded with pic-
rotoxin (100mM) added to the ACSF. mEPSCs were recorded in the presence of
tetrodotoxin (TTX; 1mM) and picrotoxin (100mM) and analysed using Mini
Analysis software (Synaptosoft). To assess presynaptic function, a paired-pulse
stimulation protocol (50ms inter-stimulus interval) was used to evoke double-
EPSCs, and the paired-pulse ratiowas quantified as the ratio of the peak amplitude
of the second EPSC to that of the first EPSC.While most of the above electrophy-
siology experiments were carried out by M.A.P., plasticity results were replicated
by V.R. who performed these experiments in a blinded manner.
To evoke pPVT-driven synaptic transmissionontoCeLneurons, theAAV-ChR2-

YFP was injected into the pPVT of Som-cre;Ai14mice and allowed to express for
3weeks. Acute brain slices were prepared and a blue light was used to stimulate
ChR2-expressing axons. The light source was a single-wavelength LED system
(l5 470 nm; http://www.coolled.com/) connected to the epifluorescence port of
the Olympus BX51 microscope. Light pulses of 1ms, triggered by a TTL signal
from theClampex software,were delivered at either 5Hzor 30Hz to drive synaptic
responses. BDNF (used at 100ngml21) and theBDNF scavenger TrkB–Fc (used at
1mgml21) were purchased from R&D Systems.
Chemogenetic manipulations. For chemogenetic manipulation of the pPVT,
C57BL/6J mice were bilaterally injected with the CAV2-Cre virus into the CeL and
subsequently with the AAV-DIO-hM4Di-mCherry into the pPVT. Three weeks
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later mice were injected intraperitoneally with CNO (10mg kg21) 40min before
either fear conditioning training or fear memory retrieval. For experiments that
examine the effects of thismanipulation on synaptic plasticity in the CeL, Som-cre
and Som-cre;H2b-GFPmice were injected with a 40:60mixture of AAV-Cre-GFP
andAAV-DIO-hM4Di-mCherry into the pPVT (1 ml total volume). Som-cremice
were additionally injected bilaterally with 1 ml of AAV-DIO-YFP into the CeL.
Cannula implantation andBDNF infusion. Surgery. The surgical procedurewas
the same as described above. Stainless steel guide cannulae (26 gauge, 6.00mm,
Plastics One) were implanted bilaterally 0.5mm above the CeL (21.22mm from
bregma, 2.90mm lateral frommidline, and 4.25mmvertical from the cortical sur-
face) andwere fixed to the skull with adhesive luting cement (C&BMetabond) and
acrylic dental cement (Stoelting). Ametal head bar was implanted posterior to the
cannulae to facilitate restraining during infusion (see below). Following surgery, a
dummy cannula was inserted into each guide cannula to seal off the opening.Mice
were allowed to recover from surgery for a minimum of one week, during which
they were handled and habituated to the infusion procedure on a daily basis.

Infusion. Mice were briefly head-restrained, while the dummy cannulae were
removed and an injection cannula (33 gauge, 6.50mm, Plastics One) was inserted
into each of the guide cannulae. The injection cannulae were designed to protrude
0.50mmfrom the tip of the guide cannulae and thuspenetrate into theCeL.Adose of
200ngBDNF (or 0.9% sodium chloride as control) was slowly infused bilaterally into
theCeL at a flow-rate of 0.5ml permin to a total volumeof 1ml per infusion site. Fol-
lowing infusion, the injection cannulaewere left inplace for 1min toallow theBDNF
solution to diffuse from the cannula tips. The dummy cannulae were subsequently
reinserted into the guide cannulae and mice were immediately tested for uncon-
ditioned freezingor returned to theirhome cage for 15minbefore fear conditioning.
Statistics and data presentation. All statistical tests are indicated when used.
The sample sizes used in this study were based on estimations by a power analysis
(power5 0.9, a5 0.05). No mice or data points were excluded from analysis. All
data are presented as mean6 s.e.m.

27. Li, L. et al. Visualizing the distribution of synapses from individual neurons in the
mouse brain. PLoS ONE 5, e11503 (2010).
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ExtendedData Figure 1 | PVT is activated following both fear conditioning
and fear memory retrieval. a, A schematic of the experimental design. All
mice were killed for the detection of c-Fos at 90min after the last behavioural
session. b, Representative images of c-Fos immunohistochemistry in the pPVT
for the five groups indicated in a. c, Quantification of c-Fos expression as
c-Fos1 cells per mm2 (post-habituation 1 (mice that were subjected to one
session of habituation), 131.176 34.25, n5 4 mice; post-habituation 2 (mice

that were subjected to two sessions of habituation), 180.686 30.42, n5 5mice;
post-US (unconditioned stimulus; mice that were only exposed to five foot
shocks), 443.36 25.7, n5 3 mice; post-conditioning, 692.616 46.68, n5 4
mice; post-retrieval, 565.516 28.71, n5 3 mice; F(4,14)5 49.3, P, 0.001;
**P, 0.01, ***P, 0.001; one-way analysis of variance (ANOVA) followed by
Tukey’s test). Data are presented as mean6 s.e.m.
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Extended Data Figure 2 | pPVT neurons projecting to the BLA and CeL
are non-overlapping. a, A schematic of the approach to simultaneously label
BLA- and CeL-projecting pPVT neurons. b, A representative image of the
injection sites, where CTB-488 and CTB-555 were injected into the CeL and

BLA, respectively. c, Representative images of pPVT cells labelled by CTB-488
(left) and CTB-555 (middle). These two populations were largely non-
overlapping (right). Data was replicated in 4 mice.
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Extended Data Figure 3 | Performance during conditioning. a–d, Freezing
levels during conditioning are shown for mice used in Fig. 1c (a), Fig. 2 (b),
Fig. 4c (c), and Fig. 4e (d). a, Therewas no significant difference in performance
among groups (F(2,155)5 0.51, P. 0.05, two-way ANOVA). b, There was
no significant difference in performance between saline-treated mice and

CNO-treatedmice (F(1,70)5 0.43,P. 0.05, two-wayANOVA). c, Therewas no
significant difference in performance between the two groups (F(1,85)5 0.73,
P. 0.05, two-way ANOVA). d, There was no significant difference in
performance between the two groups (F(1,75)5 0.45, P. 0.05, two-way
ANOVA). Data are presented as mean6 s.e.m.
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Extended Data Figure 4 | The pPVT is required for fear-conditioning-
induced synaptic plasticity in the lateral-amygdala–CeLSOM pathway.
a, Top, a schematic of the whole-cell paired recording configuration. A pair of
SOM1 and SOM2 CeL neurons were simultaneously recorded, and EPSCs
were evoked by stimulation of the lateral amygdala. We used the Som-cre;H2b-
GFPmice, in which the SOM1 neurons were tagged with H2b–GFP and
the pPVT neurons were infected with hM4Di as in Fig. 2a, b. Bottom, a
representative image of a slice used for recording, in which a SOM1 (arrow)
and an adjacent SOM– (arrowhead) neuron were recorded. b, Sample EPSC
traces obtained from the simultaneous paired recording experiment. Naive
control mice (left) and fear-conditioned mice treated with either saline
(middle) or CNO (right) were used. Saline or CNO was administered 40min

before, and recordings were performed 24 h after conditioning. Top and
bottom traces represent EPSCs recorded at140mV and270mV holding
potentials, respectively. c, Quantification of AMPA (left) and NMDA (right)
currents (Control,n5 9 pairs (2mice); ‘Fear, saline’, n5 8 pairs (3mice); ‘Fear,
CNO’, n5 14 pairs (3 mice); *P, 0.05, **P, 0.001, n.s., non-significant;
paired t-test). EPSC values are normalized to the average EPSC value of
SOM2 cells for each group. d, Quantification of the paired-pulse ratio (PPR)
(see Methods) of EPSCs measured at270mV (comparing control, ‘Fear,
saline’, and ‘Fear, CNO’ groups for SOM1 neurons: *P, 0.05, **P, 0.01, n.s.,
non-significant; one-way ANOVA followed by Tukey’s test). Control mice for
all experiments were injected with the same viral vectors as the experimental
groups. Data are presented as mean6 s.e.m.
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ExtendedData Figure 5 | A differentmode of communication in the pPVT–
CeL pathway compared with the pPVT–BLA pathway. a–c, Optogenetic
stimulation of pPVTafferents in theBLAdrives fast synaptic transmission onto
BLA neurons. a, b, Schematics of the experimental approach. c, Sample trace
(average of 20) of the synaptic responses onto a BLAneuron following brief (1-s
train of 5-Hz, 1-ms pulses) photostimulation of pPVT afferents expressing
ChR2. Similar responses were observed in 5 out of 6 BLA neurons recorded.
Data was obtained from the samemice as those in Fig. 3d–g. d–f, Slow recovery
of the pPVT-driven current in a SOM1 CeL neuron. d, e, Schematics of the
experimental approach. f, Sample trace of the synaptic response onto a
SOM1 neuron following prolonged (20-s train of 30-Hz, 1-ms pulses)

photostimulation of pPVT afferents expressing ChR2, showing slow recovery
after stimulus cessation. g–i, Optogenetic stimulation of the pPVT–CeL
pathway promotes intra-CeL inhibition. g, Representative traces of IPSCs onto
SOM2 (black) and SOM1 (red) CeL neurons. Blue bar indicates the 30Hz
photostimulation of pPVT afferents. h, Quantification of IPSC frequency,
comparing pre- and post-photostimulation (SOM2, n5 14 neurons (6 mice),
P, 0.001, t-test; SOM1, n5 11 neurons (6 mice), P. 0.05, t-test).
i, Quantification of IPSC amplitude, comparing pre- and post-
photostimulation (n.s., non-significant (P. 0.05), paired t-test). Data are
presented as mean6 s.e.m.
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Extended Data Figure 6 | CeL-projecting neurons in the pPVT express
BDNF. a, A schematic of the experimental approach to retrogradely label
CeL-projecting pPVT cells. b, Representative images of pPVT cells, whichwere
labelled by CTB-488 (left) and an antibody recognizing BDNF (middle).
CTB-labelled neurons largely overlapped with BDNF-positive somatas (see
overlay in right). c, d, BLA-projecting neurons and BDNF-expressing neurons

in pPVT are largely non-overlapping. c, A schematic of the method used to
label BLA-projecting neurons in the pPVT. d, Representative images of pPVT
cells labelled by either CTB-555 (left) or the antibody recognizing BDNF
(middle). These two populations were largely non-overlapping (see overlay
in right).
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Extended Data Figure 7 | BDNF/TrkB mediates pPVT–CeL
communication. a, The TrkB receptor is selectively expressed by SOM1 CeL
neurons. Top, representative images of the CeL in Som-cre;H2b-GFP mice,
showing SOM1 neurons tagged with H2b–GFP (left) and TrkB expression
recognized by an antibody (middle). Bottom, higher-magnification images
of the boxed area in the top panel. TrkB-labelled cells largely overlap with
SOM1 neurons (see overlay on right). b–f, TrkB mediates the pPVT–CeL
transmission. b, A schematic of the experimental approach using the
Trkblox/lox;Som-Flp mice to: (1) tag SOM1 CeL neurons with mCherry;
(2) sparsely infect CeL neurons with GFP–Cre to delete Trkb; and (3) express
ChR2 in the pPVT. c, Representative images resulting from the approach in
b, showing CeL neurons expressing (from left to right) Cre–GFP,mCherry and
TrkB. Neurons that expressed both mCherry and GFP–Cre represent SOM1

neurons in which Trkb was deleted (arrow; see overlay on right), whereas
neurons that expressed mCherry, but not GFP–Cre, represent SOM1 neurons
with intact Trkb (arrowhead; see overlay on right). d, A schematic of the
whole-cell recording configuration. e, Sample traces of synaptic currents in
mCherry-only (SOM1,Cre2; red) and mCherry/GFP–Cre double positive

(SOM1,Cre1; yellow) neurons in response to prolonged high-frequency
stimulation of pPVT afferents. f, Quantification of the synaptic responses
(SOM1,Cre2, 8.066 2.58 pA, n5 7 neurons (3 mice); SOM1,Cre1,
2.106 0.76 pA, n5 7 neurons (3mice); *P, 0.05, t-test). g–j, The pPVT input
to the CeL promotes intra-CeL inhibition through BDNF/TrkB signalling.
g, Representative traces of IPSCs recorded from SOM2 CeL neurons in
response to the 30Hz photostimulation (blue bars) of pPVT afferents, in the
control condition (top panel) or in the presence of the BDNF scavenger
TrkB–Fc (bottom panel). h, Quantification of the frequency of IPSCs recorded
fromSOM2CeLneurons (comparing pre- andpost-photostimulation: control,
n5 14 neurons (6 mice; repetition of data from the SOM– cells in Extended
Data Fig. 5h), P, 0.001, paired t-test; TrkB–Fc, n5 17 neurons (2 mice),
P. 0.05, paired t-test). i, Representative traces showing the effect of BDNF
bath application on spontaneous IPSCs recorded from CeL neurons.
j, Quantification of the effect of BDNF on sIPSC frequency. Black line indicates
the timing of BDNF application (n5 7; P, 0.05 comparing baseline and
BDNF application, paired t-test). Data are presented as mean6 s.e.m.
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Extended Data Figure 8 | Characterization of the AAV-fDIO-CreGFP.
a, A schematic of the experimental approach to selectively target SOM1 CeL
neurons in the Som-Flpmice with the AAV-fDIO-Cre-GFP. b, Representative
images of CeL neurons expressing Cre–GFP (left), and PKC-d1 CeL neurons
(as a surrogate for SOM2 neurons) that were recognized by an antibody
(middle). In the bottom panels are high magnification images of the boxed
region in the top panel. These two cell populations were largely non-
overlapping (see overlay on right), indicating that the AAV-fDIO-Cre-GFP
selectively infects SOM1 neurons (data from onemouse). c, A schematic of the
experimental approach to test the function of AAV-fDIO-Cre-GFP, whereby

the CeL of Som-Flp mice was injected with a mixture of AAV-fDIO-Cre-GFP
and AAV-DIO-hM4Di-mCherry. As the latter virus expresses mCherry in a
Cre-dependent manner, observation of selective mCherry expression in
GFP1 neurons would indicate that the AAV-fDIO-Cre-GFP is effective.
d, Sample images of CeL neurons expressing Cre–GFP (left) and mCherry
(middle). In the bottom panels are high magnification images of the boxed
region in the top panel. Essentially, all mCherry1 neurons co-expressed GFP
(see overlay on right), indicating selective expressionof Cre by theGFP-labelled
cells (data from one mouse).
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Extended Data Figure 9 | BDNF/TrkB regulates synaptic plasticity onto
SOM1 CeL neurons. a–d, Selective deletion of Trkb in SOM1 CeL neurons
impairs fear-conditioning-induced synaptic plasticity. a, A schematic of the
experimental approach to specifically delete Trkb in SOM1 CeL neurons.
b, Representative traces of mEPSCs recorded from SOM1 CeL neurons in
which Trkb was deleted, in naive control (top) and fear-conditioned (bottom)
mice. c, d, Deletion of Trkb blocked the fear conditioning-induced increase in
mEPSC frequency (c) (control, n5 19 neurons (3 mice); fear, n5 18 neurons
(3 mice); P. 0.05, t-test), but not amplitude (d) (control, n5 19 neurons
(3 mice); fear, n5 18 neurons (3 mice); *P, 0.05, t-test). e–g, BDNF induces
long-term potentiation at lateral-amygdala–CeLSOM synapses. e, A schematic

of the whole-cell recording configuration. f, Top, sample EPSC traces recorded
before (pre-BDNF) and after (post-BDNF) bath application of BDNF. Bottom,
summary plot showing the effect of BDNF on EPSC peak amplitude, for
which the first peak in the paired pulse was measured and normalized to the
baseline (that is, the average pre-BDNF amplitude). BDNF significantly
enhanced EPSC amplitude (pre-BDNF, 986 1.74%, post-BDNF, 1466 17.6%,
n5 6 neurons (3mice), P, 0.05, paired t-test). g, BDNF application decreased
the paired-pulse ratio (see Methods) of the EPSCs (pre-BDNF, 1.176 0.18;
post-BDNF, 0.806 0.09; n5 6 neurons (3 mice), *P, 0.05, paired t-test).
Data are presented as mean6 s.e.m.
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Extended Data Figure 10 | Exogenous application of BDNF in the CeL
increases the excitability of SOM1 neurons and elicits an unconditioned
freezing response. a–d, BDNF increases the excitability of SOM1 CeL
neurons. a, A schematic of the experimental approach, in which
photostimulation was used to assess the excitability of SOM1 CeL neurons
expressing ChR2. b, Sample traces of photostimulation-evoked spikes recorded
in cell-attached mode, before (baseline; left) and after (right) bath application
of BDNF (100 ngml21). Light intensity was adjusted to evoke spikes with
,50% probability at baseline. c, A sample recording, in which the spike

probability of a SOM1CeLneuronwas followedbefore, during and after BDNF
application. d, Quantification of the effect of BDNF on spike probability
(baseline, 0.506 0.02; BDNF, 0.746 0.08; n5 8 neurons (4 mice), *P, 0.05,
paired t-test). e, f, Infusion of BDNF into the CeL elicits an unconditioned
freezing response. e, Drawing of the cannula sites. Each dot denotes where
the tip of the injection cannula was located in each mouse. f, Quantification
of freezing levels following CeL infusion of saline and BDNF (saline,
2.936 1.84%; BDNF, 32.226 9.19%; n5 6 mice, *P, 0.05, paired t-test).
Data are presented as mean6 s.e.m.
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