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Innate fear is a basic and natural mechanism by which animals and 
humans avoid danger. This emotion is trigged by a threat perceived 
through sensory stimuli, which usually causes a quick response, such 
as freezing, flight or hiding, and thus has a profound role in survival 
and health1,2. Abnormal innate fear in humans, particularly phobias 
and panic disorders1–3, is strongly associated with anxiety disorders. 
The features of heritability and natural acquisition distinguish innate 
fear from conditioned fear. Unlike the innate fear circuitry, extensive 
studies have shown that the amygdala, hippocampus and prefrontal 
cortex are crucial for conditioned fear4–6. Emerging evidence sug-
gests that distinct neuronal circuits are responsible for fear induced 
by different cues. For example, the lateral and central nuclei of the 
amygdala have a crucial role in conditioned fear, but not in the innate 
fear induced by an olfactory cue7,8. Although the cortical area of the 
amygdala has recently been shown to be responsible for innate fear 
induced by an olfactory cue9, and a number of studies have reported 
the expression pattern of the immediate-early gene c-fos in the 
rodent brain in response to TMT or the odor of cat10, the underlying  
neuronal circuitry is still largely unknown.

RESULTS
Activation of GABAergic interneurons in the LDT produces fear
To explore the neuronal circuitry for olfactory cue–induced innate 
fear in rodents, we first studied c-Fos protein expression in the whole 
brain when provoked by the pungent odor TMT. Previous studies 
have shown that TMT effectively induces fear behavior–like freezing 

in naive mice and can therefore be used to study the neurobiology  
of innate fear8. As a result of its unpleasant smell, we assumed 
that TMT would activate neuronal circuits in addition to those for  
innate fear, such as olfaction. Thus, as well as saline controls, we used 
β-mercaptoethanol (ME), which also has a pungent odor, but does not 
induce freezing behavior in mice, as a positive control. Compared with 
saline and ME stimuli, we found that TMT exposure specifically induced 
massive c-Fos expression in the LDT (Fig. 1a), the lateral hypotha-
lamic area (LH), the dorsomedial part of the ventromedial hypotha-
lamic nucleus (VMHDM) and the LHb (Supplementary Fig. 1a–d).  
We noted that the olfactory bulb was activated by both TMT and 
ME, with a greater increase of c-Fos–positive neurons in response to 
TMT (Supplementary Fig. 1a,d). Previous studies have shown that 
the hypothalamus is critical for regulating the autonomic nervous 
system, including heart rate and hormone release1,11, as well as being 
involved in innate defensive behaviors11–14. We then focused on the 
LDT, as no evidence has yet linked this nucleus to fear. We found that 
the majority of c-Fos–positive neurons in the LDT expressed GAD67, 
suggesting that they are GABAergic neurons (Fig. 1a,b).

Next, we determined whether selectively activating GABAergic 
transmission in the LDT using optogenetics is sufficient to induce 
fear-like behavior, as judged by four criteria we summarized from pre-
vious studies1,15–17: defensive behaviors (typically freezing), changing  
autonomic function such as heart rate and defecation, release of 
corticosterone, and anxiety-like behavior after prolonged stimula-
tion. In VGAT-ChR2(H134R)-eYFP (abbreviated to VGAT-ChR2) 
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Innate fear has a critical role in survival of animals. Unlike conditioned fear, the neuronal circuitry underlying innate fear is 
largely unknown. We found that the laterodorsal tegmentum (LDT) and lateral habenula (LHb) are specifically activated by 
the mouse predator odorant trimethylthiazoline (TMT). Using optogenetics to selectively stimulate GABAergic neurons in the 
LDT immediately produced fear-like responses (freezing, accelerated heart rate and increased serum corticosterone), whereas 
prolonged stimulation caused anxiety-like behaviors. Notably, although selective stimulation of parvalbumin (PV)-positive 
interneurons similarly induced fear-like responses, stimulation of somatostatin-positive interneurons or inhibition of PV neurons in 
the LDT suppressed TMT-induced fear-like responses without affecting conditioned fear. Finally, activation of LHb glutamatergic 
inputs to LDT interneurons was sufficient to generate fear-like responses. Thus, the LHb-LDT pathway is important for regulating 
olfactory cue–induced innate fear. Our results provide a potential target for therapeutic intervention for anxiety disorder.
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mice, we observed coexpression of yellow fluorescent protein (YFP) 
and GAD67 in the LDT (Supplementary Fig. 2a). Furthermore, a 
light stimulus induced action potentials and inward current in YFP- 
positive neurons in slice preparations (Supplementary Fig. 2b). Thus, 
by using this strain of mice, we were able to effectively and selectively 
stimulate GABAergic transmission18 in the LDT.

Previous studies have shown that TMT rapidly induces freezing 
or hiding behavior in mice, depending on the circumstances19,20. 
Notably, light stimulation of the LDT in VGAT-ChR2 mice also 
immediately halted their movement. Freezing was maintained during 
most of the time when the laser was on (Fig. 1c–e and Supplementary 
Movie 1). To check that the cessation of movement was not a result 
of a loss of motor ability, we performed a modified forced-swimming 
experiment in the presence of light stimulation, and the stimulation 
failed to stop the mice from swimming (Supplementary Movie 2), 
suggesting that they were able to move during light stimulation. 
Simultaneous electroencephalogram (EEG) recording during light 
stimulation ruled out the possibility that the cessation of movement 
was a result of falling asleep or having a seizure (Supplementary  
Fig. 3). Thus, light stimulation in the LDT of VGAT-ChR2 mice 
immediately evoked freezing behavior.

Studies in animals and humans have shown that the autonomic 
nervous system changes rapidly in response to fear1,2,17,21. In agree-
ment with previous studies, we found that TMT rapidly accelerated 
heart rate (Fig. 2a) and increased defecation (Fig. 2b) in wild-type 
(WT) mice. Similarly, light stimulation in VGAT-ChR2 mice rapidly 
increased heart rate (Fig. 2a) and enhanced defecation (Fig. 2b).

In rodents, the serum corticosterone level is a notable marker that 
is strongly associated with the stress response16 and was raised by 
TMT stimulation (Fig. 2c). We found that the serum corticosterone 
level was also augmented by 10 min of light stimulation of the LDT 
in VGAT-ChR2 mice (Fig. 2c).

To determine whether mice display anxiety-like behaviors after 
prolonged fear-provoking stimulation, we tested the performance of 
WT mice in the open field and elevated plus maze tests after a 30-min 
TMT exposure (Fig. 2d). After manipulations, all mice were allowed 
to rest in their home cage for 20 min before behavioral tests. We found 
that exposure of WT mice to TMT markedly reduced the total dis-
tance and total number of center entries in the open field experiment 
(Fig. 2e), and movement distance and percentage of time in an open 
arm were reduced (Fig. 2f). Similar results were obtained in light-
stimulated VGAT-ChR2 mice (Fig. 2g–i). Furthermore, we found 
that VGAT-ChR2 mice showed anxiety-like behaviors even 24 h after 
10-min of light stimulation, as indicated by the elevated plus maze 
and dark-lit box tests (Supplementary Fig. 4). These data suggest that 
prolonged stimulation with TMT exposure and light stimulation are 
sufficient to induce anxiety-like behavior in WT and VGAT-ChR2  
mice, respectively. Taken together, our results demonstrate that 

optogenetically exciting GABAergic transmission in the LDT is suf-
ficient to induce fear, given that the behavioral changes evoked by 
light stimulation mimicked those of TMT exposure and satisfied all 
of the criteria defining fear.

To test whether the fear response was caused by local GABA release 
in the LDT or by activation of GABAergic outputs to downstream 
nuclei, we applied GABA receptors antagonists directly into the 
LDT. We found that local injection of the GABAb receptor antag-
onist phaclofen (50 ng) into the LDT greatly reduced the freezing 
responses provoked by TMT (Fig. 3a,b). Application of the GABAa 
receptor antagonist bicuculline at a low dose (10 ng) had no effects 
on the TMT-induced freezing, but did induce seizure-like behavior 
at >12.5 ng (data not shown). The LDT contains a mixture of cholin-
ergic, glutamatergic and GABAergic neurons22. It is very likely that 
GABAergic transmission inhibits the principal neurons in the LDT 
and mediates the fear response. To test this idea, we first injected AAV-
CAG-Dio-eArch3.0-eGFP virus (AAV2/9) into the LDT of Thy1-Cre 
mice. Selective expression of Arch on excitatory neurons in the LDT 
was observed 4 weeks after injection. We then found that yellow laser 
stimulation of the LDT produced freezing-like behavior (Fig. 3c–f).

PV+ and SOM+ interneurons antagonistically regulate fear
Using immunohistochemical methods, we found that both PV and 
somatostatin (SOM) were expressed in the LDT (Fig. 4a), suggest-
ing the presence of at least two subtypes of interneuron. We then 
asked which subtypes were involved in light-induced fear. Injection 
of AAV-CAG-Flex-rev-ChR2(H134R)-mCherry (AAV2/8) virus into 
the LDT of PV-Cre mice resulted in the expression of ChR2 on PV+ 
interneurons (PV-ChR2; Supplementary Fig. 5a–c), this was con-
firmed by showing neurons in the LDT that coexpressed ChR2 and 
PV (Supplementary Fig. 5d). Photostimulation of the LDT markedly 
increased the percentage freezing time in PV-ChR2 mice, but had 
little effect in PV-GFP control mice (Fig. 4b). These results suggest 
that activation of local PV+ cells in the LDT is sufficient to produce 
fear-like behavior (Supplementary Movie 3). To address whether 
this behavior was indeed related to innate fear, we determined 

Saline ME

LDT c-Fos

c-Fos GAD67

TMT

0

a b

GAD67
+  c-

Fos
+

c-
Fos

+

10

C
el

ls
 e

xp
re

ss
in

g 
la

be
ls

20

30

40

50

Merged

15 s 20 Hz

LDT

c d e

LDT

Laser

Video
camera

470-nm
laser

F
re

ez
in

g 
(%

)

0

20

40

60

80

100

Track

LDT

VGAT-ChR2-eYFP
Olympus F500 4X

***

C57

GAD67

VGAT

Figure 1 Optogenetic stimulation of GABAergic transmission in the LDT 
immediately induces freezing behavior in VGAT-ChR2(H134R)-eYFP line 
BAC transgenic mice. (a) Top, representative images of c-Fos expression in 
the LDT in response to odorant stimuli. Bottom, example images showing that 
c-Fos–positive neurons (green) in the LDT also expressed GAD67 (red). Scale 
bars represent 50 µm. (b) Quantification of the numbers of cells expressing 
c-Fos versus GAD67 in the LDT (n = 12 slices from 7 mice, P = 0.413,  
t = 0.848, unpaired t test). Box limits show first and third quartile,  
center line is the median and whiskers represent minimum and maximum 
values. (c) Schematic of the light-induced freezing test. (d) Example of 
fiber placement in the LDT. Scale bar represents 250 µm. (e) Percentage 
freezing time during 15 s of light stimulation (20 ms, 20 Hz) in the LDT of 
WT, GAD67 and VGAT mice (n = 6 animals per group, P < 0.0001,  
F = 1.158 × 10−3, one-way ANOVA). ***P < 0.001; error bars represent s.e.m.
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whether selective suppression of the activity  
of PV+ cells in the LDT had any effect on 
TMT-induced fear. Injection of AAV-CAG-
Dio-eArch3.0-eGFP virus (AAV2/9) into 
the LDT of PV-Cre mice resulted in the 
selective expression of archaerhodopsin 
(Arch) on PV+ interneurons (PV-Arch; Supplementary Fig. 6).  
Light-driven outward proton pumps mediate the powerful and safe 
silencing of neuronal activity23. We found that yellow light stimula-
tion of the LDT in PV-Arch mice markedly reduced the freezing-time 
of TMT-induced fear behavior (Fig. 4c and Supplementary Movie 4),  
but did not affect the freezing response induced by an auditory 
cue in mice with previous fear-conditioned learning (Fig. 4d and 
Supplementary Fig. 7). Thus, silencing PV+ cells specifically sup-
presses the innate fear freezing reaction induced by predator odor 
without apparent effects on the conditioned fear response.

To investigate the role of LDT SOM+ interneurons in fear behavior, 
we first obtained SOM-ChR2 mice by crossing SOM-Cre mice with 
Ai32 mice (Supplementary Fig. 8a). To our surprise, we found that 
excitation of SOM+ cells in the LDT not only failed to induce freezing 
behavior when the laser was on (Supplementary Fig. 8b,c), but also 
substantially reduced the freezing time in response to TMT (Fig. 4e 
and Supplementary Movie 5). Similar to the effect of light stimula-
tion in PV-Arch mice, such stimulation in SOM-ChR2 mice failed to 
affect the freezing behavior induced by a conditioned auditory cue 
(Fig. 4f and Supplementary Fig. 7).

LHb is upstream of the LDT in innate fear circuit
To identify the upstream nucleus that activates the GABAergic 
interneurons in the LDT, we first injected the retrograde tracer Fluoro-
Gold into the LDT. Many nuclei were retrogradely labeled, but we 
noted that the LDT received apparent bilateral excitatory inputs from 
the LHb and hypothalamus (data not shown). Given that the LHb, LH 
and VMHdm were also specifically activated by TMT (Supplementary 
Fig. 1), we next determined whether LDT interneurons receive direct 
innervation from these nuclei using a Cre-dependent retrograde 
trans-synaptic rabies virus24. We injected AAV-CAG-Dio-TVA-GFP 
(AAV2/9) and AAV-CAG-Dio-RG (AAV2/9) on day 1 and EnvA-
pseudotyped, glycoprotein(RG)-deleted and DsRed-expressing rabies 
virus (RV-EvnA-DsRed, RV) on day 21 into the LDT of PV-Cre and 
SOM-Cre mice (Fig. 5a–c and Supplementary Figs. 9a and 10a). On 
day 28, we observed retrogradely labeled neurons in the bilateral LHb 
and LH, but not in the VMHdm of both PV-Cre and SOM-Cre mice 
(Fig. 5b,d and Supplementary Figs. 9b and 10b), indicating that both 
interneuron subtypes in the LDT receive monosynaptic bilateral inputs 
from the LHb and LH. We next focused on the LHb (Fig. 5e) and LH 
and excluded the possibility that the VMHdm is upstream of LDT. It is 
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Figure 2 Optogenetic stimulation of GABAergic 
transmission in the LDT induces anxiety-like 
responses. (a) Heart rate (HR) changes induced 
by light stimulation and TMT (Light WT:  
n = 7 mice, P = 0.735, t = 0.355; light VGAT:  
n = 15 mice, P = 0.04, t = 2.262; TMT: n = 11,  
P = 0.01, t = 3.151; paired t tests). (b) Fecal 
counts induced by 10 min of light and odorant 
stimulation (WT-VGAT: n = 8 mice, P = 0.007,  
U = 8.0; Saline-TMT: n = 12 mice, P < 0.0001, 
U = 3.5; Mann-Whitney test). (c) Serum 
corticosterone levels in control, TMT-treated and 
light-stimulated groups (TMT: n = 8 mice,  
P < 0.0001, F = 99.553; light VGAT: n = 8 mice,  
P = 0.028, F = 6.035; WT versus WT + light:  
n = 8 mice, P = 0.245 (n.s.), F = 1.471; one-
way ANOVA). (d,g) Schematic of experimental 
protocol. OF, open field; EPM, elevated plus maze. 
(e,h) Real-time movement traces and behavioral 
performance in the open field in TMT-exposed or 
light-stimulated mice, respectively (TMT, center 
entries times: n = 10 mice, P = 0.035, U = 23.0; 
distance: P = 0.001, U = 8.0, Mann-Whitney 
test; light VGAT, center entries times: n = 8  
mice, P = 0.001, F = 7.409; distance:  
P < 0.001, F = 8.715, two-way ANOVA).  
(f,i) Elevated plus maze movement traces and 
summary graphs for time spent and distance 
moved on the open arms in the elevated plus 
maze for different groups (TMT, distance (%): 
n = 10 mice, P = 0.035, U = 22.0; time (%): 
P = 0.049, U = 24.0, Mann-Whitney test; light 
VGAT, distance (%): n = 7–9 mice, P = 0.034,  
F = 3.331; time (%): P = 0.039, F = 3.187, 
two-way ANOVA). *P < 0.05, **P < 0.01,  
***P < 0.001. In box plots, box limits show first 
and third quartile, center line is the median 
and whiskers represent minimum and maximum 
values. In other data, error bars represent s.e.m.
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important to note that a large population of local SOM+ interneurons 
in the LDT was retrogradely labeled in PV-Cre mice (Fig. 5c) and  
the same situation was observed for PV+ cells, which were also ret-
rogradely labeled in SOM-Cre mice (Supplementary Fig. 11).  
These results indicate that reciprocal synaptic connections exist between 
SOM+ and PV+ cells in the LTD. Notably, we found the ratio of starter  
cells to rabies virus–labeled PV+ cells in SOM-Cre mice (115/55) was 
much higher than that of starter cells to rabies virus–labeled SOM+  
cells in PV-Cre mice (18/98; n = 6 brain slices), suggesting that PV+ 
cells received more inputs from SOM+ cells than SOM+ cells did  
from PV+ cells.

We then transduced the glutamatergic projection neurons in 
the bilateral LHb with ChR2 by (AAV2/9, CamkIIα-ChR2) virus 
injection (Supplementary Fig. 12) and found nicely labeled ter-
minals around the somata of GAD67-positive neurons in the LDT  
(Fig. 5f,g). Using whole-cell patch recording in slices, we found that 
light stimulation of LHb terminals in the LDT generated excita-
tory postsynaptic currents in GABAergic neurons, and these were 
abolished by application of the AMPA receptor antagonist DNQX  
(Fig. 5h,i). These results suggest that GABAergic neurons in the LDT 
receive functional glutamatergic inputs from the LHb. We next found 
that in vivo light stimulation of LHb terminals in the LDT rapidly 
induced freezing behavior (Fig. 5j and Supplementary Movie 6). 
Light stimulation time-locked the activity of all ChR2-expressing 
neurons, and the relevance to stimulation with a natural odor such 
as TMT was therefore unclear. Combining optogenetics with in vivo 
multiple-electrode recording, we found that the same LDT neuron 
showed an activity pattern in response to light stimulation of LHb 
terminals that was similar to that in response to TMT stimulation 
(Supplementary Fig. 13). These results indicate that glutamatergic 
neurons in the LHb are at least one of the upstream inputs of the 
LDT in the innate fear pathway. We also injected AAV-CamkIIα-
hChR2(H134R)-mCherry (AAV2/9, CamkIIα-hChR2) virus into the 
LH (Supplementary Fig. 14a) and found a large number of virus-
labeled terminals in the LDT (Supplementary Fig. 14b). We next 
found that in vivo light stimulation of LH excitatory terminals in 
the LDT rapidly induced standing and stereotyped scratching, which 
were more likely a stress response, but not typical freezing behaviors 
(Supplementary Fig. 14c–g and Supplementary Movie 7). It should 
be noted that we cannot exclude the possibility that other excitatory 
inputs drive GABAergic neurons in the LDT and evoke a fear response. 
For instance, the superior colliculus, periaqueductal gray (PAG) and 
central amygdala all sent monosynaptic efferents to GABAergic neu-
rons in the LDT (Supplementary Figs. 9b and 10b).

DISCUSSION
Combining in vivo optogenetic manipulations, behavioral assays and 
synaptic electrophysiology, we were able to identify, for the first time 
to the best of our knowledge, the LDT as the key component in the 
brain for regulating olfactory cue–induced innate fear (Supplementary 
Fig. 15). With the help of retrograde rabies virus tracing techniques, 
we found that GABAergic neurons in the LDT received monosynaptic 
inputs from many innate fear-related nuclei: the prefrontal cortex25, 
bed nucleus of the stria terminalis, central amygdaloid nucleus, capsu-
lar part26, basal forebrain27, PAG, superior colliculus28,29 and interpe-
duncular nucleus30, as well as in the LHb31 and LH32 as we reported 
here (Supplementary Figs. 9b and 10b). These studies indicate that 
the LDT might be a key node for the innate fear response. In the case 
of TMT-induced innate fear, we suggest that olfactory information is 
detected by the olfactory bulb and then transmitted to the LHb via 
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Figure 3 Inhibition of excitatory neurons in the LDT is sufficient to induce 
fear-like behavior. (a) Microinjection of the GABAb receptor antagonist 
phaclofen (50 ng) greatly reduced the freezing response to TMT (artificial 
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transfected with Arch-eGFP and the location of the implanted optical 
fiber. Scale bar represents 200 µm. (d) Probability of freezing behavior 
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(n = 5–8 mice, P = 0.002, F = 6.793; one-way ANOVA); AAV-EF1a- 
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(f) Quantification of GFP and CamkIIα-positive cells in the LDT (n = 4 
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third quartile, center line is the median and whiskers represent minimum 
and maximum values. In other data, error bars represent s.e.m.
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polysynaptic connections33, as no evidence of 
direct projections from the bulb to the LHb 
has yet been found. Activation of GABAergic 
interneurons by glutamatergic inputs from the 
LHb may sequentially regulate the activity of 
cholinergic and glutamatergic neurons in the LDT. Inhibition of excita-
tory neurons in the LDT may produce freezing-like behaviors either 
through basal ganglia circuitry such as ventral tegmental area (VTA) 
or via reverse activation of RMTg to inhibit motor responses34,35, as 
well as through two innate fear–related downstream nuclei: the lateral 
hypothalamus and the dorsomedial part of the ventromedial hypotha-
lamic nucleus11,32,36,37. The LDT can regulate heart rate, serum corti-
costerone levels and anxiety-like behaviors via cholinergic projections 
to the paraventricular nucleus in the hypothalamus and/or the basal 
forebrain16,32,38,39. In addition, monoaminergic neurons in the locus 
coeruleus may also be involved in the changes in the autonomic nerv-
ous system. Notably, we found that the VTA was not activated by TMT 
stimulation (Supplementary Fig. 1d) and excitation of glutamatergic 
inputs from the LDT to the VTA induced strong conditioned place 
preference (data not shown), consistent with previous studies40. These 
results indicate that the LDT regulates multiple emotional responses 
through different downstream pathways. That is, the LDT has a key role 
in controlling innate behaviors including both reward and aversion.

To our surprise, we found that exciting PV+ and SOM+ interneu-
rons had different effects on innate fear–like behavior. A possible 
explanation for their distinct roles could be that SOM+ interneu-
rons interact not only with principal neurons, but also with PV+ 

interneurons. Our results suggest that, although inhibition of gluta-
matergic neurons in the LDT by PV+ cells evoke freezing, activation 
of SOM+ cells reduces freezing through disinhibition of PV+ cells.  
This speculation is supported by recent studies in the amygdale41. We 
found that PV+ and SOM+ cells in the LDT were reciprocally synaptic 
connected (Fig. 5c and Supplementary Fig. 11), with denser innerva-
tions from SOM+ to PV+ cells. Direct inhibition of PV+ cells by SOM+ 
cells may be responsible for reducing freezing responses induced 
by activation of SOM+ cells. Apparently, the distinct upstream and 
downstream pathways of two types interneuron should be critical 
for the opposite effects of SOM+ and PV+ cells in regulating freezing 
behavior. The differential modulation of PV+ and SOM+ interneurons 
may permit flexible regulation of behaviors, such as the freezing or 
hiding response to a predator. In addition, we found that exciting 
PV+ neurons in the LDT alone recaptured the freezing-like changes 
induced by activation of glutamatergic inputs from the LHb or pho-
tostimulation in VGAT-ChR2 mice, whereas selective activation of 
SOM+ cells in the LDT had an opposite effect on innate fear responses. 
It is possible that, in the former two cases, SOM+ cells in the LDT 
may not be effectively activated by glutamatergic inputs from LHb 
or by direct photostimulation of LDT in VGAT-ChR2 mice due to a 
strong feedforward or light-induced inhibition from PV+ to SOM+ 
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Figure 4 PV+ and SOM+ interneurons in the LDT 
oppositely regulate innate fear. (a) Representative 
immunostaining images of PV+ (top) and SOM+ 
(bottom) neurons in the LDT. Scale bars represent 
50 µm. (b) Top, schematic diagram of LDT 
injection of AAV-CAG-Flex-rev-ChR2(H134R)-
mCherry virus (AAV2/8) in PV-Cre mice. Bottom, 
summary data showing the percentage of freezing 
times induced by activation of PV neurons with blue 
light in the LDT (n = 8 mice, P = 0.002, F = 6.418,  
two-way ANOVA). (c) Top, schematic diagram of 
LDT injection of AAV-CAG-Dio-eArch3.0-eGFP 
(AAV2/9) virus in PV-Cre mice or PV-GFP mice. 
Bottom, summary data showing that inhibition of 
PV+ interneurons by yellow light markedly reduced 
the TMT-induced freezing responses (n = 5–8 mice, 
P = 0.002, F = 7.132, two-way ANOVA). (d) Top, 
schematic of conditioned fear training and the 
auditory cue–induced fear test. Bottom, summary 
data for auditory cue–induced freezing responses 
with light-induced inhibition of PV neurons in 
the LDT of PV-Arch mice (PV-GFP mice served 
as control; n = 5–8 mice, P = 0.586, t = 0.572; 
unpaired t test). (e) Top, schematic diagram of the 
implanted LDT optical fiber in SOM-ChR2 mice. 
Bottom, light activation of SOM+ interneurons 
in the LDT markedly reduced the TMT-induced 
freezing responses (SOM-Cre served as control;  
n = 7 mice, P < 0.0001, F = 8.793; two-way 
ANOVA). (f) Auditory cue-induced freezing 
responses with (SOM-ChR2) or without (SOM-Cre) 
light-induced inhibition of SOM+ interneurons 
in the LDT (n = 10 mice, P = 0.703, t = 0.387; 
unpaired t test). **P < 0.01, ***P < 0.001.  
In box plots, box limits show first and third quartile, 
center line is the median and whiskers represent 
minimum and maximum values. In other data, error 
bars represent s.e.m.
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Figure 5 Activation of LDT interneurons by  
LHb glutamatergic inputs is sufficient to induce 
fear-like behavior. (a) Schematic diagram 
of LDT injection of AAV-CAG-Dio-TVA-eGFP 
(AAV2/9) virus and AAV-CAG-Dio-RG (AAV2/9) 
on day 1 and RV-EvnA-DsRed on day 21 in 
SOM-Cre or PV-Cre mice to retrogradely trace 
the input neurons (red) to LDT interneurons 
(yellow, starter neurons). (b) Typical examples 
of DsRed-expressing LHb neurons retrogradely 
labeled by LDT injection of virus in PV-Cre (top) 
and SOM-Cre (bottom) mice. Both interneuron 
subtypes received bilateral LHb projections. 
Scale bars represent 50 µm. (c) Example 
images of the LDT from PV-Cre mice showing 
that PV+ interneurons (green) also received local 
monosynaptic inputs from SOM+ interneurons 
(blue). Yellow arrowheads, starter neurons 
(infected by both TVA-eGFP and rabies virus); 
white arrowheads, retrogradely traced SOM 
neurons (transfected with rabies virus only). Scale 
bar represents 50 µm. (d) Quantification of  
RV-labeled cells in the LHb retrogradely from PV+ 
or SOM+ interneurons in the LDT (n = 3 mice,  
P = 0.603, F = 0.319; one-way ANOVA).  
(e) Representative images of c-Fos expression 
patterns in the LHb of mice with different 
treatments. Scale bar represents 50 µm. (f) Left, 
example image of LHb neurons transfected with 
AAV-CamkIIα-hChR2(H134R)-mCherry (AAV2/9, 
CamkIIα-ChR2) with locally injected virus. 
Scale bar represents 40 µm. Right, example 
image of LDT slice from a GAD67-GFP mouse 
with LHb injection of CamkIIα-ChR2 virus 
showing the distribution of CamkIIα-ChR2-
positive terminals (red) surrounding GABAergic 
neurons (green). Scale bars represent 50 µm. 
(g) Enlarged image of the boxed area in the right 
image in f. (h) Example excitatory postsynaptic 
currents (EPSCs) recorded in an LDT GABAergic 
neuron evoked by light stimulation of CamkIIα-
ChR2–positive terminals (lower trace); this was 
blocked by the non-NMDA receptor antagonist 
DNQX (upper trace). (i) Summary of light-
induced EPSCs and their blockade by DNQX  
(n = 4–6 cells from 2 mice, P = 0.0036, t = 4.068).  
(j) Top, schematic diagram showing injection 
of CamkIIα-ChR2 virus to transfect LHb 
glutamatergic neurons and light stimulation of their projection terminals in the LDT to induce behavioral responses. Bottom, probability of freezing 
behavior during 15 s with or without light stimulation (15 ms, 20 Hz) in the LDT (n = 8 mice; ChR2-WT: P < 0.0001, F = 52.905; ChR2 off on:  
P < 0.0001, F = 16.0; repeated ANOVA); injection of AAV-EF1a-flex-eYFP (AAV2/9) in the LHb as controls. **P < 0.01, ***P < 0.001. In box plots, box limits 
show first and third quartile, center line is the median and whiskers represent minimum and maximum values. In other data, error bars represent s.e.m.

Although GABAergic neurons in the LDT receive excitatory inputs 
from LH, the role of LH in innate fear is not clear, as activation of LH-
LDT pathway cannot induce typical freezing response. It is possible that 
LH regulates other aspects of fear response, such as stress. This hypothesis 
was supported by the fact that the activation of LH-LDT pathway induced 
standing and stereotyped scratching behaviors (Supplementary Movie 7),  
which might be related to stress. In addition, studies have shown that LH 
is involved in mediating stress-like behaviors32. Alternatively, instead of 
being upstream of the LDT, LH may function downstream of the LDT 
in the innate fear pathway, as the LDT also sends excitatory projections 
to the LH37. Further studies are needed to elucidate the whole picture of 
pathways mediating olfactory cue–induced innate fear.

The LHb has recently been reported to be important in depression44,45.  
These findings raise the question of whether the LHb regulates depressive  
behavior through its output to the LDT. The LDT has been identified as 
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cells. Thus, the reciprocal synaptic connections between two popu-
lations of interneuron constitute a very efficient mechanism for the 
bi-directional regulation of freezing responses.

Consistent with our pharmacological studies indicating that GABAb 
receptors were involved in fear response (Fig. 3), we found that they 
were abundantly expressed in the CamkIIα-positive projection cells 
in the LDT (data not shown). These results suggest that GABAb recep-
tors in the LDT may be involved in fear regulation. It is important to 
note that, although our data support the idea that a local inhibition 
of principal neurons through GABAergic transmission in the LDT 
causes a fear response, we cannot exclude the possibility of excitation 
of efferent PV+ cells. Indeed, we found that PV+ cells in the LDT also 
projected to the dorsal raphe nucleus interfascicular, locus coeruleus 
and medial parabrachial nucleus (Supplementary Fig. 6b). Notably, 
the latter two nuclei may mediate the fear response42,43.
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a rapid eye-movement–on region46. It is well-known that anxious and 
depressed patients tend to have sleep disorders, especially with regard to 
rapid eye-movement episodes47,48. Besides, most of the anxiety-related 
changes, including hormonal changes, physiological manifestations 
and behavioral alteration, occurred during or after the activation of 
GABAergic transmission in the LDT, indicating its potential role in anx-
iety. Our findings provide a neuronal link for the pathology of abnormal 
innate fear and its related diseases, such as anxiety disorder.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Animals. In all experiments, VGAT-ChR2(H134R)-eYFP (VGAT), GAD67-GFP 
(GAD67), PV-Cre, PV-GFP, SOM-Cre, Thy1-Cre, Ai32, Ai47 and C57BL/6J 
male mice were used. Mice at 2–4 months of age were singly housed 2 weeks 
before experiments, under 22 ± 1 °C and 55 ± 5% humidity with food and water  
ad libitum. Animal experiments were conducted in accordance with the 
Guidelines for the Care and Use of Laboratory Animals of Zhejiang University.

Virus injection. AAV-CamkIIα-hChR2(H134R)-mCherry (AAV2/9, 1.97 × 1013 
genomic copies per ml), AAV-CAG-Flex-rev-ChR2(H134R)-mCherry (AAV2/8, 
1.25 × 1012 genomic copies per ml), AAV-EF1a-flex-eYFP (AAV2/9, 1.0 × 1012 
genomic copies per ml), and AAV-CAG-Dio-eArch3.0-eGFP (AAV2/9, 2.71 × 1012  
genomic copies per ml) were made by NeuronBiotech or Hanbio. AAV-CAG-
Dio-TVA-eGFP (AAV2/9, 1.7 × 1013 genomic copies per ml), AAV-CAG- 
Dio-RG (AAV2/9, 6.8 × 1012 genomic copies per ml), and EnvA-pseudotyped, 
glycoprotein(RG)-deleted and DsRed-expressing rabies virus (RV-EvnA-DsRed, 
RV) (5.0 × 108 genomic copies per ml) were provided by F. Xu (Wuhan, China). 
GAD67 and PV mice were anesthetized with sodium pentobarbital (1% wt/vol) 
bilateral for stereotaxic injection of AAV-CaMKIIa-hChR2(H134R)-mCherry 
into the LHb (AP, −1.8 mm from bregma; ML, ±0.3 mm; DV, −2.5 mm) or uni-
lateral injection of AAV-CAG-Flex-rev-ChR2(H134R)-mCherry/AAV-CAG-
Dio-eArch3.0-eGFP into the right-lateral LDT (AP, −5.2 mm from bregma;  
ML, −0.4 mm; DV, −3.5 mm). We injected 0.3–0.5 µl of virus into each location at 
0.05 µl min−1. The syringe was not removed until 15–20 min after the end of infu-
sion to allow diffusion of the virus. After injection, mice were allowed 4–6 weeks 
of recovery. In monosynaptic tracing experiments, PV-Cre and SOM-Cre mice 
were microinjected in the LDT with 80 nl viral cocktail (1:1) with AAV-CAG- 
Dio-TVA-eGFP to allow the initial infection of LDT starter neurons. AAV-CAG-
Dio-RG coding for the rabies virus envelope glycoprotein was also injected 
into the right LDT at the same time to allow the trans-synaptic spread of virus.  
3 weeks later, the same location was microinjected with 200 nl of the modified 
rabies virus. 1 week after the last injection, mice were killed and brain sections 
were collected for confocal imaging.

tracer injection. Mice were anesthetized with sodium pentobarbital (1%) before 
stereotaxic injection into the right LDT of 20 nl Fluoro-Gold (2% in 0.9% NaCl 
(wt/vol); Fluorochrome) as a retrograde tracer (AP, −5.2 mm; ML, −0.4 mm; 
DV, −3.5 mm). After injection, the syringe was kept in place for 30 min before 
removal. 48 hours later, the mice were perfused with phosphate-buffered saline 
followed by 4% paraformaldehyde (wt/vol) in 0.1 M phosphate buffer. The 
brain was then removed and placed in 4% paraformaldehyde buffer at 4 °C for  
overnight fixation. After fixation, the brain was cryoprotected in 30% sucrose 
(wt/vol) at 4 °C. Coronal sections were cut at 40 µm on a cryostat (Leica CM1900) 
for imaging.

cannula implants and in vivo optogenetic manipulation. For in vivo optoge-
netic manipulation in awaked behaving animals, an optical fiber cannula (diam-
eter, 200 µm RWD Life Science) was implanted into the right LDT (AP, −5.2 
mm; ML, −0.4 mm; DV, −3.3 mm). The optic fiber (diameter, 100 µm; Shenzhen 
Huaying) was connected to a laser source using an optic fiber sleeve. Mice per-
formed behavioral tests after habituation. The power of the blue (470 nm) or 
yellow laser (590 nm) was 0.83–3.33 mW mm−2 as measured at the tip of the optic 
fiber. The freezing level was calculated as the percentage freezing time during 
15 s or 30 s of direct light stimulation in the LDT. Mice with missed injections 
or cannula locations were excluded. Control group mice underwent the same 
procedure and received the same intensity of laser stimulation.

eeg and electromyogram (eMg) recording. Mice were anesthetized with 
sodium pentobarbital (1%) for stereotaxic surgery. A cannula was implanted into 
the LDT and fixed to the skull with dental cement. Another three small holes were 
drilled into the skull for recording electrodes in the prefrontal cortex, parietal 
cortex and ground to record EEG. For EMG recording, the left and right nuchal 
muscles were exposed and Teflon-coated stainless-steel electrodes were sutured 
to each muscle. Finally, the cannula, wires, screws and assembly were fixed to 
the skull with dental cement. After 5–8 d of recovery, a light-weight cable was 
connected to the assembly on the head. Cortical EEG was filtered at 0.5–100 Hz  
or 50–300 Hz and neck EMG was filtered at 100–1,000 Hz.

Anxiety-like behavioral test. The open field, elevated plus maze and light-dark 
box tests were carried out after 30-min exposure to TMT or 10-min continuous 
blue light stimulation in the LDT (C57 mice as controls) (20 ms, 20 Hz, 3.3 mW). 
In the open field test, mice reduce their spontaneous activity when continuously 
tested in the same test arena. To avoid this, we collected the baseline data 2 d 
ahead of experiments during habitation.

open field test. The open field test was used to assess anxiety-related behav-
ior and locomotor activity in an open field arena (50 cm long, 50 cm wide and  
60 cm high). Experiments were conducted under low light conditions in order to 
minimize anxiety effects. The distance traveled and the number of center entries 
was recorded for 30 min using MED behavioral analysis software. The area was 
cleaned with 75% ethanol between tests.

elevated plus-maze test. The elevated plus-maze consisted of a plus-shaped 
platform with four intersecting arms: two opposing open arms and two closed 
arms. Animals were placed in the center of the apparatus facing a closed arm and 
allowed to freely explore the maze for 5 min. The parameters open arm time and 
open arm distance traveled were analyzed with the MED software. The area was 
cleaned with 75% ethanol between tests.

light-dark box test. The light-dark box consisted of one dark compartment 
and one brightly lit compartment. The light-dark box test was usually used to 
assess anxiety-related behavior. At the beginning of the experiments, mice were 
placed in the dark compartment facing the lit compartment. During the 5-min 
test, the time spent in the lit compartment and the number of entries into the lit 
compartment were assessed using the MED software. The area was cleaned with 
75% ethanol between tests.

Feces evaluation. Feces were counted during 10 min in mice either under blue 
light stimulation in the LDT (20 Hz, 15 s per min) or exposed to TMT. The 
experimental box was cleaned with 75% ethanol for each test.

electrocardiogram (ecg) recording and heart rate analysis. Mice were sepa-
rated and housed singly 2 weeks before the experiment, with handling twice every 
day. Experiments were performed in the morning (09:30–10:30). Heart rate was 
evaluated using a non-invasive blood-pressure test system (Gene & I, BP-98A) 
either after 3–5-min exposure to TMT or during light-induced freezing. Briefly, 
each mouse was held in a mouse-bag and an arterial pulse sensor was fixed to the 
tail. After habituation for 3–5 min, ECG was simultaneously collected while blue 
light was applied to the LDT or during TMT exposure. Heart rate was analyzed 
with the ECG recording software. Each mouse was tested five times, and the 
mean heart rate was calculated.

Hormone measurements. To determine the basal hormone plasma levels, mice 
were housed in an undisturbed environment throughout the night before experi-
ments. Blood sampling was performed in the morning (09:30–10:30) by rapidly 
collecting trunk blood after decapitation. The time from first handling of the ani-
mal to the completion of sampling did not exceed 20 s. We collected blood samples 
after 3 min of TMT exposure or 10 min of light stimulation in the LDT (20 Hz, 15 s 
per min). Blood samples were centrifuged at 1,000 g for 20 min at 4 °C. Supernatant 
was collected and plasma corticosterone concentrations were measured in dupli-
cates using commercially-available ELISA kits (Enzo ADI-900-097).

Fear conditioning. For auditory fear conditional training, mice were placed in 
the conditioning chamber (MED). After habituation for 180 s, a pure tone (80 dB, 
9 kHz) was presented for 20 s (conditioned stimulus, CS) that co-terminated with 
a 2-s footshock (unconditioned stimulus, US) of 0.75 mA. Another two similar 
CS + US pairs were delivered at intervals of 60 s. After the last training, animals 
remained in the shock context for an additional 60 s before being returned to 
their home cages. 24 h later, bedding (wood shavings) was placed underneath 
the grid and a triangular plate was used to change the chamber wall. Mice were 
placed in the new chamber and adapted for 180 s, then the CS was presented for 
180 s with 20-Hz continuous 470-nm blue laser stimulation to SOM-ChR2 mice 
(SOM-Cre mice as control) or continuous 590-nm yellow laser stimulation to 
PV-arch mice (PV-GFP mice as control). The cue-induced freezing was calculated 
with the MED software.

xiaoyang
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Freezing level of innate fear. Mice were directly placed in an organic glass box with 
a TMT odor dish in one corner. 30-s cycles of blue or yellow light were delivered to 
the LDT while the mice were immobile. The percentage freezing time was calculated 
for each 30-s stimulus, and the values for all stimulations were averaged to give the 
freezing level for each mouse. SOM-Cre and PV-GFP mice served as controls.

For the laser-induced freezing behavior experiments, 15-s cycles of blue 
light were directly delivered into the LDT while the mice were active and then 
the immobile time induced by the laser was measured by analyzing the video. 
We used the average of six stimulations as the freezing level. GAD67 and C57 
mice were used as controls for VGAT mice. Injection of AAV-CAG-Flex- 
rev-ChR2(H134R)-mCherry into the LDT of PV-GFP mice was used as control 
the for PV-ChR2 mice. LHb injection of AAV-EF1a-flex-eYFP mice was used as 
the control for LHb-CamkIIa-ChR2 mice.

After the behavioral tests, mice were deeply anesthetized with chloral hydrate 
(10% wt/vol) and perfused with phosphate-buffered saline followed by 4% 
paraformaldehyde in 0.1 M phosphate buffer. The brain was then removed and 
placed in 4% paraformaldehyde buffer at 4 °C to fix overnight. After fixation, 
the brain was cryoprotected in 30% sucrose at 4 °C. Sections were cut at 40 or  
50 µm, then collected for confocal imaging. Mice with missed injections or 
cannula locations were excluded.

Real-time place preference. Mice were placed in a custom made behavioral 
arena, a plexiglass box (length 50 cm × width 50 cm × height 50 cm), for 10 min.  
We randomly assigned one side of the chamber as the stimulation side and the 
counterbalance chamber as the un-stimulation side. Mouse was placed in the  
no-stimulated side at the onset of the experiment and 20-Hz blue laser was deliv-
ered to the LDT when the mouse each time crossed to the stimulated side until it 
crossed back into the un-stimulation side. The real time place preference location 
pots and total time in the stimulated side were recorded and counted via MED 
behavioral recorded systems.

Immunohistochemistry and imaging. Mice were perfused with saline followed 
by 4% paraformaldehyde in 0.1 M phosphate buffer. The brain was then removed, 
fixed for 4–6 h, and cryoprotected in 30% sucrose at 4 °C. Sections (40 µm) were 
cut on a microtome. After rinsing with 0.3% Triton-X 100 (vol/vol) in 0.1 M PBS 
(30 min) or ice-cold methanol (10 min) and blocking with 10% (wt/vol) normal 
bovine serum for 1 h at room temperature, sections were incubated with the fol-
lowing primary antibodies (12–24 h at 4 °C): anti-GFP (1:800, rabbit, Chemicon), 
anti-GAD67 (1:500, mouse, Millipore), anti-GAD65/67 (1:400, rabbit, Abcam), 
anti-Fos (1:2,500, rabbit, Calbiochem), anti-PV (1:1,500, mouse, Sigma), anti-
PV(1:500, Gp, SYSY195004), anti-SOM (1:100, rat, Millipore MAB584), and anti-
SOM (1:200, rabbit, Abcam ab64053). After rinsing, sections were incubated with 
fluorophore-conjugated secondary antibody for 2 h at room temperature (1:1,000; 
Millipore). Antibodies were diluted in phosphate-buffered saline containing 4% 
BSA and 0.2% Triton X-100. For c-Fos quantification, mice were exposed to TMT 
for 10 min, perfused for 1.5 h, and sections cut as described above. After anti-Fos 
immunohistochemistry, nuclei were stained with DAPI, and confocal images 
were captured using a 20× objective (Olympus FV-500 or FV-1200).

Preparation of acute slices and electrophysiology. C57 and GAD67-GFP mice 
were anesthetized with sodium pentobarbital and then perfused with ice-cold 
oxygenated (95% O2 and 5% CO2) aCSF. After decapitation, the brain was quickly 
removed and placed in ice-cold aCSF containing (in mM): 110 choline-Cl, 2.5 KCl,  
0.5 CaCl2, 7 MgCl2, 1.3 NaH2PO4, 25 NaHCO3 and 10 glucose. Coronal slices 
(300 µm) containing the LDT complex were cut on a vibratome (Microm 
HM 650V), and then allowed to recover in aCSF. Whole-cell patch-clamp 
recordings were made using an Axon 200B patch-clamp amplifier and 1322A 
interface (Axon Instruments) at room temperature with a recording solution 
containing (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 
25 NaHCO3 and 10 glucose saturated with 95% O2 and 5% CO2. The elec-
trodes were made from borosilicate glass pipettes (Sutter Instruments) with 
resistances in the 3–5 M range. The internal solution contained (in mM): 125 
potassium gluconate, 15 KCl, 10 HEPES, 4 MgCl2, 4 Na2-ATP, 0.3 Na2-GTP, 
and 0.2 EGTA. To record evoked excitatory postsynaptic currents, GABAergic 
transmission was blocked by 100 µM picrotoxin in the bath. Signals were fil-
tered at 2 kHz, sampled at 10 kHz, and analyzed using Clampex 8.2 (Axon 
Instruments). Blue laser light (473 nm, 20 Hz) was delivered through a 200-µm 
diameter optic fiber positioned at the slice surface over the recorded neuron. 
After recording, slices were fixed with 4% paraformaldehyde in 0.1 M PBS for  
immunohistochemical staining.

In vivo optetrode recording. Modified drivable electrode arrays were implanted 
dorsally to the LDT. Electrode arrays consisted of seven nichrome tetrodes of 
four thin entwined wires (California Fine Wire) and an optical fiber (100 µm) 
was glued to the middle of the bundle of seven tetrodes. The micro-wire bun-
dle was attached to a micro-drive. Two EEG wires, two EMG wires, and one 
ground wire were soldered to a 32-channel connector (Omnetics Connector). 
Mice were allowed to recover for at least 5 d, then the electrode arrays were con-
nected to a 32-channel preamplifier head-stage (Plexon). Mice were recorded 
for two sessions per day and electrodes were advanced ~60 µm at the end of 
each session. 24 h after recording the activity of a LDT neuron in response to 
light stimulation of ChR2-expressing terminals in the LHb, TMT was given to 
examine the firing pattern of the same neuron recorded a day before. During 
sessions, all signals recorded from each tetrode were amplified, filtered between 
0.1 Hz and 10 kHz, and spike waveforms were digitized at 40 kHz. Spikes 
were sorted using the software Offline sorter (Plexon). Units were accepted 
only if a distinct cluster was visible in a two-dimensional plot of the largest  
two principal components.

Statistics. No statistical methods were used to pre-determine sample sizes but 
our sample sizes are similar to those generally employed in the field. All data 
were randomly collected. Data distribution was assumed to be normal but this 
was not formally tested. All values are presented as the mean ± s.e.m. The one 
or two-way ANOVA test, Mann-Whitney U-test, Kruskal-Wallis H test, paired  
t test, or unpaired Student’s t test were used for group differences as appropriately, 
and calculated with SPSS 16.0.

A Supplementary Methods checklist is available.
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