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Introduction
Anxiety disorders represent the most common psychiatric dis-
eases, with a combined lifetime prevalence of over 28% (1, 2). 
Although the available pharmacological treatments are inade-
quate (3), cognitive therapies (4, 5) and transcranial magnetic 
stimulation (6–8) have shown effective therapeutic effects. There 
has therefore been interest in understanding how cognition regu-
lates affect, thus providing pathways for intervention. Increasing 
evidence has suggested that the medial prefrontal cortex (mPFC), 
i.e., the cognitive control region, could be involved in anxiety and 
fear regulation in both humans and rodents (9–12). The mPFC 
exerts concerted top-down control over subcortical regions to 
tune the expression of fear and anxiety (13–18). Previous studies 
have suggested that subregions of the mPFC have different and 
even opposite roles in modulating fear (19–22). However, precise 
causal targets of these top-down connections among diverse pos-
sibilities have not been established.

The infralimbic cortex (IL) is a major component of the mPFC. 
Lesions of the rodent IL have been shown to decrease anxiety-like 
behaviors in the elevated plus maze, shock-probe burying, and Vogel 
conflict tests (23, 24). Our recent experiments have demonstrated 
that pharmacologically enhanced excitability in the IL produces 
anxiety-like behaviors (25). Electrical stimulation of the IL decreases  

conditioned fear responses (21) and facilitates fear extinction (26). 
Consistently, pharmacological inactivation of the IL impairs fear 
extinction and extinction retrieval (27). The function of the IL in 
regulating the extinction of fear memory seems to be contradictory  
to that in regulating anxiety-like behaviors, as mentioned above. 
The difference may be because the IL contains different cell types 
that project to different targets (28, 29). Lesions, extracellular elec-
trical manipulations, and pharmacological treatments lack speci-
ficity for cell types and temporal precision (30). One report showed 
that optogenetic activation of IL neurons modulates extinction  
(31). However, no studies have thus far addressed the behavioral  
variety in top-down projections in real time.

Considerable effort has been made to map the fear and anx-
iety neural circuits, most recently using optogenetic tools. The 
amygdala, extended amygdala, and septo-hippocampal axis play 
important roles (32, 33). Optogenetic activation of Crfr2+ neurons 
in the lateral septum (LS) exerts an anxiogenic effect (34). The 
amygdala microcircuit — basolateral amygdala (BLA) to central 
nucleus of the amygdala (CeA) — mediates reversible and bidirec-
tional control of anxiety (35). Furthermore, an inhibitory micro-
circuit exists within the CeA and consists of the lateral and medial 
subdivisions that mediate the acquisition and expression of condi-
tioned fear, respectively, in mice (36–38). Although this amygdala 
microcircuit is well positioned to be influenced by top-down corti-
cal control from regions important for processing fear and anxiety, 
including the IL, which provides innervations to the BLA and CeA 
(28, 29), it has received little attention.

In this study, we sought to examine the effects of acute 
manipulation of the activity of the IL and its distal projections 
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1H). Importantly, in the ChR2 group, we did not detect an effect of 
light on locomotion, as measured by distance traveled (Figure 1I).

The dorsal peduncular cortex (DP), the other component of 
the ventral mPFC (vmPFC), is located next to the IL. A previous 
study reported that exciting the entire vmPFC (including both the 
IL and DP) had no effect on anxiety-like behaviors (13). We next 
sought to identify the effects of direct excitation of the DP on  
anxiety-like behaviors. We injected viruses locally into the DP 
(Supplemental Figure 2, A and G). Using the same protocol as 
shown in Figure 1 (Supplemental Figure 2B), we found that DP 
activation increased open-arm exploration (Supplemental Figure 
2C), as well as the probability of open-arm entry (Supplemental 
Figure 2D) on the EPM test and central exploration in the OFT 
(Supplemental Figure 2E), without affecting locomotion (Supple-
mental Figure 2F), suggesting an anxiolytic effect. Since IL activa-
tion is anxiogenic (Figure 1, D–I), it may counterbalance the anx-
iolytic effect of DP excitation when the whole vmPFC is excited.

These results suggested that activating IL glutamatergic neu-
ronal activity robustly induced an anxiogenic effect. Next, we 
explored whether inhibition of the IL could control anxiety in a 
bidirectional manner.

Optogenetic inhibition of the IL reduces anxiety-like behavior.  
To test whether inhibition of the IL was sufficient to cause a 
decrease in anxiety-related behaviors, we induced expression of 
the eNpHR3.0-eYFP fusion protein (eNpHR-eYFP) in IL excit-
atory glutamatergic neurons in experimental animals (Figure 1J 
and Supplemental Figure 1C) as well as expression of eYFP alone 
in control animals and bilaterally implanted optical fibers above 
the IL (Figure 1L). Whole-cell recordings from brain slices demon-
strated that the eNpHR-eYFP+ neurons were hyperpolarized by 
continuous yellow light (594 nm) illumination (Figure 1K). We 
conducted the same 9-minute session with alternating OFF-ON-
OFF epochs as in the previous experiments, but used constant illu-
mination with 594-nm light in the illumination epoch. Relative to 
the eYFP controls, we observed that the mice in the eNpHR group 
(referred to hereafter as eNpHR mice) showed greater open-arm 
exploration (Figure 1M) during the ON epoch, as well as a higher 
probability of open-arm entry (Figure 1N). We also subjected mice 
to the OFT. Relative to the eYFP control mice, the eNpHR mice 
showed an increase in center exploration, reflecting anxiolytic 
effects upon illumination in the ON epoch (Figure 1O), consistent 
with our EPM results. Again, we simultaneously assayed locomo-
tor activity across epochs and did not detect any changes, as mea-
sured by distance traveled (Figure 1P). These data demonstrated 
that inhibition of IL glutamatergic neuronal activity robustly and 
reversibly induced an anxiolytic effect on the order of seconds.

Distinct IL outputs modulate anxiety states in an antagonis-
tic manner. We next sought to identify the neural circuit targets 
underlying IL top-down modulation of anxiety-related behavior. 
For systematic mapping of brain regions that are directly inner-
vated by the IL, we stereotaxically injected AAV2-ChR2-eYFP into 
the IL (Supplemental Figure 3A). In addition to well-characterized 
outputs from the IL, such as those to the thalamus (Supplemen-
tal Figure 3C) and the dorsal raphe nucleus (Supplemental Figure 
3D), we also detected eYFP-expressing neurons in the LS (Figure 
2A and Supplemental Figure 3E), CeA (Figure 2B and Supplemen-
tal Figure 3F), BLA (Figure 2B and Supplemental Figure 3F), and 

on anxiety-related behavior in freely moving mice. We iden-
tified a functional role for the IL-LS and IL-CeA pathways in 
opposite directions in modulating anxiety and fear and eluci-
dated a potential role for the IL-CeA circuit in the treatment of 
stress-induced anxiety.

Results
Optogenetic activation of the IL increases anxiety-like behavior. To 
locally express opsin in the IL, we used adeno-associated viral 
vector serotype 2 (AAV2), which has shown a relatively restricted 
expression pattern in the CNS (39–41). AAV2 vectors encoding 
ChR2, a nonspecific cation channel derived from the green algae 
Chlamydomonas reinhardtii, fused in-frame to enhance yellow  
fluorescent protein (ChR2-eYFP) under the control of the calcium/ 
calmodulin-dependent protein kinase IIα (CaMKIIα) promoter 
were used to selectively activate excitatory glutamatergic neu-
rons. Stereotactic delivery of the ChR2-eYFP vectors resulted in 
IL-specific expression (Figure 1A and Supplemental Figure 1A; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI145692DS1). Whole-cell recordings from 
brain slices demonstrated that ChR2-eYFP+ neurons in the IL were 
reliably activated by blue light (473 nm) pulses and faithfully fired 
action potentials at a frequency of up to 40 Hz (Figure 1B).

To test whether the IL is essential in the regulation of anx-
iety, we first probed freely moving mice under optogenetic acti-
vation of IL glutamatergic neurons in 2 well-validated anxiety 
assays (42), the elevated plus maze (EPM) test and the open field 
test (OFT). The experimental paradigm is shown in Figure 1C. IL 
neurons were transduced with ChR2 in the experimental animals 
(referred to hereafter as ChR2 mice), whereas the control animals, 
matched for age, incubation duration, and illumination parame-
ters, received the same viral vector carrying the fluorophore alone 
(referred to hereafter as eYFP mice). To activate ChR2-express-
ing IL neurons, optical fibers were unilaterally implanted above 
the IL in the ipsilateral hemisphere for the delivery of blue light 
(Supplemental Figure 1, A and B). To allow within-subjects and 
within-sessions comparisons in addition to group comparisons, 
we tested mice in a single 9-minute session of both the EPM test 
and the OFT in three 3-minute epochs, beginning with a light-off 
(OFF) baseline epoch, followed by a light-on (ON) illumination 
epoch using a continuous train of blue light (473 nm) pulses at 20 
Hz with a 5-millisecond pulse duration (13), and then alternating 
back to a second OFF epoch. A representative EPM animal track 
from a mouse in the ChR2 group is shown across epochs (Figure 
1D). Relative to the eYFP control mice, mice in the ChR2 group 
showed significantly reduced open-arm exploration (Figure 1E) as 
well as a lower probability of open-arm entry (Figure 1F), reflect-
ing increased anxiety-related behaviors during the ON epoch and 
beyond the ON epoch.

We further evaluated the effects of IL activation on anxiety- 
related behaviors and locomotor activity in the OFT. Using the 
same illumination parameters as in the EPM test, a representa-
tive animal track from a mouse in the ChR2 group is shown across 
epochs (Figure 1G). Consistent with our EPM results, relative to 
the eYFP control mice, the ChR2 mice showed a decrease in center 
exploration, reflecting anxiogenic effects upon illumination in the 
ON epoch, and the effect outlasted the laser stimulation (Figure 
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tergic inputs from the IL into the LS or CeA, we performed an 
additional series of experiments. The experimental paradigm is 
shown in Figure 3A. We induced expression of ChR2 in IL projec-
tion neurons as before and implanted guide cannulas to deliver 
either saline or glutamate receptor antagonists to the LS or CeA 
30 minutes prior to testing and illumination in the EPM or OFT 
(Figure 3, B and G, and Supplemental Figure 6). We compared 
saline with a glutamate receptor antagonist cocktail, in which the 
combination of the α-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) and NMDA receptor antagonists NBQX and 
AP5, respectively, was intracranially administered into the LS or 
CeA. In the saline IL-LS trials, mice replicated the light-induced 
anxiogenic effect in both the EPM test (Figure 3, C and D) and the 
OFT (Figure 3, E and F). However, preapplication of glutamate 
receptor antagonists completely blocked light-induced changes in 
open-arm exploration on the EPM test (Figure 3, C and D) and the 
time spent in the center in the OFT (Figure 3, E and F). In paral-
lel experiments, the mice duplicated the light-induced anxiolytic 
effect in both the EPM test and the OFT in the saline IL-CeA trials. 
Again, the light-induced changes in open-arm exploration in the 
EPM test (Figure 3, H and I) and the time spent in the center in the 
OFT (Figure 3, J and K) were prevented by antagonist treatment.

Taken together, these data suggested that IL axon terminals 
synapsing locally in the LS and the CeA can modulate anxiety- 
related behaviors in opposite directions.

Monosynaptic and functional IL inputs into the LS or CeA. To 
determine whether the IL directly innervates the LS and CeA, we 
applied 3 strategies. First, we injected red fluorescent retrobeads 
into the LS or CeA of C57 mice and found LS-projecting (Figure 
4, A and B) and CeA-projecting (Figure 4, D and E) IL neurons, 
respectively, 2 weeks later. Second, we conducted a modified inter-
sectional approach involving 2 viral vectors (44). In this method, 
Cre recombinase was delivered from retrograde canine adenovi-
rus type 2 (CAV-Cre) (45), which transduces axon terminals and 
thereby defines “starter cells” by virtue of their projecting target. 
We injected CAV-Cre into either the LS or CeA and then injected 
AAV-expressing, Cre-dependent opsin ChR2 fused to mCherry 
into the IL (Figure 4, A and D). Four weeks later, putative starter 
cells in the IL were labeled, as defined by neurons that expressed 
mCherry, and named LS- and CeA-projecting IL neurons, respec-
tively (Figure 4, C and F). Finally, we used ex vivo whole-cell 
patch-clamp recordings in brain slices containing the LS or CeA 
from mice expressing ChR2-eYFP in IL neurons and axon termi-
nals. We observed that the light-evoked postsynaptic currents 
were completely blocked by the application of tetrodotoxin (TTX) 
and recovered by 4AP, indicating that the postsynaptic currents  
recorded in the LS (Figure 4, G–I) or CeA (Figure 4, K–M) were elic-
ited by direct synaptic connections from IL neurons. We also found 
that light-evoked excitatory postsynaptic currents (EPSCs) had a 
short latency (Figure 4, J and N). In addition, we confirmed that 
these terminals released glutamate, as we found that the addition 
of NBQX abolished the light-induced excitation in these same cells 
(Figure 4, I and M). Taken together, these data suggested that LS 
and CeA neurons receive monosynaptic input from IL neurons. 
Next, we addressed the question of whether neurons projecting to 
the LS and CeA have a different pattern of distribution. By injecting 
the retrograde tracer recombinant cholera toxin subunit B (CTB) of 

bed nucleus of the stria terminalis (BNST) (Supplemental Figure 
3B). These results were particularly interesting, because although 
previous studies have suggested a potentially important role for 
the LS, CeA, BLA, and BNST in anxiety-related behaviors (34, 35, 
43), whether these regions are under top-down cortical control 
from the IL remains unknown.

To test whether activation of IL axons in the LS, CeA, BLA, 
and BNST was sufficient to modulate anxiety-related behaviors, 
we expressed ChR2-eYFP in the IL in experimental animals and 
eYFP alone in the IL in control animals and unilaterally implanted  
an optical fiber over one of the above-mentioned regions in the 
ipsilateral hemisphere prior to anxiety testing (Figure 2, C, D, 
and I, and Supplemental Figure 4, A and B). Relative to the eYFP 
controls, the animals in the ChR2 IL-LS group showed decreased 
open-arm exploration (Figure 2E) and a lower probability of open-
arm entry (Figure 2F) on the EPM test, as well as a decrease in 
center exploration time (Figure 2G) in the OFT during the ON 
epoch, reflecting anxiogenic effects. In contrast, relative to the 
eYFP controls, the animals in the ChR2 IL-CeA group showed 
increased open-arm exploration (Figure 2J), a higher probability 
of open-arm entry (Figure 2K), and an increase in center explora-
tion time (Figure 2L) in the OFT during the ON epoch, reflecting 
reductions in anxiety-related behaviors. Importantly, we did not 
detect an effect of light in any group on locomotion, as measured 
by the distance traveled (Figures 2, H and M). Although there was 
denser innervation in the BLA than in the CeA (Figure 2B and 
Supplemental Figures 3F, 4B, and 8C), optical stimulation did not 
affect anxiety-related behaviors in the ChR2 IL-BLA animals in 
either assay (Supplemental Figure 5). In addition, optical stimula-
tion did not affect anxiety-related behaviors in the ChR2 IL-BNST 
animals (Supplemental Figure 5).

To determine whether the robust changes in anxiety-related 
behaviors that we observed were indeed mediated by glutama-

Figure 1. The IL is implicated in anxiety-like behavior. (A) Expression 
of ChR2 in the IL. Scale bar: 500 μm. M2,secondary motor cortex; Cg1, 
cingulate cortex, area 1; PL, prelimbic cortex. (B) Brief blue light pulses 
at 5 Hz, 20 Hz, and 40 Hz precisely activated ChR2 cells. (C) Schematic 
protocol for investigating the behavioral impact of optogenetic activation 
of IL somata. (D) Representative animal track across epochs in the EPM 
for a ChR2 mouse. Mice were tested in 3-minute epochs across a 9-minute 
session. (E) ChR2 mice (n = 10) spent less time in the open arms than did 
eYFP mice (n = 8) during photostimulation [Finteraction (2,32) = 3.959, P = 
0.0291]. (F) ChR2 mice showed a lower probability of entering the open 
arms than did eYFP mice during photostimulation [Finteraction (2,32) = 10.88, 
P = 0.0002]. (G) Representative animal track across epochs in the OFT for a 
ChR2 mouse. (H) During the illumination epoch, ChR2 mice spent less time 
exploring the center of the open field than did eYFP mice [Finteraction (2,32) = 
21.12, P < 0.0001]. (I) Photostimulation did not alter the distance traveled 
for mice in either group. (J) Expression of eNpHR in the IL. Scale bar: 500 
μm. (K) Yellow light illumination of eNpHR cells in the IL blocked evoked 
spiking. (L) Schematic protocol for investigating the behavioral impact 
of optogenetic inhibition of IL somata. (M) Same as in E but for eNpHR 
mice [n = 7 per group, Finteraction (2,24) = 4.452, P = 0.0227]. (N) Same as in 
F but for eNpHR mice [Finteraction (2,24) = 7.726, P = 0.0026]. (O) Same as in 
H but for eNpHR mice [Finteraction (2,24) = 11.76, P = 0.0003]. (P) Same as in 
I but for eNpHR mice. *P < 0.05, **P < 0.01, and ***P < 0.001, by 2-way, 
repeated-measures ANOVA with Bonferroni’s post hoc analysis (E–I and 
M–P). Data are presented as the mean ± SEM. See Supplemental Table 1 
for statistical details.
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Figure 2. Distinct IL outputs modulate opposite anxiety-related behaviors. (A and B) Confocal images of coronal sections showing IL terminals in the 
LS (A), BLA, and CeA (B). Scale bars: 200 μm. (C) Experimental design to investigate the behavioral impact of optogenetic activation of IL-LS or IL-CeA 
projections. (D) eYFP and ChR2 mice expressing eYFP or ChR2-eYFP, respectively, in the IL with optic fibers above the LS. n = 15 eYFP mic; n = 13 ChR2 
mice. (E–H) Blue light decreased the exploration of open arms [E, Finteraction (2,52) = 8.447, P = 0.0007], as well as the probability of open-arm entry [F, 
Finteraction (2,52) = 11.35, P = 0.0002] and center exploration in the open field [G, Finteraction (2,52) = 11.90, P < 0.0001], without altering locomotion [H, Finteraction 
(2,52) = 0.1149, P = 0.8917]. (I–M) Same as  in D–H, but for IL-CeA projections. n = 8 eYFP  mice; n = 8 ChR2 mice. Yellow light increased the exploration of 
open arms [J, Finteraction (2,28) = 7.20, P = 0.0030], resulted in a higher probability of open-arm entry [K, Finteraction (2,28) = 7.264, P = 0.0029], increased center 
exploration in the open field [L, Finteraction (2,28) = 12.18, P = 0.0002], and did not alter locomotion [M, Finteraction (2,28) = 0.3525, P = 0.7060]. *P < 0.05, **P < 
0.01, and ***P < 0.001, by 2-way, repeated-measures ANOVA with Bonferroni’s post hoc analysis (E–H and J–M). Data are presented as the mean ± SEM. 
See Supplemental Table 1 for statistical details.
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2 distinct colors into the LS and CeA (Figure 4, O and P), we found 
that there were more LS- than CeA-projecting cells in the IL (Fig-
ure 4, Q and R), which was consistent with the retrobead and CAV-
Cre labeling experiments (Figure 4, A–F). Furthermore, LS- and 
CeA-projecting cells shared little overlap (Figure 4, Q and R), indi-
cating that LS- and CeA-projecting IL neurons are anatomically  
distinct subpopulations.

Inhibition of IL-LS and IL-CeA projections has opposite effects on 
anxiety-like behavior. To further confirm that IL-LS and IL-CeA 
projections bidirectionally modulated anxiety-related behaviors, 
we optogenetically inhibited these 2 circuits. We induced expres-
sion of eNpHR or eYFP alone in the IL and bilaterally implanted 
optical fibers above the LS or the CeA prior to testing in the anxi-
ety assays (Figure 5A and Supplemental Figure 7). Relative to the 
eYFP controls, the animals in the eNpHR IL-LS group showed 
increased open-arm exploration (Figure 5B) and a higher proba-
bility of open-arm entry (Figure 5C) in the EPM test, as well as an 
increase in center exploration time (Figure 5D) in the OFT during 
the ON epoch, reflecting reductions in anxiety-related behav-
iors. In contrast, relative to the eYFP controls, the animals in the 
eNpHR IL-CeA group showed decreased open-arm exploration 

(Figure 5B) and a lower probability of open-arm entry (Figure 5C) 
on the EPM test, as well as a decrease in center exploration time 
(Figure 5D) in the OFT during the ON epoch, reflecting anxiogenic  
effects. However, there were no changes in the distance traveled 
by mice in either group (Figure 5E).

As previous reports have revealed some paradoxical effects of 
eNpHR when activated in presynaptic boutons (46), we next used 
inhibitory designer receptors exclusively activated by designer 
drugs (DREADD) (AAV-hM4DGi) to silence the IL-LS and IL-CeA 
pathways (47). Mice were transduced with hM4DGi in experimen-
tal animals and mCherry in controls in the IL and implanted with 
bilateral guide cannulas to either the LS or CeA (Supplemental 
Figure 8, A, C, and D). Clozapine-N-oxide (CNO) was infused into 
the above regions 30 minutes prior to the behavioral tests, after 
which the mice were allowed 5 minutes of free exploration in the 
EPM or open-field chamber (Figure 5F). hM4DGi-mCherry was 
expressed strictly in the IL (Supplemental Figure 8A). Whole-cell 
recordings from brain slices revealed that hM4DGi-mCherry+ 
neurons were hyperpolarized by CNO application (Supplemen-
tal Figure 8B). Consistent with optogenetic inhibition, pharma-
cogenetic inhibition of the IL-LS circuit resulted in significantly 

Figure 3. Glutamatergic IL inputs into the LS or CeA modulate anxiety-related behaviors. (A) Experimental paradigm. Experiments were performed 7 or 8 
weeks after AAV2-CaMKIIα-ChR2-eYFP injection. Thirty minutes before the behavioral assays and laser stimulation, glutamate receptor antagonists (GluR 
antag: AP5 + NBQX) or saline were unilaterally infused locally into the LS or CeA using the same guide cannula that delivered light via an optical fiber. (B) 
Mice expressing ChR2 in the IL were treated with saline or AP5 plus NBQX via cannulas above the LS. (C–F) Relative to saline injections, AP5 plus NBQX 
injections into the LS blocked the light-induced decreases in open-arm exploration on the EPM test [C, Finteraction (2,44) = 12.57, P < 0.0001; D, Finteraction (2,44) 
= 17.71, P = 0.000] and center exploration in the open field [E, Finteraction (2,30) = 3.392, P = 0.0470]. Neither light stimulation nor injection of AP5 plus NBQX 
altered the total distance traveled [F, Finteraction (2,30) = 0.2107, P = 0.8112]. (G–K) Same as in B–F, but for IL-CeA projections. After intra-CeA glutamate 
receptor blockade, photoactivation of ChR2-expressing IL terminals in the CeA failed to increase open-arm exploration [H, Finteraction (2,38) = 3.100, P = 
0.0566; I, Finteraction (2,38) = 13.84, P < 0.0001], center exploration in the open field [J, Finteraction (2,34) = 7.009, P = 0.0028], or locomotion [K, Finteraction (2,34) = 
0.08985, P = 0.7863]. n = 11 and n = 13 mice for C and D; n = 9 and n = 8 mice for E and F; n = 11 and n = 10 mice for H and I; n = 10 and n = 9 mice for J and K. 
*P < 0.05 and ***P < 0.001., by 2-way, repeated-measures ANOVA with Bonferroni’s post hoc analysis (C–F and H–K). Data are presented as the mean ± 
SEM. See Supplemental Table 1 for statistical details.

https://www.jci.org
https://doi.org/10.1172/JCI145692
https://www.jci.org/articles/view/145692#sd
https://www.jci.org/articles/view/145692#sd
https://www.jci.org/articles/view/145692#sd
https://www.jci.org/articles/view/145692#sd
https://www.jci.org/articles/view/145692#sd
https://www.jci.org/articles/view/145692#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

7J Clin Invest. 2021;131(14):e145692  https://doi.org/10.1172/JCI145692

https://www.jci.org
https://doi.org/10.1172/JCI145692


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(14):e145692  https://doi.org/10.1172/JCI1456928

illumination was initiated 1 second (for ChR2 mice) or 10 sec-
onds (for eNpHR mice) before tone onset and sustained during 
the tone, given the long response latencies observed in some IL 
neurons following laser illumination (31). We found that ChR2 
activation of IL neurons significantly reduced freezing, whereas 
eNpHR inhibition had no effect on freezing (Supplemental Figure 
9B). Following behavioral protocols for testing fear extinction (51, 
52) on day 3, the mice were placed in a test chamber and received 
10 trials of the CS at random intervals without a footshock. The 
mice in the stimulation groups received the same illumination 
paradigm as on day 2. The eYFP control mice showed a normal 
response pattern: freezing responses that decreased gradually 
within a session and became fully extinguished after 10 CS stim-
ulations. Replicating our finding above, optogenetic activation 
of IL neurons reduced conditioned freezing in all trials (Supple-
mental Figure 9B). Notably, optogenetic inhibition of IL neurons 
had no effect on the levels of freezing compared with the levels 
of freezing in the eYFP control mice throughout the test (Supple-
mental Figure 9B). On day 4, we tested extinction retrieval with 
a 180-second continuous auditory tone without any optical stim-
ulation. We found that ChR2-activated mice continued to show 
reduced freezing, while mice that received IL silencing the previ-
ous day showed impaired extinction retrieval (Supplemental Fig-
ure 9B). These data suggested that IL activity during extinction 
tones was necessary for the formation of extinction memory, in 
accordance with previous reports (31).

To explore whether distinct projections of the IL mediate 
top-down control of fear conditioning, we first activated IL 
axons in the LS and CeA. We induced expression of ChR2 in the 
experimental animals and expression of eYFP alone in the con-
trol animals in the IL and unilaterally implanted an optical fiber 
over either the CeA or the LS in the ipsilateral hemisphere prior 
to testing in the fear assays (Figure 6A and Supplemental Figure 
10A). Each group of animals showed a similar increase in freezing 
during the conditioning phase and similar levels of fear retrieval 
on the following day under blue light stimulation (Figure 6B). In 
the extinction sessions, IL-LS activation attenuated fear extinc-
tion, whereas IL-CeA activation enhanced fear extinction (Figure 
6B). When tested with a continuous 180-second tone on day 4, 
the ChR2-LS mice showed higher freezing levels, whereas the 
ChR2-CeA mice showed lower freezing levels (Figure 6B) with-
out light stimulation. These data suggested the involvement of 
the IL-CeA and IL-LS pathways in fear extinction.

We next tested the effects of pharmacogenetic inhibition of IL 
axons in the LS or CeA on fear retrieval and extinction. hM4DGi 
or mCherry alone was delivered into the IL along with placement 
of a guide cannula above either the LS or CeA prior to testing in 
the fear-conditioning assays (Figure 6C and Supplemental Fig-
ure 10B). We induced fear responses by conditioning mice with 
4 tone-footshock pairs. Local infusion of CNO had no effect on 
fear retrieval on day 2 (Figure 6D). During the extinction phase 
the following day, the freezing levels in the hM4DGi IL-CeA group 
receiving CNO were initially similar to those in the control mice 
but decayed more slowly, resulting in significantly higher freezing 
ratios (Figure 6D). In contrast, the hM4DGi–IL-LS group receiv-
ing CNO showed similar levels of freezing at the beginning but 
enhanced fear extinction afterwards (Figure 6D). In the extinction 

increased open-arm exploration (Figure 5G) and a higher proba-
bility of open-arm entry (Figure 5H) in the EPM test and increased 
center exploration (Figure 5I) in the OFT. In contrast, pharmaco-
genetic inhibition of the IL-CeA circuit resulted in significantly 
reduced open-arm exploration (Figure 5G) and a lower probabil-
ity of open-arm entry (Figure 5H) on the EPM test and decreased 
center exploration (Figure 5I) in the OFT with no effect on loco-
motion (Figure 5J). These results therefore support the hypothesis 
that IL-LS and IL-CeA projections bidirectionally modulate anxi-
ety-related behaviors.

IL-LS and IL-CeA projections regulate fear extinction in opposite 
directions. The IL has also been implicated in mediating fear con-
ditioning based on physical, pharmacological, and genetic manip-
ulations of this structure (20, 48–50). One study recently reported 
that real-time optogenetic manipulation of the IL modulates fear 
extinction in rats (31); thus, we revisited these experiments in mice 
and subsequently investigated downstream targets of the IL in the 
regulation of fear extinction.

We used 2 strategies to alter IL activity: silencing with eNpHR 
and activation with ChR2 (Supplemental Figure 9, A and C). We 
conducted consecutive tests of cued fear conditioning with the 
eNpHR mice, the ChR2 mice, and the eYFP control mice by pre-
senting a 30-second auditory tone (conditioned stimulus [CS]) 
that coterminated with a 1-second footshock for 4 trials. As train-
ing progressed, each group of mice became increasingly immobi-
lized (freezing) during the tone and exhibited similar freezing lev-
els during the conditioning phase (Supplemental Figure 9B). We 
then tested whether manipulation of IL neuronal activity affected 
fear memory retrieval on day 2. We placed the mice in a test cham-
ber that was distinct from the training chamber and delivered 
a continuous auditory tone in the absence of a footshock. Laser 

Figure 4. Monosynaptic and functional IL inputs into the LS or CeA. (A 
and D) Experimental scheme. Two methods were used: injection of ret-
robeads into the LS (A) or CeA (D) and injection of CAV-Cre virus into the 
LS (A) or CeA (D) and AAV-DIO-ChR2-Cherry virus into the IL (A and D). 
(B) Fluorescence images illustrating retrobead back-labeled LS-project-
ing IL neurons and graph indicating the total number of these neurons. 
LV, lateral ventricle. (C) Same as in B, but for mCherry expression. (E) 
Same as in B, but for CeA-projecting IL neurons. (F) Same as in E, but 
for mCherry expression. (G and K) Scheme for recording postsynaptic 
currents in the LS (G) or CeA (K) evoked by optogenetic activation of IL 
projections. (H and L) Overlay of light-triggered responses in the LS (H) 
and CeA (L). (I and M) Light-evoked postsynaptic currents were completely 
blocked by TTX and recovered by TTX plus 4AP, which were blocked by 
6-cyano-7-nitroquinoxaline-2,3-dioneis (CNQX) [I, n = 7 neurons from 2 
mice, F(3,24) = 27.01, P < 0.0001; M, n = 5 neurons from 2 mice, F(3,16) = 
26.54, P < 0.0001; 1-way ANOVA with Tukey’s multiple-comparison test]. 
(J and N) Onset latencies for the LS (J) and CeA (N). (O) Experimental 
scheme showing that CTB was injected into 2 targets of IL neurons, the 
LS and the CeA. (P) Fluorescence images illustrating CTB targeted to the 
LS (CTB488, green) and the CeA (CTB555, red). (Q) Coronal section of the 
IL labeled with CTB in green (LS) and red (CeA). (R) Number of IL neurons 
labeled with CTB. LS-projecting IL neurons, n = 519 ± 13 cells (average 
from 3 mice; 459 [green circle] + 60 [yellow overlap] = 519); CeA-project-
ing IL neurons, n = 228 ± 11 cells (average from 3 mice; 168 [red circle] +  
60 [yellow overlap] = 228). Scale bars: 100 μm (B, C, E, F, and Q) and 500 
μm (P). ***P < 0.001, by 1-way ANOVA with Tukey’s multiple-comparison 
test (I and M). Data are presented as the mean ± SEM. See Supplemental 
Table 1 for statistical details.
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of CeL-projecting cells had no effect on behavior (Figure 7J). 
These results suggested that stimulation of the IL-CeM main-
ly accounted for the behavioral effects seen following IL-CeA 
activation. CeL contains a GABAergic subpopulation marked 
by protein kinase C-δ (PKC-δ). These neurons inhibit output 
neurons in the CeM and make reciprocal inhibitory connec-
tions with PKC-δ– neurons within the CeL (37, 38). We further 
explored which kinds of neurons are recruited in IL-CeL activa-
tion. ChR2–IL-CeL mice received blue light in the IL (Supple-
mental Figure 11E). Accordingly, CeL-projecting IL activation 
induced c-Fos expression in both PKC-δ+ and PKC-δ– neurons 
at a similar ratio (Supplemental Figure 11, F and G), implying 
that the absence of effects on fear extinction following stimu-
lation of CeL-projecting cells may have been due to the simul-
taneous activation of these 2 types of neurons.

Activation of the IL-CeA circuit alleviates stress-induced anxi-
ety. Anxiolysis produced by IL-CeA circuit activation raised the 
possibility of top-down modulation of behavior elicited by patho-
logical conditions. To verify this hypothesis, we tested whether 
activation of the IL-CeA pathway could reverse stress-induced 
anxiety-like behaviors. Virus was injected into the IL cortex 
along with implantation of an optical fiber over the CeA (Sup-
plemental Figure 12). Mice were restrained for 1 hour each day 
on 3 consecutive days and then underwent behavioral tests 
(Figure 8A). Restraint stress increased the avoidance of open 
arms (Figure 8, B and C) and the center zone (Figure 8D) for the 
stressed mice compared with the naive control animals without 
affecting locomotor activity (Figure 8E). These data showed that 
exposure to restraint stress enhanced anxiety-like behaviors in 
mice. IL-CeA activation in the stress-ChR2 group compared with 
the stress-eYFP group reversed the high anxiety-like behaviors 
revealed by the EPM test (Figure 8, B and C), and a similar phe-
nomenon was observed in the OFT (Figure 8D) without affecting 
locomotor activity (Figure 8E). Together, these results suggested 
that activation of the IL-CeA pathway was sufficient to reverse 
stress-induced anxiety.

Discussion
The role of the IL and its innervated subcortical regions in regu-
lating anxiety and fear has been studied separately, but precise 
direct targets for IL projections in the top-down control of these 
moods have not been identified. Here, we define 2 top-down 
behavioral regulation pathways. We identified LS as the direct 
target of the IL that enhances fear-related freezing and anxiety 
states, whereas the IL-CeA pathway was sufficient and neces-
sary for anxiolysis.

Under physiological conditions, the mPFC exerted inhibitory 
top-down control over amygdala activity, limiting its output and 
thus preventing inappropriate emotional expression (54–57). We 
consistently uncovered such an inhibitory circuit — the IL-CeA 
projection — as inhibition of this circuit was anxiogenic, indicat-
ing that it is required for restraining anxiety in physiological situ-
ations. On the other hand, when animals are exposed to anxiety- 
provoking environments such as the EPM and OFT, mPFC neu-
rons represent anxiety-related features, and this representation 
is used by the animal to guide anxiety-related behavior (58, 59). 
In line with this, we found an anxiogenic circuit — the IL-LS pro-

retrieval session on day 4, a continuous 180-second tone elicited 
significantly higher freezing levels in the hM4DGiIL-CeA mice 
and lower levels in the hM4DGiIL-LS mice (Figure 6D) in the 
absence of CNO.

Taken together, these results provide evidence that the IL-CeA 
and IL-LS circuits are critical for controlling fear extinction but 
with opposite actions.

Activation of CeL- and CeM-projecting IL neurons differ-
entially regulates fear-related behaviors. The CeA contains the 
lateral subdivision of the central amygdala (CeL), the medial 
central amygdala (CeM), and the capsular central amygdala 
(53). Neuronal activity in the CeL is required for fear acquisi-
tion, whereas conditioned fear responses are driven by output 
neurons in the CeM (36). Functional circuit analysis revealed 
that CeM output neurons are under inhibitory control from the 
CeL (36, 37). We next explored whether specific activation of 
IL neurons projecting to distinct subdivisions of the CeA dif-
ferentially modulate anxiety and fear. We targeted CeL- and 
CeM-projecting IL neurons by injecting CAV-Cre into either 
the CeL or the CeM and directing AAV-DIO-ChR2-mCherry 
as well as optical fibers into the IL (Figure 7, A–D, and Supple-
mental Figure 11, A–D). Putative starter cells in the IL were 
labeled, as defined by neurons that expressed mCherry (Figure 
7, C and E). Activation of CeL-projecting cells increased open-
arm exploration (Figure 7F) and a higher probability of open-
arm entry in the EPM test (Figure 7G), and increased center 
exploration in the OFT (Figure 7H) during the ON epoch with-
out affecting locomotion (Figure 7I), reflecting reductions in 
anxiety-related behaviors. In addition, activation of CeM-pro-
jecting cells increased center exploration in the OFT and had 
no effects on behavior in the EPM test (Figure 7, F–I). Nota-
bly, activation of CeM-projecting cells decreased freezing 
during extinction and extinction retrieval, whereas activation 

Figure 5. IL-LS and IL-CeA inhibition shows opposite effects on anxiety- 
related behaviors. (A) Experimental paradigm for optogenetic inhibition. 
Neurons in the IL were transduced with either NpHR-eYFP or eYFP. Yellow 
light was delivered via bilateral optical fibers implanted into the LS or CeA 
after 6–7 weeks of viral incubation. (B–D) eNpHR IL-LS mice, compared 
with eYFP mice, showed increased open-arm exploration [B, Finteraction 
(4,38) = 15.69, P < 0.0001] and a higher probability of open-arm entry [C, 
Finteraction (4,38) = 17.89, P < 0.0001] in the EPM test and increased center 
exploration time [D, Finteraction (4,38) = 18.38, P < 0.0001] in the OFT during 
the illumination epoch, whereas yellow light induced opposite effects 
on the NpHR-IL-CeA mice. n = 8 eYFP mice; n = 7 eNpHR-LS mice; n = 7 
eNpHR-CeA mice. (E) total distance traveled. (F) Experimental paradigm 
for pharmacogenetic inhibition. Neurons in the IL were transduced with 
either hM4DGi-mCherry or mCherry. CNO was delivered via bilateral guide 
cannula implanted into the LS or CeA 30 minutes before the behavioral 
assays, after 6 to 7 weeks of viral incubation. (G–I) hM4DGi IL-LS mice, 
compared with mCherry mice, showed an increase in both open-arm 
exploration in the EPM test [G, F(2,25) = 36.92, P < 0.0001; H, F(2,25) = 
32.10, P < 0.0001] and center exploration in the OFT [I, F(2,25) = 80.83, 
P < 0.0001] after CNO infusion, whereas CNO induced opposite effects 
on the hM4DGi IL-CeA mice. n = 9 eYFP mice; n = 10 eNpHR-LS mice; n 
= 9 eNpHR-CeA mice. (J) Total distance traveled. *P < 0.05, **P < 0.01, 
and ***P < 0.001, by 2-way, repeated-measures ANOVA with Dunnett’s 
multiple-comparison test (B–E) and 1-way ANOVA with Dunnett’s mul-
tiple-comparison test (G–J). Data are presented as the mean ± SEM. See 
Supplemental Table 1 for statistical details.
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remains to be determined how defined populations of IL pro-
jection neurons are integrated into local circuitry and which cell 
types they contact in their long-range target structures. Notably, 
the mPFC acts as a site of convergence, integrating inputs from 
brain structures, including amygdala/hippocampal inputs that 
regulate fear and anxiety (62–64). Eventually, an integrated 
understanding of functional circuit organization on both local 
and global scales will be required to determine how complex 
behaviors emerge and how they are modified by experience, 
which would be an interesting topic for future studies.

In addition, our data showed that both IL and IL-LS activa-
tion produced anxiogenic effects that outlasted laser stimulation. 
The mechanism underlying this sustained effect on anxiety is cur-

jection — as inhibition of this circuit was anxiolytic. Thus, our 
findings reveal that there are 2 antagonized top-down control cir-
cuits in the mPFC for the modulation of anxiety states with high  
efficiency and precision.

Particular intrinsic, homeostatic, or counterbalancing ele-
ments orchestrate behavioral states in animals with highly  
diverse repertoires of internal states and adaptations to the 
environment (43, 60, 61). Our findings suggest that IL control 
of anxiety is mediated by cooperation between LS- and CeA- 
projecting cell activities. The fact that LS- and CeA-projecting 
IL neurons are intermingled in a salt-and-pepper–like manner, 
rather than being anatomically segregated, may help to identify 
local interactions important for rapid behavioral switching. It 

Figure 6. IL-LS and IL-CeA circuits modulate fear extinction in the opposite direction. (A) Scheme of mice expressing ChR2 or eYFP in the IL with optic 
fibers above the LS or CeA. (B) Effects of optogenetic activation of IL-LS (ChR2-LS) and IL-CeA (ChR2-CeA) projections on fear retrieval, extinction, and 
extinction retrieval. Blue light was delivered on day 2 and day 3. Mice showed similar fear retrieval in each group [F(2,23) = 0.04646, P = 0.9547]. ChR2-LS 
mice froze more than did eYFP control mice, while ChR2-CeA mice froze less during fear extinction [Finteraction (18,207) = 3.54, P < 0.0001] and extinction 
retrieval [F(2,23) = 17.23, P < 0.0001]. n = 10 eYFP mice; n = 8 ChrR2-LS mice; n = 8 ChR2-CeA mice. (C) Scheme of mice expressing hM4DGi or mCherry 
in the IL with a cannula above the LS or CeA. (D) Effects of pharmacogenetic inhibition of IL-LS (hM4DGi-LS [Gi-LS]) and IL-CeA (hM4DGi-CeA [Gi-CeA]) 
projections on fear retrieval, extinction, and extinction retrieval. CNO was delivered 30 minutes before fear retrieval and extinction. Mice showed similar 
degrees of fear retrieval in each group [F(2,25) = 0.4312, P = 0.6545]. hM4DGi-LS mice froze less than did mCherry control mice, whereas hM4DGi-CeA mice 
froze more during fear extinction [Finteraction (18,230) = 3.336, P < 0.0001] and extinction retrieval [F(2,25) = 25.88, P < 0.0001]. n = 9 mCherry mice; n = 10 
hM4DGi-LS mice; n = 9 mice hM4DGi-CeA mice. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA with Dunnett’s multiple-comparison test for fear 
retrieval and extinction retrieval and 2-way, repeated-measures ANOVA with Dunnett’s multiple-comparison test for fear extinction. Data are presented as 
the mean ± SEM. See Supplemental Table 1 for statistical details.
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attention should be given to specific local brain subregions with 
regard to treatment, such as deep brain stimulation.

Additionally, we show that activation of IL inputs into the 
CeA was sufficient to attenuate anxiety-like behaviors in both 
physiological conditions and stress-induced anxiety states. These 
data are consistent with reports implicating CeA involvement in 
anxiety (35, 75, 76). The observation that selective illumination 
of specific IL-CeA terminals produced behavioral responses 
opposite of those seen with nonspecific illumination of all glu-
tamatergic IL somata points to diversity in the IL population, 
in which more cells that project to the LS surpass the anxiolytic 
effects of IL-CeA projections. Alternatively, our observation sug-
gests that LS-projecting cells are probably more active than CeA- 
projecting cells. In addition to providing insight into native anxio-
genic and anxiolytic processes, these findings demonstrated that 
anxiety is continuously regulated by balanced antagonistic path-
ways between the IL-LS and IL-CeA pathways and that modulat-
ing the excitability of the IL-CeA projection may be beneficial for 
the treatment of anxiety disorders.

Optical activation of the IL neurons facilitated fear extinction 
and strengthened extinction retrieval the following day, consis-
tent with previous electrical stimulation (21, 26) and optical and 
pharmacological manipulation (27, 31) studies. In addition, we 
found that IL-CeA and IL-LS circuits were critical for controlling 
fear extinction but with opposite actions. Importantly, the func-
tion of the IL-LS and IL-CeA pathways in regulating the extinction 
of fear memory was consistent with those regulating anxiety-like 
behaviors, as mentioned above.

Our data showed that neither optogenetic activation nor 
inhibition of IL-CeA terminals had any effect on fear retrieval, 
which is inconsistent with a previous report showing that inacti-
vation of the CeA with GABAA agonists results in retrieval deficits 
(36). One explanation for this discrepancy may be that the CeA 
receives massive inputs to regulate fear retrieval other than those 
from the IL (77). The CeA contains at least 3 subnuclei (CeM, 
CeL, and the capsular central amygdala; ref. 78) and multiple neu-
ronal subtypes (53, 79). Depending on the activation of the CeA 
subdivision (CeL or CeM), as well as the specific cell population 
within the CeL (PKC-δ+, SOM+), different fear-related responses 
could be induced (36–38). Optogenetic inhibition of SOM+ CeL 
neurons, the majority of which are PKC-δ– neurons (the SOM– 
neurons are PKC-δ+), suppresses fear retrieval (38). However, we 
found that direct stimulation of CeL-projecting IL neurons had 
no effect on fear retrieval. PKC-δ+ and PKC-δ– neurons in the CeL 
mutually inhibit each other (37, 38); therefore, simultaneous acti-
vation of both kinds of neurons may counteract their effects on 
fear retrieval. In line with this, we found that optogenetic activa-
tion of CeL-projecting IL neurons induced c-Fos expression in 
both PKC-δ+ and PKC-δ– neurons at a similar ratio in the CeL, with 
no alterations in fear-related behaviors, suggesting that IL-CeL 
PKC-δ+ and IL-CeL PKC-δ– may play opposite roles. Future stud-
ies should investigate the IL inputs into CeL PKC-δ+ and PKC-δ– 
neurons and the interaction of these neurons in the control of 
fear retrieval. Notably, activation of CeM- but not CeL-projecting 
IL neurons facilitated fear extinction, mimicking the effects of 
IL-CeA terminal stimulation. Since the CeM is under tonic inhib-
itory control from the CeL (36, 37, 80), the functional relationship 

rently unknown but would also be an interesting topic for future 
studies. One possible mechanism for this phenomenon is synap-
tic plasticity, as the 20 Hz stimulation used in the present study 
has been reported to induce post-tetanic potentiation, which lasts 
for several minutes (65, 66). The LS has long been implicated in 
the control of stress responses and anxiety (67), and activation of 
LS Crfr2+ neurons promotes anxiety in a persistent manner (34). 
These results suggest that the IL-LS axis may be responsible for 
controlling persistent anxiety. It is interesting to note that 3 path-
ways have been found thus far to display persistent anxiogenesis 
(vBNST-VTA, LS-AHA, and IL-LS; refs. 34, 60). It remains to be 
seen whether persistent anxiolytic pathways exist or if persistence 
is a unique property of circuits that elevate anxiety.

The role of the septum in anxiety is complex. Inactivation 
studies indicate that different subdivisions of the septum (later-
al, medial, or anterior) have opposite effects on anxiety-related 
behavior (68–71). The LS is also cellularly heterogeneous (72). 
Optogenetic activation of Crfr2+ neurons in the LS exerts an anx-
iogenic effect (34), whereas electric stimulation of the LS and 
activation of LS cells receiving projections from the ventral hip-
pocampus are anxiolytic (73, 74), and their identification probably 
depends on the differential genetic identification of cell popu-
lations. Our data show that IL fibers have strong inputs into the 
intermediate part of the LS (LSI) and moderate inputs into the 
dorsal part (LSD), while sparing the ventral part of the LS (LSV) 
across the anterior-posterior axis. Future studies should reveal the 
role of LS subdivisions and subpopulations in mediating top-down 
control of anxiety and fear.

Importantly, we note that direct DP activation produced anxi-
olytic effects, which may have counteracted the anxiogenic effects 
of IL activation, thereby leading to the lack of effects following 
whole vmPFC activation (13). This phenomenon suggests that 

Figure 7. Activation of CeL- and CeM-projecting IL neurons differentially 
regulates fear-related behaviors. (A, B, and D) Experimental paradigm. 
Injection of CAV-Cre virus into the CeM (B) or CeL (D) and injection of 
AAV-DIO-ChR2-mCherry virus into the IL. Blue light was delivered via 
optical fibers implanted into the IL during the behavioral tests. (C) Image 
of mCherry expression in CeM-projecting IL neurons and graph showing 
the total number of CeM-projecting IL neurons. Scale bar: 200 μm. (E) 
Same as in D, but for CeL-projecting IL neurons. Scale bar: 200 μm. (F–H) 
CeM-ChR2–projecting mice showed increased open-arm exploration [F, 
Finteraction (4,38) = 15.69, P < 0.0001] and a higher probability of open-arm 
entry [G, Finteraction (4,38) = 17.89, P < 0.0001] in the EPM test, as well as 
an increase in center exploration time [H, Finteraction (4,38) = 18.38, P < 
0.0001] in the OFT during the illumination epoch, whereas blue light only 
induced an increase in center exploration time [H, Finteraction (4,38) = 18.38, 
P < 0.0001] in the OFT for CeL-ChR2–projecting mice. (I) Total distance 
traveled. (J) Effects of optogenetic activation of CeM-ChR2 and CeL-ChR2 
mice on fear retrieval, extinction, and extinction retrieval. CeM-ChR2 
mice froze less than did mCherry control mice, while CeL-ChR2 mice 
showed levels of freezing similar to those of mCherry control mice during 
fear extinction [Finteraction(2,20) = 13.51, P = 0.0002] and extinction retrieval 
[F(2,22) = 45.12, P < 0.0001]. n = 9 mCherry mice; n = 8 CeM-ChR2 mice; n 
= 8 CeL-ChR2 mice. *** P < 0.001, by 2-way, repeated-measures ANOVA 
with Dunnett’s multiple-comparison test (F–I) and 1-way ANOVA with 
Dunnett’s multiple-comparison test for fear retrieval and extinction 
retrieval and 2-way, repeated-measures ANOVA with Dunnett’s mul-
tiple-comparison test for fear extinction (J). Data are presented as the 
mean ± SEM. See Supplemental Table 1 for statistical details.

https://www.jci.org
https://doi.org/10.1172/JCI145692


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(14):e145692  https://doi.org/10.1172/JCI1456921 4

is likely that anxiety circuits are widely distrib-
uted and highly redundant. This may explain 
why there are a host of parallel circuits in the 
brain that can contribute to the modulation 
of anxiety states. In the course of providing 
insight into fear and anxiety processes, this 
study identifies IL-LS and IL-CeA projections 
that represent forces oppositional to existing 
circuits in mediating anxiety-related behav-
iors. Other circuits to explore in the charac-
terization of critical neural circuit elements 
of anxiety-related behaviors include the con-
nections of the DP, the prelimbic cortex, the  
insular cortex, and projections from neuro-
modulatory regions.

Methods
We used commercially available C57BL/6J mice 
(obtained from the Guangdong Medical Laboratory  
Animal Center, Guangdong, China).

The procedures used for virus construction 
and packaging, virus injection, optical fiber and 
guide cannula placement, retrograde labeling, 
electrophysiological recordings, light delivery, drug 
delivery, behavioral assays, histology, and imaging 
are detailed in the Supplemental Methods.

Statistics. No specific method was used to pre-
determine the ideal sample size or to randomly 
assign the animals to the experimental groups. The 
sample sizes are indicated in Supplemental Table 1 
and are similar to those reported in previous stud-
ies (13, 81). The normality of the data distribution 
was confirmed by the Shapiro-Wilk normality 
test. Statistical differences of normally distributed 

data were then determined using 2-way, repeated-measures ANOVA,  
Kruskal-Wallis ANOVA, or 1-way ANOVA followed by Bonferroni’s 
post hoc analysis, 2-sided Mann-Whitney U test, or Tukey’s multiple- 
comparison test, as indicated in Supplemental Table 1. A P value of less 

between the CeL and CeM in the control of fear extinction needs 
to be explored further.

With respect to the anxiety circuit as a whole, given the evo-
lutionarily adaptive purposes of fear and anxiety for survival, it 

Figure 8. IL-CeA projections reverse the anxiogenic 
effects of restraint stress. (A) Experimental para-
digm. Neurons in the IL were transduced with either 
ChR2 or eYFP. Blue light was delivered via optical 
fibers implanted into the CeA after 3 days of restraint 
stress. (B–E) Compared with control mice, mice that 
underwent restraint stress showed a reduction of 
both open-arm exploration in the EPM test [B, Finteraction 
(6,63) = 8.89, P < 0.0001]; [C, Finteraction (6,64) = 11.40, P < 
0.0001] and center exploration in the OFT [D, Finteraction 
(6,64) = 16.20, P < 0.0001]. IL-CeA activation reversed 
these stress-induced effects. No detectable effect was 
seen on the distance traveled by mice in each group [E, 
Finteraction (6,64) = 0.1177, P = 0.9940]. n = 9 control-eYFP 
mice; n = 9 stress-eYFP mice; n = 9 control-ChR2 mice; 
n = 8 stress-ChR2 mice. *P < 0.05, **P < 0.01, and 
***P < 0.001, by 2-way, repeated-measures ANOVA 
with Tukey’s multiple-comparison test (B–E). Data 
are presented as the mean ± SEM. See Supplemental 
Table 1 for statistical details. Con, control.
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