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Abstract

Deficiencies in the ability to extinguish fear is a hallmark of Trauma- and stressor-related 

disorders, Anxiety disorders, and certain other neuropsychiatric conditions. Hence, a greater 

understanding of the brain mechanisms involved in the inhibition of fear is of significant 

translational relevance. Previous studies in rodents have shown that glutamatergic projections from 

the infralimbic prefrontal cortex (IL) to basolateral amygdala (BLA) play a crucial instructional 

role in the formation of extinction memories, and also indicate that variation in the strength of this 

input correlates with extinction efficacy. To further examine the relationship between the 

IL→BLA pathway and extinction we expressed three different titers of the excitatory opsin, 

channelrhodopsin (ChR2), in IL neurons and photostimulated their projections in the BLA during 

partial extinction training. The behavioral effects of photoexcitation differed across the titer 

groups: the low titer had no effect, the medium titer selectively facilitated extinction memory 

formation, and the high titer produced both an acute suppression of fear and a decrease in fear 

during (light-free) extinction retrieval. We discuss various possible explanations for these titer-

specific effects, including the possibility of IL-mediated inhibition of BLA fear-encoding neurons 

under conditions of sufficiently strong photoexcitation. These findings further support the role of 

IL→BLA pathway in regulating fear and highlight the importance of methodological factors in 

optogenetic studies of neural circuits underling behavior.
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Conditioned fear and extinction have become some of the most widely studied processes in 

neuroscience. This popularity is due to the simplicity and robustness of many of the typical 

experimental procedures involved, coupled with their translational relevance to 

understanding the causes of abnormal fear and extinction in Trauma- and stressor-related 

disorders and other neuropsychiatric disease states [1–4]. The growing body of data 

produced by this research has provided major new insights into the neural substrates of fear 

and extinction [5–8]. At the circuit level, for example, studies using pharmacological 

inactivation or optogenetic photosilencing approaches have shown that the rodent 

infralimbic cortex (IL) [9–13] and its reciprocal [14] projections to the basal amygdala (BA) 

[15–19] instruct cued fear extinction memory [20, 21].

Interestingly, there is also evidence that age- and genotype-related variation in the extent of 

IL (vmPFC in humans) innervation of the BLA is positively associated with the strength of 

extinction in mice and humans [22, 23]. These correlative observations suggest that variation 

in the functional efficacy of the IL→BLA pathway may be a tractable biomarker for 

predicting individual differences in the strength of fear extinction and associated risk for 

disorders linked to impaired extinction. To further examine the relationship between 

extinction and IL→BLA circuit function in the current study, we assessed the effects of 

optogenetically photostimulating IL→BLA neurons during cued fear extinction learning. By 

transfecting these neurons with different titers of AAV encoding the excitatory opsin, ChR2, 

we sought to vary the expression of the opsin and its efficacy for driving neuronal activity, 

and then test the consequences of this variation for extinction.

Male C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) 

and housed 2 per cage (until surgery) in a temperature- and humidity-controlled vivarium 

under a 12-hour light/dark cycle (lights on 0630h, testing occurred during light on phase). 

Following surgery, mice were individually housed to prevent cage-mates damaging the 

implants. Experimental procedures were approved by the NIAAA Animal Care and Use 

Committee and followed the NIH guidelines outlined in Using Animals in Intramural 

Research and the local Animal Care and Use Committees.

To transfect the IL→BLA neurons with ChR2, mice were placed in a stereotaxic alignment 

system (Kopf Instruments, Tujunga, CA, USA) under isoflurane anesthesia. A viral vector 

containing ChR2 (rAAV5/CaMKII-hChR2(H134R)-eYFP obtained from the UNC Vector 

Core (Chapel Hill, NC, USA) or an eYFP control vector (rAAV5/CaMKIIα-eYFP, titer: 4.3 

× 1012 molecules/mL) was bilaterally infused into the IL (0.18 μL/hemisphere) over 10 

minutes using a Hamilton syringe and 33-gauge needle (with the needle left in place for an 

additional 5 minutes to ensure diffusion). The coordinates of the IL infusions were anterior/

posterior +1.80 mm, medial/lateral ±0.35 mm and dorsal/ventral −2.80 mm, relative to 

bregma. The ChR2 vector was either unaltered from the original stock received (titer: 1.1 × 

1013 molecules/mL = High titer group), diluted 1:2 (titer: 5.5 × 1012 molecules/mL = 
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Medium titer group) or diluted 1:3 (titer: 3.7 × 1012 molecules/mL = Low titer group). The 

number of mice per group was as follows: eYFP=6, high titer=5, medium=5, low=8.

To determine the levels of eYFP fluorescence associated with each virus titer as an indicator 

of transfection, mice were deeply anaesthetized with sodium pentobarbital (50–60 mg/kg) at 

the completion of behavioral testing (see procedures below) and transcardially perfused with 

PBS followed by 4% PFA. After suspension in 4% PFA overnight followed by 0.1M PB at 

4°C for 1–2 days, 50 μm thick coronal sections were cut with a Leica VT1200 S vibratome 

(Leica Biosystems, Buffalo Grove, IL, USA) and coverslipped with Vectashield HardSet 

mounting medium with DAPI (Vector Laboratories, Inc, Burlingame, CA, USA).

Images were acquired from separate brain sections containing the BLA or the IL using 

Olympus BX41 fluorescent microscope and a DP73 camera (Olympus Corporation, Center 

Valley, PA, USA). The same exposure duration settings were applied to acquire images 

across all mice in the green (eYFP) and blue (DAPI) channels. Representative images 

containing the IL were inspected for eYFP expression in the IL (Figure S1). A total of 10 

images (5 per hemisphere) from consecutive 50 μm thick coronal sections containing the 

BLA were acquired from each mouse. Two mice were excluded from the quantification due 

to an insufficient number of sections for imaging. Fluorescence intensity within the defined 

area of the BLA measured from TIFF images by using the Fiji (‘Fiji Is Just ImageJ’) open 

source image processing package [23]. The BLA and neighboring CeA were manually 

defined using DAPI labeling and reference to a mouse atlas.

For each hemisphere, the level of fluorescence in the BLA was normalized to the largely-

fluorescence devoid CeA and averaged across the 10 coronal sections. Consistent with prior 

studies that have transfected neurons with ChR2 in the IL or mPFC more broadly [11, 15, 

24–26], there was eYFP labeling in the high titer group throughout most of the anterior 

extent of the BLA and particularly the more dorsomedial portion (average fluorescence 

intensity=103.0±9.3 arbitrary units (a.u.). Comparatively, fluorescence was 10-fold lesser in 

mice transfected with the medium (8.2 ± 2.3 a.u.) and low (10.9 ± 4.2 a.u.) titer ChR2 

groups (Figure 1).

Comparison of expression across different studies must be made with caution due to 

variations in the methods used. Nevertheless, fluorescence levels in the BLA in the high and 

medium titer groups are generally similar to those previously reported in ex vivo studies 

where IL or PL-originating ChR2-transfected neurons were optically-stimulated to generate 

robust ex vivo optically-evoked excitatory and inhibitory responses in the BLA [15, 19, 24, 

25, 27]. As such, though we did not obtain direct measures of the functional efficacy of the 

virus (e.g., electrophysiological or immediate-early gene induction), we can tentatively 

conclude the expression levels in the high and medium titer groups was sufficient to drive 

increased IL→BLA transmission in response to blue light; a conclusion borne out by the 

behavioral effects evident in these groups (see below).

To assess behavioral differences between titer groups, ceramic ferrules were chronically 

implanted to bilaterally direct optic fibers at the BLA to direct light at virally transfected IL 

projections in the BLA. Ferrule affixation was performed during the same surgery as virus 
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was infused in the IL (i.e., as described above and previously [11, 28]). The coordinates for 

the BLA implants were anterior/posterior −1.40 mm, medial/lateral ±3.22 mm and dorsal/

ventral −4.70 mm relative to bregma. Optic fibers (5 mm length, cut from prefabricated 

fibers, 200 μm core, 0.39 NA, Thorlabs, Newton, NJ, USA) were dipped in the red dye 

solution (DiI, cat#468495, Sigma Aldrich, St Louis, MO, USA) to mark the location during 

histology (as described above) and secured to the skull using cyanoacetate and acrylic 

cement. The estimated location of the fiber tips is depicted in Figure S2. To minimize 

variability between groups, all surgeries were completed within 10 days and testing was 

subsequently conducted within a 10-day period. Six weeks after surgery, mice were handled 

for 2 minutes a day for 3 days and then habituated to being connected to the optical fibers 

for 30 minutes in the home-cage each day for 2 days.

Cued fear conditioning, extinction training and extinction retrieval was conducted across 3 

consecutive days as previously described [29–31] (Figure 2A). Each session began with a 3-

minute habituation period. For conditioning, there were 3 pairings (variable 60–180 second 

interpairing interval) of a 30-second, 75 dB, white noise conditioned stimulus (CS) that co-

terminated with a 2-second, 0.6 mA scrambled footshock unconditioned stimulus (US). For 

extinction training, a partial (10-trial) design was employed to produce suboptimal 

extinction and thereby enable sufficient range (avoid a floor effect) to detect of 

photostimulation-induced memory facilitation [10, 11]. There were 10 x CS-only 

presentations (5-second inter CS interval).

During each CS of extinction training, blue light shone in the BLA at 20 Hz through a 200 

μm patch cable connected to intensity division fiberoptic rotary joint (Doric Lenses Inc, 

Quebec, Canada) coupled to a 100 mW, 473 nm, laser system (Opto Engine, Midvale, UT, 

USA) interfaced with the Med Associates VideoFreeze system (Med Associates Inc, Fairfax, 

VT, USA) to deliver TTL pulses to a laser driver in synchrony with the CS. Laser power at 

the tip of the fiber was measured before each test using a power meter (PM20, Thorlabs, 

Newton, NJ, USA) and adjusted to achieve 10 mW (irradiance 0.5 mm from the fiber tip 

estimated at 4.73 mW/mm2). For extinction retrieval, there were 5 x CS-only presentations 

(5-second inter CS interval), with the optic fibers connected (but no light delivered) to 

ensure this part of the procedure was consistent with extinction training.

Regardless of titer group, freezing increased significantly from the first to the final US-

paired CS during conditioning (ANOVA effect of trial: F1,20=370.80, P<0.01; effect of 

group: F3,20=0.98, P=0.42; CS x group interaction: F3,20=3.15, P=0.05) (Figure 2B). 

During extinction training, freezing decreased across CS trial-blocks in the eYFP, low and 

medium titer groups as compared to eYFP controls, whereas the high titer group did not 

show a decrease across trial-blocks due to lesser freezing on the first trial-block (ANOVA 

effect of trial-block: F1,20=127.30, P<0.01; effect of group: F3,20=3.17, P=0.05; trial-block 

x group interaction: F3,20=4.13, P=0.02, followed by Dunnett’s post hoc tests) (Figure 2B).

On the light-free extinction retrieval test, the high and medium but not low, titer groups froze 

less than eYFP controls (ANOVA effect of group: F3,20=3.18, P=0.05, followed by post hoc 
post hoc tests). Only the medium titer group froze less on retrieval as compared to the first 

trial-block of extinction training, indicative of a facilitation of extinction memory (paired t-
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test: t(4)=3.90, P=0.02) (Figure 2B). Finally, correlations between freezing and YFP 

fluorescence across individual mice in the 3 titer groups found a significant inverse 

correlation between fluorescence and freezing during first (Pearson’s r = −0.78, P<0.001) 

(Figure 2C) and last (Pearson’s r = −0.53, P<0.05) trial-blocks of extinction training, but not 

extinction retrieval (Pearson’s r = −0.06, P>0.05).

The absence of behavioral effects in the low titer group is parsimoniously explained by a 

level of ChR2 expression that is inadequate to excite IL input above a threshold sufficient to 

alter performance. The pattern of results in the medium titer group, however, is consistent 

with the facilitation of extinction memory formation and replicates the findings of our earlier 

study in which a similar IL→BLA optogenetic photoexcitation approach was used [11]. As 

such, these results confirm prior studies demonstrating a key contribution of IL inputs to 

BLA in the instantiation of extinction memory [20, 21], presumably through the promotion 

of plastic changes in the BLA that remain to be fully elucidated.

The most striking and novel behavioral effects were seen in the high titer group. Here, 

photoexcitation of IL→BLA projections produced lesser freezing on light-free retrieval, 

similar to that observed in the medium titer group. However, there was also a marked 

decrease in freezing during the first 5-trial block of extinction training. This decrease 

represents a decrease in the retrieval/expression of the original fear memory, rather than a 

rapid promotion of extinction learning within the first 5 training trials, because further 

inspection of the data showed freezing did not decrease across these trials. The finding that 

higher BLA fluorescence intensity associated with lesser freezing on this initial trial-block 

indicates a relationship between greater excitation of IL input in BLA and a reduction in 

fear. While these findings are apparently at odds with the view that the IL and the IL→BLA 

pathway is involved in regulating fear extinction but not fear expression per se [7, 12, 15, 

24], some [10], but not other [12], recent optogenetic studies have shown that locally (within 

the IL) photoexciting IL neurons can, produce an acute suppression of fear prior to 

extinction, similar to our data in the high titer IL→BLA group.

How could strong drive of IL input to the BLA produce an acute suppression of CS-related 

fear? First, it should be noted that we did not find evidence that this reduction in freezing 

reflected increased levels of active forms of defensive behavior, such as ambulation and 

grooming (Figure S3). The YFP and high titer groups also did not differ in the magnitude of 

the flinch response to the shock during conditioning (YFP = 1.5 ± 0.1, high = 1.7 ± 0.2, on a 

manually scored 3-point flinch scale), suggesting that lesser freezing on extinction in the 

high titer group was not the result of lesser sensitive to the unconditioned stimulus.

Other technical explanations include the possibility that the high titer virus compromised IL 

neuronal function, due to toxicity, or that the greater efficiency of the higher titer meant it 

spread to other BLA-projecting prefrontal regions around the injection site which, when 

photoexcited, accounted for the acute reduction in fear. This former explanation seems 

unlikely given pre-conditioning lesioning or inactivation of the IL does not reduce fear 

expression [32, 33]. The latter explanation is also improbable, however, given that, although 

some spread into the prelimbic cortex (PL) was indeed apparent in this group (see Figure 

S1), the PL has a role in promoting not reducing fear [5–8].
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An alternative explanation is that transfection with the high titer virus may have 

encompassed IL projections beyond the boundaries of BLA, such as the intercalated cell 

masses (ITCs), and that the photoexcitation of these targets (alone or in combination with 

the BLA produced reduced fear expression. This possibility cannot currently be ruled out, 

though the degree to which the ITCs may be involved in fear expression is unclear and the 

question of whether IL directly innervates these cells is itself controversial [11, 15, 19]. In 

an another scenario, relatively strong IL→BLA photoexcitation in the high titer group could 

have caused antidromic propagation of action potentials back to the IL and a resultant 

activation of additional downstream targets of the IL that have the effect of acutely reducing 

fear [30].

Finally, when sufficiently excited, IL projections could have suppressed the activity of fear-

encoding BLA neurons to reduce fear expression, for example by generating interneuron-

mediated feed-forward inhibition. In support of this interpretation, in vivo recordings have 

found CS and freezing-related activity in a subpopulation of BLA neurons [30, 34], while ex 
vivo physiological studies demonstrate that ChR2-mediated excitation of IL projections 

recruits inhibitory responses in the BLA [15, 19, 24, 25, 27]. Nonetheless, this scheme 

remains hypothetical in the absence of more direct evidence such as that obtained from 

combining IL→BLA photoexcitation with parallel in vivo BA neuronal recordings. It is also 

important to bear in mind that if such a mechanism could be demonstrated, it would still 

remain unclear whether an equivalently high level of excitation as that produced 

optogenetically can occur under physiological conditions to account for differences in fear 

behavior.

In summary, the current data show that IL→BLA photoexcitation during extinction training 

can cause a selective facilitation of extinction memory or an acute decrease in fear 

expression (or null effects) depending the titer of ChR2 containing virus used. It is likely 

that similar differences could be produced by varying other methodological factors in this 

type of study, such as the power, duration and frequency of light stimulation [10]. More 

broadly, these findings provide further evidence for an important contribution of the 

IL→BLA pathway in regulating fear, with implications for understanding the neural circuit 

dysfunctions underlying fear-related disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: BLA expression of ChR2-YFP fluorescence from IL projections.
Representative images of YFP expression in the BLA following injection of low (A), 

medium (B) or high (C) titers of a YFP-fused ChR2-containing AAV construct into the IL. 

All 3 titer groups had optical fibers chronically implanted in BLA to shine blue light onto 

the transfected IL projections in BA. Scale bars = 50 μm.
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Figure 2: Effects of photoexcitation of the IL→BLA pathway on fear and extinction.
(A) Schematic of experimental design showing photoexcitation of the IL→BLA pathway 

during CS presentation during partial (10-trial) extinction training. (B) Relative to YFP 

controls photoexcitation of IL→BLA pathway decreased freezing on the first trial-block of 

extinction training and on subsequent (light-free) retrieval in mice expressing a high-titer 

viral construct, decreased freezing on retrieval only in medium titer expressing mice, and 

was without effect at any stage of testing in low titer expressing mice. (C) Freezing during 

first trial-block of extinction training inversely correlated with fluorescence intensity in the 
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BA. Data are means ± SEM. eYFP n=6, high titer n=5, medium n=5, low n=8. *P<0.05 

versus YFP.
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