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Graphical Abstract and Summary 17 

 18 

The basolateral amygdala (BLA) plays a vital role in associating sensory stimuli with salient 19 

valence information. Excitatory principal neurons (PNs) undergo plastic changes to encode 20 

this association; however, local BLA inhibitory interneurons (INs) gate PN plasticity via 21 

feedforward inhibition (FFI). Despite literature implicating parvalbumin expressing (PV+) INs 22 

in FFI in cortex and hippocampus, prior anatomical experiments in BLA implicate 23 

somatostatin expressing (Sst+) INs. The lateral entorhinal cortex (LEC), a brain region carrying 24 

olfactory information, projects to BLA where it drives FFI. In the present study, we asked 25 

whether LEC input mediates plasticity in BLA and explored the role of interneurons in this 26 

circuit. We combined patch clamp electrophysiology, chemogenetics, unsupervised cluster 27 

analysis, and predictive modeling and found that a previously unreported subpopulation of 28 

fast-spiking Sst+ INs mediate LECàBLA FFI and gate plasticity. Our study raises the question 29 

whether this circuit is involved in plasticity in olfactory learning. 30 

Keywords: plasticity, inhibition, olfactory, basolateral amygdala, neural circuits, somatostatin  31 
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INTRODUCTION  32 

The ability of animals to learn to associate sensory stimuli with outcomes plays an important 33 

role in their survival. Specifically, animals learn to associate environmental stimuli with 34 

particular valences (rewarding or aversive outcomes). The BLA is key in the formation of these 35 

associations (Duvarci and Paré, 2014; Janak and Tye, 2015). Following a small number of 36 

presentations of a stimulus and valence information, such as a reward or threatening foot-37 

shock, BLA excitatory PNs undergo plastic changes. For example, after a few trials BLA 38 

neurons fire selectively to novel odors that are informative about the outcome in an associative 39 

olfactory learning task (Schoenbaum et al., 1999). This plasticity is critically important as 40 

future presentations of the stimulus can then elicit robust firing in subsets of BLA PNs that 41 

output to downstream regions to guide goal-directed behavior (Beyeler et al., 2016; Janak and 42 

Tye, 2015; Quirk et al., 1995).  43 

Accumulating evidence demonstrates that this learning induced-plasticity is input-44 

specific (Kim and Cho, 2017; McKernan and Shinnick-Gallagher, 1997; Nabavi et al., 2014); 45 

however, the circuit mechanisms underlying this input specific plasticity remain unknown. 46 

Importantly, GABAergic inhibition regulates the ability of BLA PNs to undergo LTP with 47 

plasticity unable to occur in the presence of intact inhibition (Bissière et al., 2003; Krabbe et 48 

al., 2018). Further, local GABAergic INs expressing Sst exert strong control over BLA learning 49 

processes in vivo: Sst+ INs are normally inhibited for the duration of the sensory stimulus-50 

valence pairing and their activation impairs learning (Wolff et al., 2014). In acute slice 51 

preparations, FFI exerts this inhibitory control over BLA plasticity (Bazelot et al., 2015; 52 

Bissière et al., 2003; Tully et al., 2007). In cerebral cortex and hippocampus, FFI is mediated 53 

by perisomatic targeting, PV+ INs to ensure the temporal fidelity of PN action potential (AP) 54 

output (Glickfeld and Scanziani, 2006; Pouille and Scanziani, 2001; Tremblay et al., 2016). 55 
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However, in BLA, FFI plays a dual role regulating PN AP output (Lang and Paré, 1997) and 56 

gating their plasticity (Bazelot et al., 2015; Bissière et al., 2003; Tully et al., 2007). Which IN 57 

population mediates FFI to control plasticity in BLA remains unclear: perisomatic targeting 58 

PV+ INs are candidates as they mediate FFI in cerebral cortex and hippocampus (Glickfeld and 59 

Scanziani, 2006; Pouille and Scanziani, 2001; Tremblay et al., 2016), but anatomical studies 60 

suggest that Sst+ INs may play this role in the BLA (Smith et al., 2000; Unal et al., 2014). 61 

Further, the role of Sst+ INs in regulating BLA learning in vivo (Wolff et al., 2014) suggests a 62 

role in regulating BLA plasticity via FFI, and Sst+ INs target the dendrites and spines of BLA 63 

PNs (Muller et al., 2007; Wolff et al., 2014) placing them in prime position to regulate 64 

plasticity (Higley, 2014).  65 

The LEC receives extensive innervation from the olfactory bulb (Igarashi et al., 2012) 66 

and piriform cortex (Johnson et al., 2000), and neurons in this area respond to odorants 67 

(Leitner et al., 2016; Xu and Wilson, 2012). Restricted firing in LEC suggests that it may play a 68 

role in modulating odor-specific, experience- and state-dependent olfactory coding (Xu and 69 

Wilson, 2012). LEC stimulation exerts an inhibitory effect on the olfactory input from the 70 

olfactory bulb to BLA and, to a lesser extent, piriform cortex (Mouly and Di Scala, 2006). Given 71 

that BLA is involved in encoding the motivational significance of olfactory cues in associative 72 

learning (Schoenbaum et al., 1999) and that the LECàBLA synapse is plastic (Yaniv et al., 73 

2003), the LECàBLA circuit could be involved in plasticity during olfactory learning. In 74 

addition to its role in olfactory processing, the LEC plays an important role in multimodal 75 

sensory processing (Keene et al., 2016; Tsao et al., 2013) and the BLA is a major target of LEC 76 

efferents (McDonald, 1998). Finally, the LEC projects along the perforant pathway to engage 77 

the hippocampal trisynaptic circuit and receives input to its deep layers from CA1 (Neves et al., 78 

2008). In turn, it is these deep layer LEC neurons that innervate the BLA (McDonald, 1998; 79 

McDonald and Mascagni, 1997). Taken together, this raises the possibility that the LECàBLA 80 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 16, 2019. ; https://doi.org/10.1101/348524doi: bioRxiv preprint 

https://doi.org/10.1101/348524
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

circuit could be involved in plasticity during sensory-valence learning across sensory 81 

modalities or for more multimodal natural stimulus information under hippocampal influence. 82 

Here we address the circuit mechanisms underlying BLA dependent learning by studying the 83 

role of inhibitory interneurons in regulating the plasticity of the LECàBLA circuit.  84 

Due to the role of dendritic inhibition in controlling local Ca2+ dynamics (Chiu et al., 85 

2013; Higley, 2014; Miles et al., 1996; Müllner et al., 2015), the role of postsynaptic Ca2+ 86 

dynamics in BLA plasticity (Bauer et al., 2002; Humeau et al., 2005; Humeau and Lüthi, 2007; 87 

Weisskopf et al., 1999), the importance of FFI circuits in gating BLA LTP (Bazelot et al., 2015; 88 

Bissière et al., 2003; Tully et al., 2007), and the role of BLA Sst+ INs in regulating learning in 89 

vivo (Wolff et al., 2014), we hypothesized that Sst+ INs provide FFI onto local PNs to gate BLA 90 

plasticity. We tested this hypothesis by pairing patch clamp recordings in BLA with 91 

unsupervised cluster analysis, predictive modeling, and chemogenetic manipulations and 92 

found that a previously unreported subpopulation of fast spiking (FS) Sst+ INs mediate FFI and 93 

gate plasticity in the LECàBLA circuit. 94 

RESULTS 95 

LEC afferents preferentially drive disynaptic FFI in BLA 96 

To examine how LEC afferents, a major cortical source of polysynaptic inhibition to BLA (Lang 97 

and Paré, 1997), engaged BLA neuronal circuitry, we prepared acute horizontal slices of mouse 98 

brain containing both BLA and LEC and recorded synaptic responses of BLA PNs (Figure 1A). 99 

A single stimulation of LEC elicited evoked EPSCs (eEPSCs) and IPSCs (eIPSCs) in PNs (Figure 100 

1B). eEPSCs were blocked by glutamate receptor antagonists DNQX (20 µM) and D-APV (50 101 

µM) but not by the GABAA receptor antagonist gabazine (gbz; 5 µM) (Figure 1C; median 102 

[quartiles]; eEPSCcontrol = -41.17 [-34.10/-51.47] pA, eEPSCgbz = -34.18 [-24.40/-39.23] pA, 103 
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eEPSCDNQX/APV = -4.59 [-1.49/-5.35] pA, p = 6.72×10-4, Kruskal-Wallis [KW] test, pCtrl-vs-gbz = 104 

0.19, pCtrl-vs-DNQX/APV = 3.11×10-4, pgbz-vs-DNQX/APV = 5.83×10-4, post-hoc Mann-Whitney U 105 

[MWU] tests with False Discovery Rate (FDR) p-value correction (Curran-Everett, 2000), aFDR 106 

= 0.033, ncontrol = 8 mice, 4 cells, ngbz = 7, 4, nDNQX/APV = 7, 4). In contrast, eIPSCs were blocked 107 

by both gbz and DNQX/APV (Figure 1C; eIPSCcontrol = 148.82 [65.13/231.10] pA, eIPSCgbz = 108 

1.00 [-0.98/2.50] pA, eIPSCDNQX/APV = 1.08 [0.56/3.15] pA, p = 6.45×10-4, KW test, pCtrl-vs-gbz = 109 

3.11×10-4, pCtrl-vs-DNQX/APV = 3.11×10-4, pgbz-vs-DNQX/APV = 0.71, post-hoc MWU tests, ncontrol = 8, 4; 110 

ngbz = 7, 4; nDNQX/APV = 7, 4), consistent with a monosynaptic glutamatergic nature of the 111 

eEPSCs and a polysynaptic GABAergic nature of the eIPSCs. Additionally, eIPSC onset was 112 

delayed relative to eEPSC onset by ~3 ms (Figure 1D; mean ± standard error of the mean 113 

[s.e.m.]; latencyEPSC = 7.65 ± 0.51 ms, latencyIPSC = 10.72 ± 0.85 ms, p = 0.023, paired t-test, n 114 

= 8, 4) consistent with prior reports of polysynaptic inhibitory circuits in BLA (Arruda-115 

Carvalho and Clem, 2014; Hübner et al., 2014; Lucas et al., 2016).  116 

Two main archetypal circuit motifs mediate polysynaptic inhibition: feedforward and 117 

feedback inhibition (Tremblay et al., 2016). In order to distinguish these motifs, we recorded 118 

from BLA PNs in response to a stimulus train of five pulses to the LEC at 20 Hz. If eIPSCs were 119 

the result of FFI alone, we would expect to see little to no AP activity in BLA PNs in response to 120 

stimulation. However, if the eIPSCs were a result of combined feedforward and feedback 121 

inhibition, we would expect to see the PNs fire in response to LEC stimulation. Recording from 122 

BLA PNs in current clamp (-60 mV), we found they rarely fired in response to stimulation 123 

(Figure 1E,F; 0.00 [0.00/0.07] APs/stimulus). These data suggest LEC stimulation 124 

preferentially drives FFI in BLA PNs.  125 

To determine whether our experimental setup recapitulates LEC suppression of BLA 126 

PNs, as found in vivo (Lang and Paré, 1997), we tested the effect of gbz on the firing of BLA 127 
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PNs in response to LEC stimulation (Figure 1E-G). However, GABAA receptor antagonism 128 

might increase the firing of BLA PNs by depolarizing the PNs via a blockade of spontaneous or 129 

tonic inhibition. To control for this possibility, we maintained the membrane voltage (Vm) of 130 

the PNs at -60 mV throughout these experiments (Figure 1G; Vm-control = -60.07 [-60.55/-59.79] 131 

mV, Vm-gbz = -60.91 [-61.68/-59.34] mV, p = 0.38, Wilcoxon signed rank [WSR] test, n = 8, 3). 132 

gbz mediated blockade of FFI led to a significant increase in PN firing in response to LEC 133 

stimulation (Figure 1E, F; APs/stimuluscontrol = 0.00 [0.00/0.07], APs/stimulusgbz = 0.26 134 

[0.03/0.64], p = 0.031, WSR test, n = 8, 3).  135 

In addition to regulating PN firing (Lang and Paré, 1997), a major role of BLA FFI is to 136 

gate the induction of LTP (Bazelot et al., 2015; Bissière et al., 2003; Tully et al., 2007). To test 137 

this hypothesis, we modified a Hebbian-pairing LTP protocol used previously to study 138 

plasticity at synapses between cortical afferents and PNs of the lateral amygdala (Humeau et 139 

al., 2005). This protocol pairs EPSPs with postsynaptic APs. Each AP is followed by brief, 140 

sustained postsynaptic depolarization (25 ms) that induces backpropagating Ca2+ spikes 141 

(Humeau and Lüthi, 2007) and is necessary for LTP to occur (Humeau et al., 2005). For our 142 

initial experiments, we wanted to validate that this pairing protocol would induce LTP at the 143 

LECàBLA synapse. To do this, we stimulated LEC and recorded eEPSCs in BLA PNs in the 144 

presence of 5 µM gbz to block GABAA receptors. Unexpectedly, pairing presynaptic and 145 

postsynaptic activity in the presence of gbz induced a bidirectional plasticity (see STAR 146 

Methods for how direction and significance of plasticity was determined). In 7 of 8 PNs, 147 

pairing induced a long-term change in eEPSC amplitude (Figure 1I; LTP: 142.30 ± 7.33 % 148 

baseline eEPSC amplitude, n = 5, 5; LTD: 72.21 % (LTD-PN 1) and 56.71 % (LTD-PN 2), n = 2, 149 

2). Consistent with a role in FFI in gating this plasticity, control experiments conducted in the 150 

presence of intact GABAergic inhibition showed significantly decreased plasticity at the 151 
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BLAàLEC synapse (Figure 1H, J; No plasticity PNs: 83.54 ± 8.65%; n = 3, 3; Proportion 152 

plastic: control = 0.25, gbz = 0.88; p = 0.030, C2 test, ncontrol = 4, 3, ngbz = 8, 7). These findings 153 

confirm that the horizontal slice preparation contained a functionally complete LECàBLA 154 

circuit supporting its use for the study of FFI.   155 

Cell type specificity of the LECàBLA circuit 156 

We performed minimal stimulation experiments in the LECàBLA circuit using whole cell 157 

patch clamp electrophysiology to examine putative unitary synaptic events between neurons 158 

(Gabernet et al., 2005; Kumar and Huguenard, 2001). Briefly, stimulation intensity was tuned 159 

to a threshold intensity where LEC stimulation elicits eEPSCs in BLA neurons with a ~50% 160 

success rate and an all-or-none amplitude (Figure S1); at lower stimulation intensities eEPSCs 161 

do not occur. As these eEPSCs likely represent the response of the neuron to the activation of a 162 

single LEC neuron, this method provides a reliable measure of the unitary EPSC (uEPSC) 163 

between the stimulated and recorded neurons (Gabernet et al., 2005; Kumar and Huguenard, 164 

2001). To identify dendritic-targeting Sst+ and perisomatic-targeting PV+ INs in acute brain 165 

slices, we generated Sst-tdTomato and PV-tdTomato mouse lines by crossing Sst-ires-Cre and 166 

PV-ires-Cre mice to Ai9 tdTomato reporter line. Sst-tdTomato mice showed reliable labeling of 167 

Sst+ cells and low overlap with PV+ cells and PV-tdTomato mice showed reliable labeling of PV+ 168 

cells and low overlap with Sst+ cells (Figure S2). When minimally stimulating LEC we found 169 

that, whereas only a subset of BLA PNs (12/24 cells) and Sst+ INs (16/35 cells) responded with 170 

EPSCs, nearly every PV+ IN (15/16 cells) responded to the stimulation with an eEPSC (Figure 171 

2A). DNQX and D-APV abolished eEPSCs in all cell types, confirming the glutamatergic nature 172 

of the response (Figure S1). 173 
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Next, we compared putative uEPSCs across cell types (Figure 2B-D). We found that the 174 

uEPSC amplitude was larger in Sst+ and PV+ INs compared to PNs (Figure 2E; Sst+ = -44.81 [-175 

34.39/-55.80] pA, PV+ = -43.03 [-39.02/-58.51] pA, PN = -18.90 [-15.57/-26.22] pA, p = 5.55 × 176 

10-4, KW test, pSst-vs-PV = 0.95, pSst-vs-PN = 6.45 × 10-4, pPV-vs-PN = 8.30 × 10-4, post-hoc MWU 177 

tests, aFDR = 0.033, nSst = 16, 8, nPV = 15, 5, nPN = 12, 8). Additionally, we found the uEPSC 178 

kinetics were faster in the INs compared to PNs (Figure 2F; 20%-80% risetime: Sst+ = 0.42 179 

[0.36/0.52] ms, PV+ = 0.51 [0.41/0.65] ms, PN = 1.56 [1.04/2.03] ms, p = 1.66 × 10-5, KW test, 180 

pSst-vs-PV = 0.29, pSst-vs-PN = 2.16 × 10-5, pPV-vs-PN = 1.56 × 10-4, post-hoc MWU tests, aFDR = 181 

0.033; tDecay: Sst+ = 2.38 [1.67/3.80] ms, PV+ = 1.95 [1.57/3.23] ms, PN = 8.68 [6.30/10.70] 182 

ms, p = 2.18 × 10-5, KW test, pSst-vs-PV = 0.40, pSst-vs-PN = 3.21 × 10-4, pPV-vs-PN = 1.26 × 10-5, post-183 

hoc MWU tests, aFDR = 0.033, nSst = 16, 8, nPV = 15, 5, nPN = 12, 8). Finally, we found no 184 

differences between cell types in uEPSC latency or jitter (Figure 2G; latency: Sst+ = 8.66 ± 0.56 185 

ms, PV+ = 7.72 ± 0.45 ms, PN = 8.67 ± 0.48 ms, p = 0.32, one-way ANOVA; jitter: Sst+ = 1.14 ± 186 

0.17 ms, PV+ = 1.35 ± 0.17 ms, PN = 1.40 ± 0.26 ms, p = 0.60, one-way ANOVA, nSst = 16, 8, nPV 187 

= 15, 5, nPN = 12, 8). Together with our data demonstrating that BLA PNs rarely fire in response 188 

to LEC stimulation (Figure 1E, F), the statistically indistinguishable low jitters are consistent 189 

with a monosynaptic connection between LEC projection neurons and BLA Sst+ INs, PV+ INs, 190 

and PNs (Doyle and Andresen, 2001).  191 

Since minimal stimulation likely reports the response of a BLA neuron to a single 192 

upstream LEC neuron (Gabernet et al., 2005; Kumar and Huguenard, 2001), we can use 193 

threshold stimulation intensity as an indirect measure of convergence of LEC projection 194 

neurons onto different BLA cell types. If threshold stimulation is lower for one BLA neuronal 195 

population compared to the others, it would follow that convergence of LEC inputs onto that 196 

cell type is likely greater relative to the other populations as it requires the activation of fewer 197 
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LEC neurons. We found that threshold intensity was lower for the Sst+ INs compared to other 198 

cell types (Figure 2H; Sst+ = 17.40 [5.01/64.00] µA×ms, PV+ = 114.00 [30.00/160.00] µA×ms, 199 

PN = 273.00 [89.00/544.00] µA×ms, p = 3.33 × 10-4, KW test, pSst-vs-PV = 0.0047, pSst-vs-PN = 200 

3.83 × 10-4, pPV-vs-PN = 0.092, post-hoc MWU tests, aFDR = 0.033, nSst = 16, 8, nPV = 15, 5, nPN 201 

= 12, 8). 202 

Taken together, these data demonstrate that LEC stimulation leads to large and fast 203 

unitary currents in BLA Sst+ and PV+ INs and small and slow unitary currents in BLA PNs. 204 

Finally, although Sst+ and PV+ INs display equivalent uEPSCs, the finding that Sst+ INs have a 205 

lower threshold stimulation intensity compared to PV+ INs and PNs suggest that LEC afferents 206 

may have a greater functional convergence onto BLA Sst+ compared to PV+ INs. 207 

A fast spiking phenotype distinguishes BLA Sst+ INs targeted by LEC afferents. 208 

Though little is known about BLA Sst+ INs, they appear to have diverse electrophysiological 209 

properties ex vivo (Krabbe et al., 2018; Sosulina et al., 2010) and responses to stimuli in vivo 210 

(Krabbe et al., 2018; Wolff et al., 2014), suggesting Sst may be expressed by a broad range of 211 

GABAergic IN subtypes, similar to cerebral cortex (Tremblay et al., 2016). Only a subset of Sst+ 212 

INs responded to cortical stimulation raising the question whether these cells represented a 213 

distinct cell type. To address this hypothesis, we ran an unsupervised cluster analysis using 214 

Ward’s method (Ward, 1963) based on 15 membrane properties from 105 Sst+ INs. Applying 215 

Thorndike’s procedure (Thorndike, 1953) suggested two distinct clusters (Groups I and II). A 216 

large majority of Sst+ INs that responded to cortical stimulation clustered into Group I (14/16 217 

cells) whereas a large majority of non-responsive Sst+ INs clustered into Group II (17/19 cells) 218 

(Figure 3A). To better understand what membrane properties best distinguished Group I and 219 

II Sst+ INs, we used decision tree analysis (Breiman et al., 1984; Therneau and Atkinson, n.d.) 220 
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which returned maximum firing rate, hyperpolarization induced sag, and AHP latency as the 221 

most salient parameters for cluster separation (Figure S3). To reduce potential model 222 

overfitting with the decision tree analysis, we used an additional predictive modeling 223 

technique, the random forest method (Liaw and Wiener, 2002). Like decision tree analysis, the 224 

random forest method returned maximum firing rate and hyperpolarization induced sag in 225 

addition to AP halfwidth as the most salient parameters for defining BLA Sst+ INs (Figure 3B, 226 

C).  227 

 Having observed two subpopulations of Sst+ INs, we compared membrane properties 228 

across Group I and II Sst+ INs and PV+ INs (Figure 3D-G, Table S1). These data show that 229 

Group I Sst+ and PV+ INs differed from Group II Sst+ INs in a subset of membrane properties 230 

such as maximum firing rate and hyperpolarization induced sag. Further, all three IN subtypes 231 

differed in AP halfwidth with PV+ INs firing the fastest APs and Group I Sst+ INs firing faster 232 

APs than Group II Sst+ INs (see Table S1 for detailed statistics on membrane properties). The 233 

membrane properties of Group I Sst+ and PV+ INs are consistent with a FS phenotype typically 234 

seen in cortical, hippocampal, and BLA PV+ INs that is characterized by the ability to fire high 235 

frequency trains of brief APs (Tremblay et al., 2016; Woodruff and Sah, 2007a; however, see 236 

[Large et al., 2016; Ma et al., 2006; Nigro et al., 2018] for examples of FS Sst+ INs in cerebral 237 

cortex).  238 

In order to compare the morphology of the IN populations, we included biocytin in the 239 

patch pipette in a subset of recordings to allow for post hoc visualization of the different IN 240 

subtypes. Using these biocytin-filled neurons, we created reconstructions of the somatic and 241 

dendritic morphology of the INs (Figure 3H; see Figure S4 for Group II Sst+ IN data which 242 

were not included in formal analyses due to low number of recovered morphologies [nSstII = 3, 243 

2]). When we compared the somatic and dendritic morphology of PV+ and Group I Sst+ INs, we 244 
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found no significant differences in any measurement (Figure 3I-K; soma perimeter: PV+ = 245 

91.42 ± 6.43 µm, Group I Sst+ = 79.96 ± 6.95 µm, p = 0.26, unpaired t-test; soma area: PV+ = 246 

463.87 [426.50/615.37] µm2, Group I Sst+ = 320.68 [287.76/663.36] µm2, p = 0.28, MWU test; 247 

dendrite branchpoints: PV+ = 21.67 ± 4.05, Group I Sst+ = 26.00 ± 3.11, p = 0.40, unpaired t-248 

test; dendrite endpoints: PV+ = 26.17 ± 4.18, Group I Sst+ = 32.13 ± 3.53, p = 0.30, unpaired t-249 

test; dendrite length: PV+ =3,911.09 ± 797.02 µm, Group I Sst+ = 3,952.67 ± 598.47 µm, p = 250 

0.97, unpaired t-test; dendrite surface area: PV+ = 1.75 × 10% [1.06 × 10%/1.97 × 10%] µm2, 251 

Group I Sst+ = 1.56 × 10% [1.29 × 10%/2.99 × 10%] µm2, p = 0.95, MWU test; nPV = 6, 4, nSstI = 252 

8, 6). 253 

Taken together, the membrane properties of BLA Sst+ and PV+ INs reveal two distinct 254 

subpopulations of Sst+ INs that are readily distinguished at the biophysical level by their FS 255 

phenotype and at the functional circuit level by synaptic responses to cortical stimulation. 256 

However, the IN subtypes do not appear to have any readily observable differences in their 257 

somatic and dendritic morphology. For clarity, we refer to the Group I and II Sst+ INs as FS 258 

and non-fast spiking (nFS) Sst+ INs, respectively. 259 

Probing the LECàBLA circuitry suggests distinct functional 260 

feedforward/feedback roles for IN subtypes  261 

BLA Sst+ INs have lower threshold stimulation intensity compared to PV+ INs and PNs (Figure 262 

2H). Since these data suggest a higher rate of convergence of LEC afferents onto Sst+ compared 263 

to PV+ INs, we wanted to test the hypothesis that LEC input to BLA may preferentially recruit 264 

Sst+ over PV+ INs. To do this, we recorded from BLA Sst+ and PV+ INs in current clamp at rest 265 

and stimulated LEC with five pulses at 20 Hz. The stimulation intensity was set to the 266 

empirically derived threshold stimulation for BLA PNs (defined as the median PN threshold 267 
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stimulation; 273 µA×ms; Figure 2H) allowing us to determine how BLA INs respond when 268 

LEC activity is sufficient to ensure that PNs receive input. We found that stimulation led to 269 

robust spiking in BLA Sst+ INs whereas PV+ INs rarely fired (Figure 4A, B; APs/stimulus: Sst+ 270 

= 0.93 [0.78/1.01], PV+ = 0.00 [0.00/0.003], p = 0.016, MWU test, nSst = 8, 3, nPV = 9, 3).  271 

To probe the underlying mechanisms of the preferential spiking of Sst+ INs, we used two 272 

additional measures: resting Vm (Vrest) and subthreshold EPSP (stEPSP) amplitude. We found 273 

that Vrest was more depolarized in Sst+ compared to PV+ INs (Figure 4C; Vrest: Sst+ = -59.24 ± 274 

2.01 mV, PV+ = -72.76 ± 5.14 mV, p = 0.034, unpaired t-test, nSst = 8, 3, nPV = 9, 3). Because 275 

individual INs displayed variability in the number of APs/stimulus, each IN would have a 276 

different number of stEPSPs. Therefore, we compared both the distribution of all stEPSP 277 

amplitudes and the mean cellular stEPSP amplitudes across Sst+ and PV+ INs. Regardless of 278 

the analysis method, we found that evoked stEPSPs were larger in Sst+ compared to PV+ INs 279 

(Figure 4D; all stEPSP events: p = 2.19 × 10-21, Kolmogorov-Smirnov [KS] test, nSst = 161 280 

events, nPV = 779 events; cellular stEPSP: Sst+ = 7.01 [5.19/8.46] mV, PV+ = 1.95 [1.41/2.87] 281 

mV, p = 0.030, MWU test, nSst = 5, 3, nPV = 8, 3). Thus, the data show that two distinct 282 

mechanisms underlie the recruitment of BLA Sst+ INs by LEC afferents: Sst+ INs are more 283 

depolarized at rest compared to PV+ INs, and, despite the concomitant decrease in the driving 284 

force through glutamate receptors, the magnitude of evoked stEPSPs was greater in Sst+ 285 

compared to PV+ INs. Finally, when we classified the Sst+ INs from this experiment (Figure 286 

3A), we found that all but one (7/8 cells) were FS Sst+ INs, consistent with our finding that LEC 287 

afferents appear to selectively target FS cells among the Sst+ INs. 288 

Taken together with the data in Figures 2 and 3, these data show that LEC stimulation 289 

leads to synaptic responses in BLA FS Sst+ INs, PV+ INs, and PNs but not in nFS Sst+ INs. 290 

Although FS Sst+ and PV INs have equivalent unitary events following LEC stimulation, the 291 
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responses of these cell types to LEC input diverge in important ways. Specifically, FS Sst+ INs 292 

have a lower threshold stimulation intensity compared to PV+ INs, and FS Sst+ INs have 293 

greater stEPSP amplitudes and are more likely to fire in response to PN threshold stimulation 294 

of LEC compared to PV+ INs. These findings suggest that LEC afferents to BLA have a greater 295 

functional convergence onto FS Sst+ INs compared to PV+ INs and raise the question whether 296 

they are involved in BLA FFI.  297 

In neocortical circuits, PV+ INs mediate FFI whereas Sst+ typically mediate feedback 298 

inhibition (Tremblay et al., 2016); nevertheless, our data point to a role for Sst+ INs in BLA 299 

FFI, consistent with prior hypotheses that BLA Sst+ INs mediate FFI and PV+ INs mediate 300 

feedback inhibition (Duvarci and Paré, 2014). Thus, we wanted to test for responses of Sst+ and 301 

PV+ INs to local BLA PNs to probe for potential roles in feedback inhibition (Figure 4F). To do 302 

this, we recorded PN-IN pairs in BLA, drove AP firing in PNs and compared uEPSC responses 303 

to the AP across IN subtypes (Figure 4G). We found responses in all IN subtypes (8/10 FS Sst+, 304 

5/5 nFS Sst+, 8/12 PV+ INs with uEPSCs in response to PN APs) and found that BLA PV+ INs 305 

responded to PNs with larger amplitude uEPSCs compared to either FS or nFS Sst+ INs (Figure 306 

4H; nFS Sst+ = -29.30 [-24.15/-34.16] pA, FS Sst+ = -31.13 [-21.34/-43.43] pA, PV+ = -57.16 [-307 

46.38/-120.23] pA, p = 0.025, KW test, pnFS-Sst-vs-FS-Sst = 0.72, pnFS-Sst-vs-PV = 0.019, pFS-Sst-vs-PV = 308 

0.028, post-hoc MWU tests, aFDR = 0.033, nnFS-Sst = 5, 5, nFS-Sst = 8, 6, nPV = 8, 8). Further, we 309 

found no difference in the latency or jitter of the uEPSCs across cell types (Figure 4I; latency: 310 

nFS Sst+ = 1.28 ±	0.18 ms, FS Sst+ = 1.10 ± 0.092 ms, PV+ = 1.29 ±	0.22 ms, p = 0.65, one-way 311 

ANOVA; jitter: nFS Sst+ = 0.31 [0.17/0.69] ms, FS Sst+ = 0.31 [0.17/0.68] ms, PV+ = 0.26 312 

[0.21/0.81] ms, p = 0.97, KW test, nnFS-Sst = 5, 5, nFS-Sst = 8, 6, nPV = 8, 8). These data are 313 

consistent with a larger role for PV+ INs in BLA feedback inhibition relative to Sst+ INs. 314 
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Finally, we wanted to look at the level of spontaneous excitation onto the different IN 315 

subtypes as different levels of spontaneous glutamatergic activity could lead to different levels 316 

of basal excitability for the INs in the LECàBLA circuit (Figure 4J, K). We recorded 317 

spontaneous EPSCs (sEPSCs) across BLA IN subtypes. We found that PV+ INs had larger 318 

amplitude sEPSCs than either Sst+ IN subtype and that PV+ and FS Sst+ INs had more frequent 319 

sEPSCs than nFS Sst+ Ins (Figure 4L; amplitude: nFS Sst+ = 12.43 ± 3.12 pA, FS Sst+ = 21.97 ± 320 

1.61 pA, PV+ = 21.24 ± 1.88 pA, p = 0.022, one-way ANOVA, pnFS-Sst-vs-FS-Sst = 0.021, pnFS-Sst-vs-PV 321 

= 0.041, pFS-Sst-vs-PV = 0.95; frequency: nFS Sst+ = 13.10 ± 2.43 Hz, FS Sst+ = 24.21 ± 2.00 Hz, 322 

PV+ = 27.99 ± 3.29 Hz, p = 0.022, one-way ANOVA, pnFS-Sst-vs-FS-Sst = 0.061, pnFS-Sst-vs-PV = 323 

0.012, pFS-Sst-vs-PV = 0.54, nnFS-Sst = 5, 5, nFS-Sst = 15, 8, nPV = 12, 5). Additionally, sEPSCs in nFS 324 

Sst+ INs had slower decay kinetics compared to the other BLA IN subtypes (Figure 4M; 20%-325 

80% risetime: nFS Sst+ = 0.40 [0.38/0.40] ms, FS Sst+ = 0.40 [0.40/0.40] ms, PV+ = 0.40 326 

[0.35/0.40] ms, p = 0.75, KW test; tDecay: nFS Sst+ = 2.73 [2.08/3.30] ms, FS Sst+ = 1.75 327 

[1.39/2.06] ms, PV+ = 1.51 [1.27/1.69] ms, p = 0.0033, KW test, pnFS-Sst-vs-FS-Sst = 0.023, pnFS-Sst-328 

vs-PV = 3.23 × 10-4, pFS-Sst-vs-PV = 0.083, post-hoc MWU tests, aFDR = 0.033, nnFS-Sst = 5, 5, nFS-Sst 329 

= 15, 8, nPV = 12, 5). These data suggest that although FS Sst+ and PV+ INs may have divergent 330 

functional roles with regards to feedforward and feedback inhibition, they both receive greater 331 

levels of spontaneous excitatory input compared to nFS Sst+ INs. 332 

Sst+ INs mediate LECàBLA FFI 333 

To test whether Sst+ or PV+ INs provide cortically evoked FFI onto BLA PNs, we generated Sst-334 

hM4Di and PV-hM4Di mice by crossing the Sst-ires-Cre or PV-ires-Cre mice to the ROSA-335 

hM4Di-mCitrine mice. These mice selectively express hM4Di in Sst+ (Sst-hM4Di) or PV+ (PV-336 

hM4Di) INs. hM4Di is an inhibitory chemogenetic receptor that, when bound to its ligand 337 

clozapine-N-oxide (CNO), activates the Gi/o signaling cascade to hyperpolarize and block 338 
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neurotransmitter release from neurons (Armbruster et al., 2007; Stachniak et al., 2014). To 339 

validate the efficacy of the Sst-hM4Di and PV-hM4Di mouse lines, we patched onto BLA 340 

mCitrine+ neurons and recorded Vm in current clamp (Ihold = 0 pA). Application of 10 µM CNO 341 

reduced Vm of mCitrine+ neurons in both lines (Figure 5A; DVm-Sst = -7.18 ± 2.21 mV, DVm-PV = -342 

9.43 ± 3.16 mV, pSst = 0.017, pPV = 0.031, one-sample t-test, nSst = 7, 4, nPV = 6, 3). Thus, we 343 

used the Sst-hM4Di and PV-hM4Di mice to selectively hyperpolarize Sst+ and PV+ INs. 344 

 To assess the role of Sst+ and PV INs in BLA FFI, we stimulated LEC and recorded 345 

eEPSCs and eIPSCs in BLA PNs using Sst-hM4Di and PV-hM4Di mice before and after bath 346 

application of CNO (10 µM). To determine the effect of IN inactivation on FFI we quantified 347 

two measures: eIPSC amplitude and inhibition-excitation balance (I/E balance). We defined 348 

I/E balance as the eIPSC amplitude for each cell normalized to its eEPSC amplitude. We 349 

examined this measure in addition to eIPSC amplitude to control for potential differences 350 

across cells with regards to the number of excitatory inputs to BLA activated by LEC 351 

stimulation. Consistent with the disynaptic nature of LEC-driven FFI in BLA (Figure 1), LEC 352 

stimulation elicited an eIPSC that was significantly delayed relative to the eEPSC in BLA PNs 353 

in both Sst-hM4Di and PV-hM4Di mice in control conditions and in the presence of CNO 354 

(Figure 5B; Sst-hM4Di: latencySst-EPSC-Ctrl = 7.01 ± 0.26 ms, latencySst-IPSC-Ctrl = 8.57 ± 0.38 ms, 355 

latencySst-EPSC-CNO = 6.77 ± 0.26 ms, latencySst-IPSC-CNO = 8.57 ± 0.31 ms, pSst-Ctrl = 0.0018, pSst-356 

CNO = 8.80 × 10-4, paired t-tests, nSst = 13, 6; PV-hM4Di: latencyPV-EPSC-Ctrl = 7.28 [5.89/7.41] 357 

ms, latencyPV-IPSC-Ctrl = 9.52 [7.40/10.30] ms, latencyPV-EPSC-CNO = 6.87 ± 0.27 ms, latencyPV-IPSC, 358 

CNO = 9.32 ± 0.66 ms, pPV-Ctrl = 2.44 × 10-4, WSR test, pPV-CNO = 0.0042, paired t-test, nPV = 13, 359 

7). Importantly, these data indicate that hM4Di expression or CNO application does not alter 360 

the ability of LEC stimulation to drive FFI. When we perfused CNO to inactivate the different 361 

IN subtypes, CNO reduced eIPSC amplitude and I/E balance in PNs from Sst-hM4Di mice by 362 
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30.2% and 40.2% respectively but had no effect on either measure in PNs from PV-hM4Di 363 

mice (Figure 5C, D; Sst-hM4Di: IPSCSst-Ctrl = 223.27 [131.10/439.99] pA, eIPSCSst-CNO = 155.87 364 

[108.44/388.54] pA, I/E balanceSst-Ctrl = 3.26 [1.85/4.88], I/E balanceSst-CNO = 1.95 [1.36/2.58], 365 

pSst-IPSC = 0.040, pSst-IE = 0.013, WSR tests, nSst = 13, 6; PV-hM4Di: IPSCPV-Ctrl = 238.06 ± 366 

45.08 pA, eIPSCPV-CNO = 201.87 ± 28.20 pA, I/E balancePV-Ctrl = 3.53 ±  0.65, I/E balancePV-CNO 367 

= 3.63 ± 0.67, pPV-IPSC = 0.35, pPV-IE = 0.85, paired t-tests, n = 13, 7). Finally, demonstrating the 368 

effects of Sst+ and PV+ IN inactivation were specific to FFI, bath application of CNO had no 369 

effect on eEPSCs in either mouse line (Figure S5). 370 

To control for off-target effects of CNO (Gomez et al., 2017), we repeated the 371 

experiments in wildtype (WT) littermates of Sst-hM4Di and PV-hM4Di mice. In WT 372 

littermates, LEC stimulation elicited the delayed EPSC-IPSC pairing consistent with FFI 373 

(Figure 5b; latencyEPSC-Ctrl: 6.63 [6.41/7.17] ms, latencyIPSC-Ctrl: 9.27 [7.39/10.14] ms, 374 

latencyEPSC-CNO: 6.75 ± 0.30 ms, latencyIPSC-CNO: 8.50 ± 0.42 ms, pCtrl = 0.0024, WSR test, pCNO 375 

= 0.0012, paired t-test, n= 12, 6), and CNO application had no effect on LEC-driven excitation 376 

or FFI in BLA (Figure 5e; Figure S5; IPSCCtrl = 172.29 [135.00/313.01] pA, IPSCCNO = 189.68 377 

[91.11/550.64] pA, I/E balanceCtrl = 1.64 [0.83/7.30], I/E balanceCNO = 2.34 [1.31/5.13], pIPSC = 378 

0.73, pIE = 0.68, WSR tests, n = 12, 6). Taken together with our data demonstrating that LEC 379 

afferents selectively synapse onto FS Sst+ INs among the Sst+ IN subtypes (Figures 2-3), these 380 

data show that FS Sst+, but not PV+ or nFS Sst+, INs mediate LEC-driven FFI in BLA. 381 

Sst+ INs control BLA plasticity  382 

Because FS Sst+ INs mediate LEC evoked FFI (Figure 5), we hypothesized that Sst+, but not 383 

PV+, INs would gate plasticity at the LECàBLA synapse. To test this hypothesis, we used the 384 

Hebbian-like pairing protocol that we showed in Figure 1 induces a bidirectional plasticity in 385 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 16, 2019. ; https://doi.org/10.1101/348524doi: bioRxiv preprint 

https://doi.org/10.1101/348524
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

BLA PNs in a manner gated by local GABAergic inhibition. We reasoned that if we inactivate 386 

the IN subtype that gates plasticity, the number of PNs responding to the pairing protocol with 387 

long-term plastic changes should increase. We conducted plasticity experiments with the Sst-388 

hM4Di and PV-hM4Di mice and included 10 µM CNO in the bath to selectively inactivate 389 

either cell type. Inactivating Sst+ INs while stimulating PNs with the pairing protocol induced 390 

bidirectional plasticity in 6 of 7 neurons (Figure 6A; LTP: 141.79 ± 7.33 %, n = 3, 3; LTD: 66.28 391 

± 11.24 %, n = 3, 3). However, when we ran PNs through the pairing protocol while 392 

inactivating PV+ INs, the majority of PNs did not undergo plastic changes. Specifically, in 5 of 7 393 

PNs there was no effect on eEPSC amplitude (Figure 6B; No plasticity PNs: 99.23 ± 4.20 %, n 394 

= 5, 4). Finally, we compared the proportion of PNs undergoing long-term plastic changes 395 

across conditions and found that a significantly greater proportion of neurons underwent 396 

plastic changes when we selectively inactivated Sst+ INs compared to PV+ INs (Figure 6C; 397 

Proportion plastic: Sst-hM4Di + CNO = 0.86, PV-hM4Di + CNO = 0.29; p = 0.031, C2 test, nSst 398 

= 7, 6, nPV = 7, 6). Thus, we found that Sst+, but not PV+, INs gate plasticity at the LECàBLA 399 

synapse.  400 

DISCUSSION 401 

Our data show that a previously unreported subpopulation of fast spiking Sst+ INs 402 

mediates LEC-driven FFI to gate plasticity in BLA (Figure 7). Although LEC afferents synapse 403 

onto both PV+ and FS Sst+ INs (Figures 2, 3), only FS Sst+ INs fired in response to LEC activity 404 

(Figure 4). Inactivation of Sst+, but not PV+, INs led to a reduction in FFI (Figure 5) and to an 405 

increase in plastic changes at LECàBLA synapses that mirrored those seen during a complete 406 

GABAA receptor blockade (Figures 1, 6). Our findings are consistent with prior experiments in 407 

BLA indicating that FFI gates plasticity onto PNs (Bazelot et al., 2015; Bissière et al., 2003; 408 

Tully et al., 2007) and that Sst+ INs form the anatomical circuit underlying FFI (Duvarci and 409 
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Paré, 2014; Smith et al., 2000; Unal et al., 2014).  In summary, these data illuminate a circuit 410 

mechanism for the feedforward inhibitory control mediated by entorhinal afferents onto BLA 411 

PNs (Lang and Paré, 1997), which suggests that this circuit is likely involved in olfactory and 412 

other forms of sensory-valence learning (Keene et al., 2016; Kitamura et al., 2017; McDonald, 413 

1998; Mouly and Di Scala, 2006; Schoenbaum et al., 1999; Tsao et al., 2013; Xu and Wilson, 414 

2012). 415 

 BLA Sst+ INs are a heterogenous population of dendritic targeting INs with diverse 416 

firing properties (Krabbe et al., 2018; Muller et al., 2007; Sosulina et al., 2010; Wolff et al., 417 

2014). This is similar to what is observed in cerebral cortex (Tremblay et al., 2016). 418 

Accordingly, our cluster analysis and predictive modeling techniques revealed two distinct 419 

subpopulations of Sst+ INs that could be distinguished based on membrane properties, most 420 

notably maximum firing rate, hyperpolarization induced sag, and AP halfwidth (Figure 3). 421 

These membrane properties suggest differential expression of HCN and Kv3 channels in the 422 

Sst+ IN subpopulations (Poolos et al., 2002; Rudy and McBain, 2001). Consistent with this, 423 

Kv3.2 is expressed in a large subpopulation of BLA Sst+ INs (McDonald and Mascagni, 2006).  424 

How IN heterogeneity maps onto specific functions within the BLA is critical for 425 

understanding survival circuits. We observed that our cluster analysis based on intrinsic 426 

properties separated the populations of Sst+ INs based on whether they displayed a synaptic 427 

response to LEC stimulation: 87.5% of Sst+ INs with a synaptic response were classified as fast 428 

spiking and 89.5% of Sst+ without a synaptic response were non-fast spiking. Although 429 

canonically PV+ INs are thought to be synonymous with FS INs, our data indicate that, at least 430 

in BLA, this is not the case. In BLA, our data reveal two functionally distinct populations of FS 431 

INs can be separated based on PV or Sst expression. Further, taken together with recent 432 

descriptions of FS Sst+ INs in cerebral cortex (Large et al., 2016; Ma et al., 2006; Nigro et al., 433 
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2018), we argue that a fast spiking phenotype is insufficient to classify an IN solely as PV+. Fast 434 

spiking Sst+ INs appear to be a biophysically and functionally distinct class of Sst+ INs that 435 

mediate feedforward inhibition to gate plasticity in the LECàBLA circuit.  436 

Whether the findings of the LECàBLA circuit extend to other afferents to BLA is an 437 

important question (e.g. thalamic and other cortical inputs). BLA PV+ INs receive relatively 438 

little input from a variety of cortical sources (Smith et al., 2000). Instead, cortical inputs target 439 

PV-/calbindin+ INs (Unal et al., 2014). Interestingly, the major population of PV-/calbindin+ 440 

INs in BLA are Sst+ INs (McDonald and Mascagni, 2002). Additionally, FFI constrains 441 

plasticity at both thalamic (Bissière et al., 2003; Tully et al., 2007) and non-thalamic (Bazelot 442 

et al., 2015) inputs to BLA. Finally, the suppression of Sst+ IN activity is necessary for learning 443 

in an in vivo threat conditioning paradigm (Wolff et al., 2014) . Thus, our findings will likely 444 

hold across a variety of inputs to the BLA. 445 

Our data demonstrating that PV+ INs receive stronger uEPSCs from local PNs compared 446 

to Sst+ INs (Figure 4) and other recent work showing that PV+ INs fire APs more readily in 447 

response to local PN activation compared to cholecystokinin expressing INs (Andrási et al., 448 

2017) are consistent with PV+ INs mediating feedback inhibition. A recent study (Lucas et al., 449 

2016) shows that PV+ INs mediate polysynaptic inhibition in the lateral but not basal nucleus 450 

of the amygdala following stimulation of cortical (external capsule) or thalamic (internal 451 

capsule) fiber tracts that provide the input to the BLA. As stimulation of these fiber tracts leads 452 

to activation of local PNs and feedback inhibition (Szinyei et al., 2000), their results could be 453 

indicative of PV+ INs mediating BLA feedback inhibition, as has been suggested previously 454 

(Duvarci and Paré, 2014).  455 

In contrast with the canonical BLA coronal slice, the horizontal slice prepation we used 456 

does not allow for unambigious discrimination between the lateral and basal nuclei; therefore, 457 
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we cannot determine the subnucleus where we conducted our recordings. However, since the 458 

majority of LEC afferents target the basal nucleus (McDonald, 1998), it is conceivable that we 459 

recorded predominantly from neurons in the basal nucleus. If this were the case, this would 460 

provide an alternative explanation for the apparent discrepancy between our data and the data 461 

reported by Lucas and colleagues (Lucas et al., 2016). Nevertheless, FFI gates plasticity at a 462 

variety of different inputs to BLA (Bazelot et al., 2015; Bissière et al., 2003; Tully et al., 2007). 463 

Additionally, postsynaptic Ca2+ signalling plays a major role in amygdalar plasticity (Bauer et 464 

al., 2002; Humeau et al., 2005; Humeau and Lüthi, 2007; Weisskopf et al., 1999), and 465 

dendritic inhibition regulates postynaptic Ca2+ dynamics in pyramidal neuron dendrites (Chiu 466 

et al., 2013; Higley, 2014; Miles et al., 1996; Müllner et al., 2015). Finally, the role of Sst+ INs in 467 

gating BLA-dependent learning in vivo (Wolff et al., 2014) and the relative dearth of cortical 468 

afferents targeting PV+ INs in BLA (Smith et al., 2000) suggest that our data likely generalize 469 

across both subnuclei of the BLA and a variety of inputs to the structure. Future experiments 470 

will be necessary to test this premise.  471 

 The findings of the present study differ substantially from previous reports on 472 

feedforward inhibition in cerebral cortex and hippocampus. In these structures, which share 473 

similar neuronal subtypes with BLA (Duvarci and Paré, 2014), PV+, and not Sst+, INs mediate 474 

feedforward inhibition (Glickfeld and Scanziani, 2006; Tremblay et al., 2016). Why would this 475 

be the case? We believe that our finding that FS Sst+ INs are the circuit mechanism underlying 476 

BLA plasticity holds the key to answering this question. In cortex and hippocampus, FFI exerts 477 

control over the temporal fidelity of AP output of PNs (Gabernet et al., 2005; Pouille and 478 

Scanziani, 2001) whereas in BLA, FFI plays a critical role in exerting control over the plasticity 479 

of PNs (Bazelot et al., 2015; Bissière et al., 2003; Tully et al., 2007).  480 
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Consistent with the role of FFI in cortex and hippocampus, the major circuit role of the 481 

perisomatic PV+ INs in cerebral cortex, hippocampus, and BLA is to regulate the AP output of 482 

PNs (Glickfeld and Scanziani, 2006; Pouille and Scanziani, 2001; Tremblay et al., 2016; 483 

Woodruff and Sah, 2007b). Conversely, BLA Sst+ INs primarily target the dendrites of PNs 484 

(Muller et al., 2007; Wolff et al., 2014). The major circuit role of dendritic targeting INs is to 485 

regulate the local Ca2+ flux in dendrites (Chiu et al., 2013; Miles et al., 1996; Müllner et al., 486 

2015). Further, recent work in cerebral cortex demonstrates that dendritic disinhibition via 487 

Sst+ INs inhibition is critical in gating cortical pyramidal neuron plasticity ex vivo and in gating 488 

learning in vivo via regulation of learning dependent changes in pyramidal neuron activity 489 

(Adler et al., 2019; Williams and Holtmaat, 2019). Additionally, our data demonstrate that PV+ 490 

INs receive stronger synaptic input from local BLA PNs compared to Sst+ INs (Figure 4). This 491 

finding compliments prior work showing that BLA PV+ INs are readily recruited by low levels 492 

of activity in local PNs (Andrási et al., 2017) and are connected via electrical synapses to 493 

synchronize their activity across groups of PV+ INs (Woodruff and Sah, 2007a). Thus, PV+ INs 494 

are positioned to provide feedback and lateral inhibition to control BLA output whereas FS Sst+ 495 

INs are positioned to regulate plasticity via feedforward inhibition. Together, the inhibitory 496 

networks would work in concert to fine-tune patterns of BLA activity to allow animals to learn 497 

about and react to stimuli. Our results illuminate an important point: archetypal circuit motifs 498 

that reappear across brain regions may be realized by different types of neurons in these brain 499 

areas depending on the functional role of the local circuit motif. 500 

How might the BLA microcircuitry achieve the ability of BLA to appropriately gate 501 

sensory stimuli to drive goal directed behavior in a multi-sensory environment? We propose 502 

disinhibition of PN dendrites by the suppression of FS Sst+ IN activity as the microcircuit 503 

mechanism by which the BLA gates stimuli. Indeed, dendritic inhibition and disinhibition are 504 

known to play important roles in learning and behavior (Adler et al., 2019; Higley, 2014; 505 
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Letzkus et al., 2015). A recent modeling study explored how these circuit mechanisms would be 506 

engaged and found increased disinhibition of pyramidal neuron dendrites improves the ability 507 

of a model cortical layer 2/3 circuit to discriminate between different sensory stimuli (Yang et 508 

al., 2016). Adding PV+ IN mediated perisomatic inhibition to the model circuit further 509 

improved its ability to selectively gate sensory input, and this circuit organization provided a 510 

framework for efficient Hebbian-like plasticity mechanisms (Yang et al., 2016). This pattern of 511 

activity is seen in vivo in BLA during threat conditioning: sensory stimuli drive increased PV+ 512 

IN firing and inhibit Sst+ IN firing (Wolff et al., 2014). Further decreasing Sst+ or increasing 513 

PV+ IN activity facilitated learning whereas increasing Sst+ or decreasing PV+ IN activity 514 

impaired learning (Wolff et al., 2014). Taken in the context of these findings, our data provide 515 

evidence for a circuit mechanism explaining how this pattern of activity in vivo may leads to 516 

learning: (1) the inhibition of Sst+ INs in response to a sensory stimulus would lead to dendritic 517 

disinhibition to select the specific sensory stimulus; and, (2) this would allow for plastic 518 

changes in the BLA PN to determine appropriate behavioral responses to the sensory stimulus 519 

in the future. The activation of PV+ INs could then organize the PNs to select the correct 520 

sensory-valence engrams, likely via feedback inhibition (Andrási et al., 2017; Duvarci and Paré, 521 

2014). Importantly, other modeling studies have demonstrated that feedback inhibition plays a 522 

crucial role in the stability of BLA engrams (Feng et al., 2016).  523 

Our data show that the inhibition of BLA Sst+ INs promotes the plasticity of cortical 524 

synapses onto BLA PNs (Figure 6). This is consistent with previous findings that BLA Sst+ INs 525 

must be inhibited for the duration of the sensory-valence pairing (Wolff et al., 2014). If the 526 

inactivation of Sst+ INs to decrease FFI is the circuit mechanism underlying the plasticity of 527 

BLA PNs, how does it occur in vivo? One possibility is inhibition from PV+ INs. However, this 528 

appears unlikely. Our data demonstrate that LEC afferents are inefficient at driving PV+ INs to 529 

spike, consistent with anatomical findings showing a paucity of cortical afferents targeting PV+ 530 
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INs (Smith et al., 2000). Although sensory stimuli activate BLA PV+ INs (Wolff et al., 2014), 531 

our data and other studies suggest this is likely indirect and due to their activation by local PNs 532 

to mediate feedback inhibition (Andrási et al., 2017; Smith et al., 2000). Additionally, BLA PV+ 533 

INs are inhibited by the presentation of the valence signal (Wolff et al., 2014); thus, they 534 

cannot be the source of the inhibition of Sst+ INs during the sensory-valence pairing.  535 

An alternative possibility for mediating the disinhibition of BLA PN dendrites is 536 

neuromodulation. Neuromodulation plays an important role in BLA dependent learning 537 

processes (Johansen et al., 2011). For instance, one candidate for mediating the inhibition of 538 

Sst+ INs in vivo is dopamine. Dopamine acts via the D2 dopamine receptor to reduce FFI in 539 

BLA and allow LTP to occur in ex vivo slice preparations (Bissière et al., 2003), reduces GABA 540 

release from BLA Sst+ INs (Chu et al., 2012), and regulates learning induced changes in BLA 541 

PN responses to sensory stimuli in vivo (Rosenkranz and Grace, 2002). A recent study 542 

demonstrated that the majority of dopaminergic afferents that target the BLA originate in the 543 

dorsal tegmental regions and that inactivation of these dorsal tegmental dopamine neurons 544 

during learning impaired later recall of sensory-valence associations (Groessl et al., 2018). 545 

Finally, it has been proposed that evolutionary pressures drive the selection of specific neural 546 

microcircuit mechanisms for fundamental, species-specific survival behaviors (Anderson and 547 

Adolphs, 2014; LeDoux, 2012). Consistent with this notion, in Drosophila dopamine release 548 

during learning acts via the Drosophila dopamine 2-like receptor to reduce GABAergic FFI 549 

onto Kenyon cells in the mushroom body (Zhou et al., 2019). This dopamine-induced reduction 550 

in FFI allows the Kenyon cells to undergo the necessary plasticity to learn sensory-threat 551 

associations (Zhou et al., 2019). Taken together, these data suggest that dopamine release in 552 

BLA in vivo could act on local Sst+ INs to reduce the sensory afferent driven FFI onto BLA PNs 553 

to allow for the plastic changes that underlie the sensory-valence learning to occur; however, 554 

future experiments are necessary to directly test this hypothesis. Given the degeneracy 555 
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inherent to neural circuits and neuromodulation (Marder et al., 2014), other ways of inhibiting 556 

Sst+ INs in vivo are likely and warrant future study. 557 

 BLA plasticity has been implicated in olfactory learning (Schoenbaum et al., 1999) and 558 

the LECàBLA synapse can undergo plastic changes in vivo (Yaniv et al., 2003). In addition, 559 

stimulation of LEC elicits heterosynaptic inhibition of responses to stimulation of the olfactory 560 

bulb in piriform cortex and BLA (Mouly and Di Scala, 2006), and optogenetic activation of BLA 561 

projection fibers modifies odorant responsiveness of neurons in posterior piriform cortex 562 

(Sadrian and Wilson, 2015). Finally, following learning induced plasticity, BLA PNs organize 563 

into engrams whose future activation is sufficient to drive the learned goal-directed behavior 564 

(Han et al., 2009; Hsiang et al., 2014; Redondo et al., 2014). BLA neurons begin to encode the 565 

valence associated with odors and other sensory stimuli within a few trials of sensory-valence 566 

pairing whereas it takes tens of trials for neurons in the olfactory system to develop valence 567 

coding (Doucette and Restrepo, 2008; Paton et al., 2006; Schoenbaum et al., 1999). Our 568 

findings raise the question whether the FS Sst+ IN mediated FFI is involved in changes in 569 

odorant processing that take place during olfactory associative learning (Doucette et al., 2011; 570 

Gire et al., 2013; Jordan et al., 2018). Specifically, we propose that following learning BLA PNs 571 

impress the odor-valence association onto the olfactory bulb and regions of olfactory cortex 572 

where olfactory associative learning induced plasticity occurs.  573 

The BLA has been implicated in a variety of neuropsychiatric diseases ranging from 574 

anxiety to addiction (Duvarci and Paré, 2014; Janak and Tye, 2015). Our finding that FS Sst+ 575 

IN mediated FFI is the circuit mechanism gating BLA plasticity suggests that in vivo 576 

manipulation of this cell population may have therapeutic potential for conditions like anxiety 577 

where aberrant BLA-dependent learning is thought to be the underlying cause (Duvarci and 578 

Paré, 2014).  579 
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843 

Figure 1. LEC afferents preferentially drive disynaptic FFI in BLA 844 

(A) Experimental schematic. 845 

(B) Representative traces of eEPSCs and eIPSCs in a BLA PN in response to LEC stimulation 846 

(top: control; middle: gbz, 5 µM; bottom: DNQX, 20 µM, D-APV, 50 µM). Arrowheads: 847 

stimulation (artifacts truncated). Scale bars: 100 pA, 10 ms. 848 

(C) eEPSCs blocked by DNQX/APV (KW test: p = 6.72×10-4; ncontrol = 8, 4, ngbz = 7, 4, nDNQX/APV 849 

= 7, 4). eIPSCs blocked by gbz and DNQX/APV (KW test: p = 6.45×10-4; ncontrol = 8, 4, ngbz = 7, 850 

4, nDNQX/APV = 7, 4). 851 

(D) Onset latency of eIPSC is delayed relative to the eEPSC (paired t-test: p = 0.023, n = 8, 4). 852 

(E) 20 voltage traces from a representative BLA PN (top: control; bottom: gbz) in response to 853 

5× stimulation of LEC at 20 Hz. Arrowheads: stimulation. Scale bars: 40 mV, 20 ms. 854 
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(F) GABAA receptor blockade increases AP firing in BLA PNs in response to LEC stimulation 855 

(WSR test: p = 0.031, n = 8, 3). 856 

(G) Baseline Vm did not differ between control and gbz (WSR test: p = 0.38, n = 8, 3).  857 

(H) Results of pairing pre- and postsynaptic activity in the presence of intact GABAergic 858 

inhibition. Left: representative mean eEPSC trace for baseline period and last five minutes of 859 

experiment for neurons that did not undergo significant plasticity (see STAR Methods for 860 

details on significance determination; scale bars: 20 pA, 20 ms) and plot of eEPSC (% baseline) 861 

amplitude as a function of time for those neurons; data displayed as mean ± s.e.m. 862 

Arrowheads: truncated stimulus artifacts. Right: Scatter plot shows eEPSC amplitude (% 863 

baseline) in the last five minutes (n = 4, 3). Data points are colored depending on results of 864 

experiment (p < aFDR): significant LTD experiments or no significant plasticity. Pie chart shows 865 

results of experiments.  866 

(I) Pairing of pre- and postsynaptic activity leads to LTP and LTD in the presence of a complete 867 

GABAA receptor blockade (gbz, 5 µM). Top left: representative mean eEPSC trace for baseline 868 

period and last five minutes of experiment for neurons that underwent LTP (scale bars: 50 pA, 869 

20 ms) and plot of eEPSC (% baseline) amplitude as a function of time for those neurons; data 870 

displayed as mean ± s.e.m. Arrowheads: truncated stimulus artifacts. Bottom left: as for top 871 

left, except for LTD experiments (representative eEPSC scale bars: 20 pA, 20 ms) and plot of 872 

eEPSC amplitude as a function of time is displayed as individual neurons. Top right: Scatter 873 

plot shows eEPSC amplitude (% baseline) in the last five minutes (n = 8, 7). Data points are 874 

colored depending on results of experiment (p < aFDR): significant LTP experiments, significant 875 

LTD experiments, or no significant plasticity. Pie chart shows results of experiments.  876 
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(J) Significantly more cells undergo long-term plastic changes during GABAA receptor 877 

blockade compared to no gbz controls (C2 test: p = 0.030, nCtrl = 4, 3, ngbz = 8, 7). 878 

Summary statistics in D presented as mean ± s.e.m. Summary statistics in C, F, G presented as 879 

median with interquartile range (IQR). Individual data points presented adjacent to the 880 

summary statistics. *p < 0.05/aFDR (where applicable), **p < 0.01, ***p < 0.001. See Results 881 

for post-hoc test p values.   882 
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883 

Figure 2. Cell type specificity of the LECàBLA circuit 884 

(A) Proportion of neurons with detectable uEPSCs following LEC stimulation.  885 

(B) Top: experimental schema. Bottom: mean traces of uEPSC successes from a representative 886 

PN (gray); scale bars: 5 pA, 5 ms. Inset: maximal firing to a current injection; scale bars: 20 887 

mV, 200 ms. 888 

(C) As for B, but for a representative Sst+ IN with a detectable uEPSC (purple). Lower right: 889 

mean trace of lack of response in Sst+ IN without a detectable uEPSC (pink). Arrowhead: 890 

truncated stimulus artifact. 891 

(D) As for B, but for a representative PV+ IN (green). 892 

(E) uEPSC amplitude is larger in Sst+/PV+ INs compared to PNs (KW test: p = 5.55 × 10-4). 893 
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(F) Left: uEPSC 20%-80% risetime is faster in Sst+/PV+ INs compared to PNs (KW test: p = 894 

1.66 × 10-5). Right: uEPSC tDecay is faster in Sst+/PV+ INs compared to PNs (KW test: p = 2.18 × 895 

10-5). 896 

(G) Left: uEPSC latency does not differ across cell types (one-way ANOVA: p = 0.32). Right: 897 

uEPSC jitter does not differ across cell types (one-way ANOVA: p = 0.60). 898 

(H) uEPSC threshold intensity is lower for Sst+ INs (KW test: p = 3.33 × 10-4). 899 

Summary statistics in G presented as mean ± s.e.m and in E, F, and H as median with IQR. *p 900 

< 0.05/aFDR (where applicable), **p < 0.01, ***p < 0.001. For all statistical tests: nSst = 16, 8, 901 

nPV = 15, 5, nPN = 12, 8. See Results for post-hoc test p values. See Figure S1 for example 902 

minimal stimulation experiments and data showing the glutamatergic nature of the LECàBLA 903 

synapse. See Figure S2 for validation of the IN reporter mouse lines.  904 
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905 

Figure 3. A fast spiking phenotype distinguishes BLA Sst+ INs targeted by LEC 906 

afferents 907 
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(A) Unsupervised clustering analysis revealed two clusters of Sst+ INs. Majority of Sst+ INs 908 

with a uEPSC present following LEC stimulation cluster in Group I (14/16, Sst+ INs with 909 

uEPSC; 60/105, all Sst+ INs). Majority of Sst+ INs with no response to LEC stimulation cluster 910 

in Group II (17/19, Sst+ INs without uEPSC; 45/105, all Sst+ INs). 911 

(B) Results of Random Forest model. Plot shows mean decrease in Gini impurity for each of 912 

the 15 parameters included in the model (nSst = 105, 23). Gini impurity measures how often a 913 

random Sst+ IN would be clustered incorrectly if labeled randomly according to the 914 

distribution of labels in the set. 915 

(C) First two dimensions of the principal components analysis (PCA) of the random forest 916 

proximity matrix (nSst = 105, 23).   917 

(D) Maximum AP firing from representative PV+ (top, green), Group I (middle, purple) and II 918 

(bottom, pink) Sst+ INs. Scale bars, main traces: 5 mV, 50ms; inset: 20 mV, 400 ms. 919 

(E) Voltage responses of the same representative PV+ (top, green), Group I (middle, purple) 920 

and II (bottom, pink) Sst+ INs. Darker traces show responses to -200 pA and rheobase current 921 

injections. Lighter traces show responses to intermediate current injections were used to 922 

determine membrane resistance (-100 pA to sweep immediately before rheobase, D10 pA each 923 

sweep, +100 pA maximum current injection). Note lack of sag, rebound AP in Group I Sst+ IN 924 

(sag: closed arrowheads; rebound AP: open arrowheads). Scale bars: 10 mV, 200 ms; 50 pA, 925 

200 ms. 926 

(F) APs of the same representative PV+ (green), Group I (purple), and II (pink) Sst+ INs at 927 

rheobase. Halfwidth: bar through width of AP. Scale bars: 20 mV, 1 ms.  928 
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(G) Phase plots of PV+, Group I, and Group II Sst+ INs shows rate of voltage change for Group I 929 

and II APs at rheobase. Data presented as mean ± s.e.m. nPV = 52, 19, nSstI = 60, 23, nSstII = 45, 930 

18. 931 

(H) Left: reconstructed soma and dendrites of a representative PV+ and Group I Sst+ INs (scale 932 

bar: 200 µm). Sholl rings shown beneath reconstruction. Right: confocal images of the biocytin 933 

filled PV+ and Group I Sst+ INs (scale bar: 200 µm). 934 

(I) No significant differences between PV+ and Group I Sst+ INs for soma perimeter (left; 935 

unpaired t-test: p = 0.26) or area (right; MWU test: p = 0.28). 936 

(J) No significant differences between PV+ and Group I Sst+ INs for (left to right) dendrite 937 

branchpoints (unpaired t-test: p = 0.40), endpoints (unpaired t-test: p = 0.30), length 938 

(unpaired t-test: p = 0.97), or surface area (MWU test: p = 0.95). 939 

(K) Results of Sholl analysis showing dendrite length (left) and surface area (right) as a 940 

function of distance from the soma in PV+ and Group I Sst+ INs. Data presented as mean ± 941 

s.e.m. nPV = 6, 4, nSstI = 8, 6.  942 

Summary statistics in I (perimeter) and J (branchpoints, endpoints, and length) presented as 943 

mean ± s.e.m. Summary statistics in I (area) and J (area) presented as median and IQR. For all 944 

statistical tests in (I) and (J): nPV = 6, 4, nSstI = 8, 6. See Figure S3 for decision tree data and S4 945 

for data on Group II Sst+ IN morphology. See Table S1 for data on all membrane properties 946 

studied for Group I and Group II Sst+ INs and PV+ INs.  947 
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948 

Figure 4. Distinct microcircuit functional roles for IN subtypes  949 

(A) Experimental schematic for B-E. 950 

(B) Representative Sst+ (top, purple) and PV+ (bottom, green) responses to LEC stimulation at 951 

20 Hz (arrowhead: stimulation artifacts; scale bars: 25 mV, 100 ms). Insets show maximal 952 

firing frequency for the representative IN in response to a square current pulse (scale bars: 5 953 

mV, 200 ms). 954 

(C) Sst+ INs fire more APs per stimulus compared to PV+ INs (MWU test: p = 0.016; nSst = 8, 3; 955 

nPV = 9, 3). 956 

(D) Sst+ INs that respond to LEC stimulation have a more depolarized Vrest compared to PV+ 957 

INs (unpaired t-test: p = 0.034; nSst = 8, 3; nPV = 9, 3). 958 
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(E) Cumulative probability distribution of all stEPSPs. Inset, middle: mean stEPSP from 959 

representative neurons in (A; Sst+: purple, PV+: green; scale bars: 1 mV, 5 ms; KS test: p = 2.19 960 

× 10-21, nSst = 161 events, nPV = 779 events; MWU test: p = 0.030, nSst = 5, 3, nPV = 8, 3). 961 

(F) Experimental schematic for G-I. 962 

(G) Representative paired recording experiments between BLA and INs (left to right: nFS Sst+, 963 

FS Sst+, PV+). Bottom: AP in BLA PN (scale bar: 40 mV). Top: overlaid current responses of 964 

BLA INs to PN AP (50 pA, 2ms); successful trials shown in color. Insets show maximal firing 965 

frequency and response to a -200 pA current injection in the representative neurons (scale 966 

bars: 20 mV, 200 ms).  967 

(H) uEPSC amplitude is larger in PV+ compared to FS and nFS Sst+ INs (KW test: p =  0.025, 968 

nnFS-Sst = 5, 5, nFS-Sst = 8, 6, nPV = 8, 8) 969 

(I) No significant differences in uEPSC latency or jitter across IN subtypes (latency, one-way 970 

ANOVA: p = 0.65, nnFS-Sst = 5, 5, nFS-Sst = 8, 6, nPV = 8, 8; jitter, KW test: p = 0.97, nnFS-Sst = 5, 5, 971 

nFS-Sst = 8, 6, nPV = 8, 8). 972 

(J) Experimental schematic for K-M. 973 

(K) Representative sEPSC traces from BLA INs (top to bottom: nFS Sst+, FS Sst+, PV+; scale 974 

bars: 20 pA, 100 ms). Insets show maximal firing frequency and response to a -200 pA current 975 

injection in the representative neurons (scale bars: 20 mV, 300 ms). 976 

(L) Scatter plot of sEPSC frequency and amplitude. Right: nFS Sst+ INs have smaller amplitude 977 

sEPSCs compared to FS Sst+ and PV+ INs (one-way ANOVA: p = 0.022). Bottom: PV+ INs have 978 

more frequent sEPSCs compared to nFS Sst+ INs (one-way ANOVA: p = 0.022).  979 
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(M) Left: no significant differences in sEPSC 20%-80% risetime (KW test: p = 0.75). Right: 980 

nFS Sst+ IN sEPSCs have slower decay kinetics compared to FS Sst+ and PV+ IN sEPSCs (KW 981 

test: p = 0.0033). 982 

Summary statistics in D, I (left), and L presented in color as mean ± s.e.m. and in C, E (inset), 983 

H, I (right), and M in color as median with IQR. *p < 0.05, ***p < 0.001. See Results for post-984 

hoc test p values.  985 
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986 

Figure 5. Sst+ INs mediate LECàBLA FFI 987 

(A) Left: Effect of CNO on Vm. Scale bars: 5 mV, 3 min. Right: CNO hyperpolarizes mCitrine+ 988 

cells in both mouse lines (pSst = 0.017, pPV = 0.031, one-sample t-test, nSst = 7, 4, nPV = 6, 3). 989 

(B) eIPSC is delayed relative to eEPSC (paired t-tests: pSst-Ctrl = 0.0018, pSst-CNO = 8.80 × 10-4, 990 

pPV-CNO = 0.0042, pWT-CNO = 0.0012; WSR tests: pPV-Ctrl = 2.44 × 10-4, pWT-Ctrl = 0.0024; nSst = 991 

13, 6, nPV = 13, 7, nWT = 12, 6). 992 

(C) CNO mediated Sst+ IN inactivation reduces FFI (Sst-hM4Di mouse line; WSR tests: pIPSC = 993 

0.040, pIE = 0.013, n = 13, 6). Top: Experimental schema, eIPSC traces with and without CNO. 994 

Arrowheads: stimulation artifacts (truncated). Scale bars: 100 pA, 50ms.  995 

(D) PV+ IN inactivation has no effect on FFI (paired t-tests: pIPSC = 0.35, pIE = 0.85, n = 13, 7). 996 

Display as for (C), but in PV-hM4Di mouse line. Scale bars: 25 pA, 50ms. 997 
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(E) CNO has no effect on FFI in wildtype littermates (WSR tests: pIPSC = 0.73, pIE = 0.68, n = 998 

12, 6). Display as for (C), but in hM4Di-/- littermates of Sst- and PV-hM4Di mice. Scale bars: 50 999 

pA, 50 ms. 1000 

Summary statistics in A, B (Sst-hM4Di both conditions, PV-hM4Di CNO condition, WT 1001 

littermates CNO condition), and D in color as mean ± s.e.m. Summary statistics in B (PV-1002 

hM4Di and WT littermates control conditions), C, and E in color as median with IQR. *p < 1003 

0.05, **p < 0.01, ***p < 0.001. See Figure S5 for lack of effect of IN inactivation on eEPSCs. 1004 

  1005 
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1006 

Figure 6. Sst+ INs control BLA plasticity 1007 

(A) Plasticity experiments in the Sst-hM4Di + 10 µM CNO condition. Sst+ IN inactivation 1008 

during pairing of pre- and postsynaptic activity leads to LTP and LTD. Top: representative 1009 

mean eEPSC trace for baseline period and last five minutes of experiment for neurons that 1010 

underwent LTP (left; scale bars: 20 pA, 20 ms) or LTD (right; scale bars: 50 pA, 20ms). 1011 

Arrowheads: truncated stimulus artifacts. Bottom: eEPSC (% baseline) amplitude as a function 1012 

of time; data displayed as mean ± s.e.m. Right: Scatter plot of eEPSC amplitude (% baseline) in 1013 

the last five minutes of the experiments (n = 7, 6). Pie chart shows results of experiments. 1014 

(B) As for A, but in the PV-hM4Di + 10 µM CNO condition. Plasticity changes are rarely 1015 

observed when PV+ IN inactivation is paired with the induction protocol (scale bars: 20 pA, 20 1016 

ms; n = 7, 6). 1017 

(C) Significantly more cells undergo long-term plastic changes Sst+ IN inactivation compared 1018 

to PV+ IN inactivation (C2 test: p = 0.031, nSst = 7, 6, nPV = 7, 6). 1019 
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Data points are colored depending on results of experiment (p < aFDR): significant LTP 1020 

experiments, significant LTD experiments, or no significant plasticity. 1021 

  1022 
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 1023 

Figure 7. Schematic of findings 1024 

FS Sst+ INs (purple) fire APs in response to LEC input. nFS Sst+ INs (pink) do not respond to 1025 

LEC input. PV+ INs (green) respond with a subthreshold excitatory response to LEC input. 1026 

(A) When FS Sst+ IN mediated FFI is intact, BLA PNs will output their basal response to LEC 1027 

input. 1028 

(B) Inactivation of FS Sst+ IN removes the feedforward inhibitory control over BLA PNs, 1029 

allowing them to undergo plastic changes. PV+ INs receive large uEPSC input from local BLA 1030 

PNs compared to both Sst+ IN subtypes.  1031 
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Methods 1032 

Contact for Reagent and Resource Sharing 1033 

Further information and requests for resources and reagents should be directed to and will be 1034 

fulfilled by the Lead Contact, Molly M. Huntsman (molly.huntsman@ucdenver.edu). 1035 

Experimental Model and Subject Details 1036 

All experiments were conducted in accordance with protocols approved by the Institutional 1037 

Animal Care and Use Committee at the University of Colorado Anschutz Medical Campus. Slice 1038 

electrophysiology experiments were conducted on mice aged postnatal days 35-70. 1039 

Immunohistochemistry experiments were conducted on mice aged postnatal days 60-120. 1040 

Experiments were conducted regardless of the observed external genitalia of the mice at 1041 

weaning. To track estrous, vaginal swabs were collected from mice with vaginas that were used 1042 

in experiments. The following mouse lines were used in the experiments: C57Bl/6J (Jackson 1043 

Lab #000664), Sst-tdTomato, PV-tdTomato, Sst-hM4Di, PV-hM4Di, and wildtype littermates 1044 

of the Sst-hM4Di and PV-hM4Di mice. Sst-tdTomato, PV-tdTomato, Sst-hM4Di, and PV-1045 

hM4Di mouse lines were generated by crosses of Sst-ires-Cre (Jackson Lab #013044) and PV-1046 

ires-Cre (Jackson Lab #008069) lines with either the Rosa-CAG-LSL-tdTomato-WPRE (Ai9; 1047 

Jackson Lab #007905) or the R26-hM4Di/mCitrine (Jackson Lab #026219) lines. Please see 1048 

Key Resources Table for more details on strain information. 1049 

Method Details 1050 

Acute slice preparation for electrophysiology  1051 
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Animals were first anesthetized with CO2 and decapitated. Brains were quickly dissected and 1052 

placed in an ice-cold, oxygenated (95% O2-5% CO2) sucrose-based slicing solution (in mM: 1053 

sucrose, 45; glucose, 25; NaCl, 85; KCl, 2.5; NaH2PO4, 1.25; NaHCO3, 25; CaCl2, 0.5; MgCl2, 7; 1054 

osmolality, 290-300 mOsm/kg). 300-400µm horizontal slices were obtained using a 1055 

vibratome (Leica Biosystems, Buffalo Grove, IL, USA). Slices were incubated in oxygenated 1056 

(95% O2-5% CO2) artificial cerebral spinal fluid (ACSF; in mM: glucose, 10; NaCl, 124; KCl, 2.5; 1057 

NaH2PO4, 1.25; NaHCO3, 25; CaCl2, 2; MgCl2, 2; osmolality 290-300 mOsm/kg) at 36˚C for at 1058 

least 30 minutes. All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). 1059 

Electrophysiology  1060 

Slices were placed in a submerged slice chamber and perfused with ACSF heated to 32-37˚C. 1061 

Slices were visualized using a moving stage microscope (Scientifica: Uckfield, UK; Olympus: 1062 

Tokyo, Japan) equipped with 4× (0.10 NA) and 40× (0.80 NA) objectives, differential 1063 

interference contrast (DIC) optics, infrared illumination, LED illumination (CoolLED, 1064 

Andover, UK), a CoolSNAP EZ camera (Photometrics, Tuscon, AZ, USA), and Micro-Manager 1065 

1.4 (Open Imaging, San Francisco, CA, USA). Whole cell patch clamp recordings were made 1066 

using borosilicate glass pipettes (2.5-5.0 MW; King Precision Glass, Claremont, CA, USA) filled 1067 

with intracellular recording solution. For voltage clamp experiments on FFI a cesium 1068 

methanesulfonate (CsMe) based intracellular solution was used (in mM: CsMe, 120; HEPES, 1069 

10; EGTA, 0.5; NaCl, 8; Na-phosphocreatine, 10; QX-314, 1; MgATP, 4; Na2GTP, 0.4; pH to 7.3 1070 

with CsOH; osmolality adjusted to approximately 290 mOsm/kg). For all remaining voltage 1071 

clamp experiments and for all current clamp experiments, a potassium gluconate based 1072 

intracellular solution was used (in mM: potassium gluconate, 135; HEPES, 10; KCl, 20; EGTA, 1073 

0.1; MgATP, 2; Na2GTP, 0.3; pH to 7.3 with KOH; osmolality adjusted to approximately 295 1074 

mOsm/kg). A subset of the potassium gluconate recordings were supplemented with 0.2-0.5 % 1075 
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biocytin to allow for post-hoc morphological analysis. Access resistance was monitored 1076 

throughout the experiments and data were discarded if access resistance exceeded 25 MW or 1077 

varied by more than ± 20%. No junction potential compensation was performed. Data were 1078 

acquired with a Multiclamp 700B amplifier and were converted to a digital signal with the 1079 

Digidata 1440 digitizer using pCLAMP 10.6 software (Molecular Devices, Sunnyvale, CA). Data 1080 

were sampled at 10 kHz and lowpass filtered at 4 kHz. Offline, current data were filtered using 1081 

a 3rd order Savistky-Golay filter with a ± 0.5 ms window after access resistance was assessed. 1082 

Mean traces were created by first aligning all events by their point of maximal rise 1083 

(postsynaptic currents) or by threshold (APs) and then obtaining the mean of all events; mean 1084 

subthreshold EPSPs were not aligned prior to averaging. 1085 

Cell-type identification 1086 

Principal Neurons (PNs). PNs were targeted based on their large, pyramidal-like soma. 1087 

Recordings were terminated if the physiology of the neuron was inconsistent with BLA PNs 1088 

(e.g. high membrane resistance, narrow AP halfwidth, large and fast spontaneous EPSCs). 1089 

Interneurons (INs). INs were targeted based on fluorescence in the Sst-tdTomato, PV-1090 

tdTomato, SST-hM4Di, and PV-hM4Di mouse lines. A 470 nm LED was used to identify 1091 

mCitrine+ INs in SST-hM4Di and PV-hM4Di mouse lines, and a 535 nm LED was used to 1092 

identify tdTomato+ INs in the SST-tdTomato and PV-tdTomato mouse lines (CoolLED, 1093 

Andover, UK). 1094 

Pharmacology 1095 

DNQX, D-APV, and gbz were purchased from Tocris Biosciences (Bristol, UK) and CNO was 1096 

purchased from Enzo Life Sciences (Farmingdale, NY). DNQX stock was made at 40 mM and 1097 
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diluted to a final concentration of 20 µM in ACSF; D-APV stock was made at 50 mM and 1098 

diluted to a final concentration of 50 µM in ACSF; GBZ stock was made at 25 mM and diluted 1099 

to a final concentration of 5 µM in ACSF; and, CNO stock was made at 10 mM and diluted to a 1100 

final concentration of 10 µM in ACSF. All stocks were stored at -20°C and CNO was used 1101 

within one month of making the stock solution. 1102 

Electrophysiology experimental design 1103 

FFI, voltage clamp. The LEC was stimulated using a bipolar stimulating electrode (FHC, Inc., 1104 

Bowdoin, ME, USA). eEPSCs (Vhold = -70 mV) and eIPSCs (Vhold = 0 mV) were recorded from 1105 

BLA PNs in response to LEC stimulation. To assess the effects of different drugs on the eEPSCs 1106 

and eIPSCs, ACSF containing DNQX, D-APV, gbz, and/or CNO was perfused onto the slice for 1107 

five minutes prior to and continuously during the experiment. Effects of DNQX/APV and gbz 1108 

on eEPSCs and eIPSCs were recorded using in an unpaired design where some PNs were 1109 

recorded under control conditions and in the presence of DNQX/APV and gbz (given 1110 

sequentially with time for washout) whereas others were recorded under control conditions in 1111 

the presence of DNQX/APV or gbz. Effects of CNO on eEPSCs and eIPSCs were examined with 1112 

a paired design where all PNs were recorded in both control conditions and in the presence of 1113 

CNO. 1114 

FFI, current clamp. Membrane voltage of BLA PNs was recorded in response to 5 stimulations 1115 

of the LEC at 20 Hz. Ihold was adjusted such that Vrest of the PNs was approximately -60 mV. To 1116 

assess the role of GABAA receptor mediated inhibition on PN AP firing, gbz was perfused onto 1117 

the slice for five minutes prior to and continuously during the experiment.  1118 

Current injections. Membrane voltage of BLA neurons was recorded in current clamp in 1119 

response to a series of square hyperpolarizing and depolarizing current injections. Prior to 1120 
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initiation of the series of current injections, Vm of the BLA neurons was adjusted to 1121 

approximately -60 mV. Each cell was subjected to two series of 600 ms square current 1122 

injections: -100 pA to +100 pA at 10 pA intervals and -200 pA to +400 pA at 25 pA intervals. 1123 

The data collected in these experiments were used to determine active and passive membrane 1124 

properties of the neurons. 1125 

Minimal stimulation. eEPSCs (Vhold = -70 mV) were recorded in voltage clamp in BLA PNs, 1126 

Sst+ INs, and PV+ INs in response to LEC stimulation. Stimulation intensity was adjusted such 1127 

that LEC stimulation resulted in recorded eEPSCs having a success rate of approximately 50% 1128 

and an all-or-none amplitude response. 1129 

Recruitment of BLA INs by LEC afferents. The median stimulation intensity necessary to 1130 

observe putative uEPSCs in BLA PNs (273 µA × ms) was used as the empirically derived PN 1131 

threshold stimulation intensity. Membrane voltage responses of BLA Sst+ and PV+ INs were 1132 

recorded in current clamp in response to 5 stimulations of the LEC at 20 Hz at the empirically 1133 

derived PN threshold stimulation intensity.  1134 

Paired PN-IN recordings. Paired recordings were made between BLA PNs and nearby Sst+ or 1135 

PV+ INs. We used a 2.5 nA, 2 ms current injection to drive a single AP in the PN (Ihold adjusted 1136 

such that Vm ≈ -60 mV. BLA PN APs were repeated at 0.25 Hz and the response of the IN (Vhold 1137 

= -70 mV) was recorded.  1138 

Spontaneous EPSC recordings. sEPSCs were recorded for 5 minutes in INs (Vhold = -70 mV) 1139 

with no drugs in the bath. 1140 

Pharmacological effects of CNO on membrane potential. Membrane voltage of mCitrine+ 1141 

neurons in BLA was recorded in the presence of 20 µM DNQX, 50 µM D-APV, and 5 µM GBZ. 1142 
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To assess the effects of CNO on membrane potential, baseline Vm was allowed to stabilize and 1143 

was recorded for 3 minutes in the absence of CNO. Following recording of baseline Vm, ACSF 1144 

containing 10 µM CNO was perfused onto the slice and Vm was recorded for an additional 10 1145 

minutes. Vm was separated into 30 second bins. DVm was defined as the difference in Vm 1146 

between the mean Vm during the 3 minutes of baseline recordings and the mean Vm during the 1147 

last 3 minutes of CNO application. 1148 

IN control of BLA plasticity. All experiments were done in acute slices from wildtype mice with 1149 

no drugs or 5 µM gbz in the bath or in acute slices from Sst-hM4Di/PV-hM4Di mice with 10 1150 

µM CNO in the bath. eEPSCs were recorded (Vhold = -70 mV) in BLA PNs in response to 0.067 1151 

Hz stimulation of LEC (4 stimuli/minute). After a 5 minute baseline of eEPSCs was recorded, 1152 

plasticity was induced (in current clamp, Ihold adjusted such that Vm was set to approximately -1153 

70 mV) by pairing three APs (2 nA, 5 ms current injections) with three monosynaptic EPSPs 1154 

elicited by LEC stimulation at 33.3 Hz. LEC stimulation was timed such the EPSP was recorded 1155 

approximately 5-10 ms prior to AP induction. Immediately following each AP, Vm was 1156 

depolarized to > -40 mV for 25ms. This induction protocol was repeated 15 × at 0.2 Hz. The 1157 

plasticity induction protocol was run only if the baseline recordings were recorded within 1158 

approximately 10 minutes of achieving whole-cell configuration; if the baseline recorded 1159 

concluded after 10 minutes of achieving whole-cell, the experiments were terminated. 1160 

Following plasticity induction, eEPSCs were recorded in response to LEC stimulation at 0.067 1161 

Hz for 30 minutes. Experiments were discarded if eEPSC amplitude did not achieve a stable 1162 

level post-induction (significant deviation from the middle 5 minutes compared to the last 5 1163 

minutes of the post-induction period as determined by an unpaired t-test or a MWU test 1164 

depending on the normality of the data). This was done to ensure that changes in eEPSC 1165 

amplitude were related to plasticity induction and were not a confound of other phenomena. 1166 
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Our plasticity induction protocol was based on prior studies examining plasticity at cortical 1167 

inputs to BLA (Humeau et al., 2005; Humeau and Lüthi, 2007). To determine if plasticity 1168 

occurred, we compared eEPSC amplitude in the 5 minutes prior to induction to eEPSC 1169 

amplitude in the last 5 minutes of the post-induction period. To correct for multiple 1170 

comparisons (i.e. testing for a change in eEPSC amplitude across every cell in each genotype), 1171 

we used the FDR method (Curran-Everett, 2000) to adjust the critical significance value from 1172 

0.05 to a FDR-corrected value. Because we were correcting for multiple comparisons, we used 1173 

a unpaired t-test or MWU test (where appropriate), with an FDR adjusted a value for each 1174 

condition, to determine if the change in eEPSC amplitude from baseline to the last 5 minutes of 1175 

the post-induction period was significant. For wildtype mice with no drugs, aFDR was set to 1176 

0.013; for wildtype mice with 5 µM gbz, aFDR was set to 0.044; for Sst-hM4Di mice with 10 µM 1177 

CNO, aFDR was set to 0.043; for PV-hM4Di mice with 10 µM CNO, aFDR was set to 0.014. We 1178 

defined cells as undergoing LTP if they had a significant increase in eEPSC amplitude from 1179 

baseline to the last 5 minutes of the post-induction period; we defined cells as undergoing LTD 1180 

if they had a significant decrease in eEPSC amplitude from baseline to the last 5 minutes of the 1181 

post-induction period. For display purposes, eEPSC amplitude was normalized to the mean 1182 

baseline eEPSC amplitude, and eEPSCs were binned by the minute. 1183 

Definitions of electrophysiological parameters 1184 

eEPSC/eIPSC detection and amplitude. eEPSCs (Vhold = -70 mV) were defined as negatively 1185 

deflecting postsynaptic events that exceeded the mean baseline current (500 ms before 1186 

stimulation) by 6× the median absolute deviation of the baseline current and that occurred 1187 

within 20 ms of the end of the electrical stimulus artifact. eIPSCs (Vhold = 0 mV) were defined 1188 

as positively deflecting postsynaptic events that exceeded the mean baseline current by 6× the 1189 

median absolute deviation of the baseline current and that occurred within 20 ms of the end of 1190 
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the electrical stimulus artifact. To ensure that the detected eEPSCs/eIPSCs were related to the 1191 

stimulus, we subsampled 25% of the sweeps in the experiment (or 5 sweeps if the experiment 1192 

consisted of <20 sweeps) and found the maximal peak negative (eEPSC detection) or positive 1193 

(eIPSC detection) deflection from baseline in the 20 ms after the stimulus artifact in those 1194 

sweeps. Then, we found the median peak time for those sweeps and repeated the analysis over 1195 

all sweeps in the experiment with a detection threshold of 6× the median absolute deviation of 1196 

the baseline current and with a window set to ± 5 ms (eEPSC detection) or ± 7.5 ms (eIPSC 1197 

detection) around the median peak time. The amplitude of each eEPSC and eIPSC was defined 1198 

as the difference between the peak amplitude of the detected eEPSC or eIPSC and the mean 1199 

baseline current for that sweep. The eEPSC or eIPSC amplitude for each cell in an experiment 1200 

was defined as the mean of the amplitudes recorded from that cell (eEPSC/eIPSC successes 1201 

only; failures were not included in eEPSC/eIPSC amplitude calculation). Where eEPSC failure 1202 

amplitude is reported on a per sweep basis, it was defined as the maximal negative deflection 1203 

from the current trace within ± 5 ms of the mean current peak time for that cell. If all sweeps 1204 

in an experiment were eEPSC/eIPSC failures, the mean eEPSC/eIPSC amplitude was defined 1205 

as the maximal negative (eEPSC) or positive (eIPSC) deflection in the mean current trace that 1206 

occurred within 20 ms of the end of the electrical stimulus artifact. 1207 

Success rate. Success rate was defined as 100%	 ×	)*+,,-**.+/	*0--1*
)2324/	*0--1*

 where successful sweeps were 1208 

defined as sweeps where an eEPSC was detected. 1209 

I/E balance. I/E balance was defined as the ratio of eIPSC to eEPSC amplitude recorded in the 1210 

same neuron. 1211 

EPSC/IPSC 20%-80% risetime. 20%-80% risetime was defined as the time it took an EPSC or 1212 

IPSC to reach 80% of its peak amplitude from 20% of its peak amplitude. 20%-80% risetime 1213 
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was calculated for each sweep unless obscured by a spontaneous event. The risetime for each 1214 

cell was defined as the mean of all risetimes recorded from that cell.  1215 

EPSC/IPSC latency and jitter. Latency of EPSCs and IPSCs was defined as the time between 1216 

the end of the electrical stimulation or the peak of the PN action potential (in paired 1217 

recordings) and the point of 20% rise for an EPSC or IPSC as calculated for the 20%-80% 1218 

risetime. The EPSC or IPSC latency for each cell was defined as the mean of the latencies 1219 

recorded from that cell. The EPSC or IPSC jitter for each cell was defined as the standard 1220 

deviation of the latencies recorded from that cell. 1221 

EPSC/IPSC tDecay. EPSC tDecay was determined using a single exponential fit, 𝑓(𝑡) = 	𝐴𝑒<=/t. 1222 

IPSC tDecay was defined as the weighted time-constant of IPSC decay. Briefly, a double 1223 

exponential fit, 𝑓(𝑡) = 	𝐴?𝑒<=/t@ + 𝐴B𝑒<=/tC, was used to obtain the parameters to determine the 1224 

weighted time-constant where tDEFGHIEJ = 	 (t?𝐴? + tB𝐴B)/(𝐴? + 𝐴B). tDecay was calculated using 1225 

the mean EPSC or IPSC trace for a cell. 1226 

uEPSC detection and amplitude. uEPSCs were defined as negative current deflections recorded 1227 

in the IN that exceeded a detection threshold of 6× the median absolute deviation of the 1228 

baseline current and occurred within 3ms of the PN AP peak during paired recordings. The 1229 

amplitude of each uEPSC was defined as the difference between the peak amplitude of the 1230 

detected uEPSC and the mean baseline current for that sweep. The uEPSC amplitude for each 1231 

cell in an experiment was defined as the mean of the amplitudes recorded from that cell 1232 

(successes only). 1233 

sEPSC detection and amplitude. sEPSCs were detected by a combined template and threshold 1234 

method. Briefly, a template was made by subsampling 10% of local negative peaks exceeding at 1235 

least 5 × the median absolute deviation of a rolling baseline current (50ms prior to the peak). 1236 
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The template current was then truncated from its 20% rise point through the end of the decay 1237 

time constant for the template current. Next, all local negative peaks exceeding 5 × the median 1238 

absolute deviation of a rolling baseline current (50ms prior to the peak) were collected. The 1239 

template current was then scaled to each individual putative sEPSC peak and each sEPSC peak 1240 

was assigned a normalized charge integral relative to the template. Finally, a normalized 1241 

charge integral cutoff was chosen to exclude obvious noise/non-physiological events below a 1242 

certain normalized charge integral. sEPSC amplitude was defined as the difference between the 1243 

peak amplitude of each detected current and its corresponding baseline current. sEPSC for 1244 

each cell was defined as the median peak amplitude for that cell.  1245 

sEPSC frequency. sEPSC frequency for each sESPC was defined as the inverse of the interevent 1246 

intervals of the sEPSCs. The frequency measure for each neuron was defined as the median of 1247 

the sEPSC frequencies for that cell.  1248 

Membrane resistance. Membrane resistance was defined as the slope of the best fit line of the 1249 

I-V plot using the -100 pA to +100 pA (10 pA steps) series of current injections. Mean voltage 1250 

response to each current injection step was defined as the difference between baseline mean 1251 

membrane voltage (100 ms prior to current injection) and the mean membrane voltage during 1252 

the 100 ms period from 50 ms after the start of the injection to 150ms after the start of the 1253 

current injection. This 100 ms window was chosen to allow for measurement of the change in 1254 

Vm after the membrane had charged and prior to any potential HCN channel activation. The I-1255 

V plot was constructed using all current steps below rheobase.  1256 

Maximum firing rate. Maximum firing rate was defined as the inverse of the inter-spike 1257 

interval (ISI) during the first 200 ms of the most depolarizing current injection step before 1258 

attenuation of AP firing was observed. Max FR was calculated using the -200 pA to +400 pA 1259 

(25 pA steps) series of current injections. 1260 
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AP threshold. AP threshold was defined as the voltage at which JK
JI

 exceeded 20 V/s. AP 1261 

threshold was calculated at the rheobase sweep of the -200 pA to +400 pA (25 pA steps) series 1262 

of current injections. 1263 

AP amplitude. Amplitude of the AP was defined as the voltage difference between the peak of 1264 

the AP and its threshold potential. AP amplitude was calculated at the rheobase sweep of the -1265 

200 pA to +400 pA (25 pA steps) series of current injections. 1266 

AP halfwidth. AP halfwidth was defined as the time between the half-amplitude point on the 1267 

upslope of the AP waveform to the half-amplitude point on the downslope of the AP waveform. 1268 

AP halfwidth was calculated at the rheobase sweep of the -200 pA to +400 pA (25 pA steps) 1269 

series of current injections. 1270 

After-hyperpolarization potential (AHP) magnitude. AHP magnitude was defined as the 1271 

difference between the most hyperpolarized membrane voltage of the AHP (occurring within 1272 

100 ms after AP threshold) and AP threshold. AHP magnitude and latency data were calculated 1273 

at the rheobase sweep of the -200 pA to +400 pA (25 pA steps) series of current injections. 1274 

DAHP data were calculated at the rheobase + 50 pA sweep of the -200 pA to +400 pA (25 pA 1275 

steps) series of current injections. 1276 

AHP latency. AHP latency was defined as the time from AP threshold and the peak of the AHP.  1277 

DAHP. DAHP was defined as the difference between the first and last AHP (D𝐴𝐻𝑃 = 𝐴𝐻𝑃NOPI −1278 

𝐴𝐻𝑃RFSPI). 1279 
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AP phase plot. The AP phase plot was obtained by plotting the rate of change of the mean AP 1280 

for each cell from the rheobase sweep of the -200 pA to +400 pA (25 pA steps) series of current 1281 

injections as a function of the corresponding membrane voltage.  1282 

Latency to first AP. AP latency was defined as the time from the initiation of the current 1283 

injection to the peak of the first AP. AP latency was calculated at the rheobase sweep of the -1284 

200 pA to +400 pA (25 pA steps) series of current injections. 1285 

Firing rate adaptation ratio (FR adaptation). Firing rate adaptation was defined as the ratio 1286 

of the first and the average of the last two ISIs, such that 𝐹𝑖𝑟𝑖𝑛𝑔	𝑟𝑎𝑡𝑒	𝑎𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 =1287 

]^]._`*2
aEO)]^]/4*2	Cbcb

. Firing rate adaptation was calculated at the rheobase +50 pA sweep of the -200 1288 

pA to +400 pA (25 pA steps) series of current injections. 1289 

AP broadening. AP broadening was defined as the ratio of the AP halfwidths of the first two 1290 

APs (𝐵𝑟𝑜𝑎𝑑𝑒𝑛𝑖𝑛𝑔 = HONRDFJIH*-,3ef
HONRDFJIH._`*2

). AP broadening was calculated at the rheobase +50 pA 1291 

sweep of the -200 pA to +400 pA (25 pA steps) series of current injections. 1292 

AP amplitude adaptation. AP amplitude adaptation was defined as the ratio of the AP 1293 

amplitude of the average of the last three APs and the first AP, such that 1294 

𝐴𝑃	𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒	𝑎𝑑𝑎𝑝𝑡𝑎𝑡𝑖𝑜𝑛 = aEO)jakNFIlJE/4*2	mno*
jakNFIlJE._`*2

. AP amplitude adaptation was calculated at 1295 

the rheobase +50 pA sweep of the -200 pA to +400 pA (25 pA steps) series of current 1296 

injections. 1297 

Membrane decay t. Membrane decay t was determined by using a single exponential fit, 1298 

𝑓(𝑡) = 	𝐴𝑒<=/t, to fit the change in Vm induced by a -100 pA sweep in the -100 pA to +100 pA 1299 

(25 pA steps) series of current injections. 1300 
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Hyperpolarization-induced sag. Hyperpolarization-induced sag was calculated using the 1301 

equation, Kp_e<K**
Kp_e<Kq/

× 100%, where Vmin was defined as the most hyperpolarized membrane 1302 

voltage during the current injection, Vss was defined as the mean steady-state membrane 1303 

voltage (last 200 ms of the current injection), and Vbl was defined as the mean baseline 1304 

membrane voltage (100 ms prior to current injection). Hyperpolarization-induced sag was 1305 

measured from the -200 pA current injection. 1306 

Rebound spikes. Rebound spikes were defined as the number of APs in the 500 ms following 1307 

the -200 pA current injection. 1308 

APs per stimulus. The number of APs per stimulus was defined as the number of APs occurring 1309 

within 50 ms of the stimulus. 1310 

Vrest. Vrest was defined as Vm (Ihold = 0 pA) during a 500 ms baseline prior to LEC stimulation 1311 

during the experiments testing the recruitment of BLA INs by LEC afferents. 1312 

Subthreshold EPSP amplitude. Subthreshold EPSP amplitude was defined as the maximal, 1313 

non-stimulus artifact, voltage deflection within 40 ms after LEC stimulation. 1314 

Immunohistochemistry 1315 

Biocytin filled neurons. To perform immunostaining of biocytin filled neurons, slices 1316 

containing biocytin filled neurons were fixed in 4% PFA overnight at 4°C. After fixation, slices 1317 

were transferred to PBS. Biocytin filled INs (n = 8 Sst+ Group 1; 3 Sst+ Group 2; 6 PV+) were 1318 

blocked (1X PBS, 0.3% triton, 5% BSA, 5% Normal Donkey Serum) for 4 hours before 24-hour 1319 

incubation with streptavidin conjugated Alexa Fluor 488 (1:500, ThermoFisher Scientific, 1320 

Waltham, MA, USA) at 4°C. Slices were mounted with Prolong Gold and sealed for long-term 1321 

storage. Slices were imaged using an Axio Observer microscope (Carl Zeiss, Okerkochen, 1322 
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Germany); equipped with a CSU-X1 spinning disc unit (Yokogawa, Musashino, Tokyo,  Japan); 1323 

488 nm/40 mW laser; Plan-NeoFluar 40X (0.75 NA) air objective lens; and Evolve 512 EM-1324 

CCD camera (Photometrics, Tucson, AZ, USA). SlideBook 6.0 software (3i, Denver, CO, USA) 1325 

enabled instrument control and data acquisition. Images were acquired in sections by 1326 

following branched points from the cell soma. Images were stitched in Fiji software using 1327 

Grid/Collection stitching (Preibisch et al., 2009) with an unknown position type. 1328 

Histological validation of PV+ and Sst+ IN identity. To perform the PV and Sst 1329 

immunostaining, mice (n = 3 Sst-tdTomato mice, 3 PV-tdTomato mice) were sacrificed and 1330 

transcardially perfused with ice cold 4% PFA (with 1.5% picric acid and 0.05% glutaraldehyde) 1331 

followed by 30% sucrose protection. After the brain sank, coronal BLA slices of 30 µm 1332 

thickness were obtained. Before application of blocking solution, slices were incubated for 30 1333 

minutes at room temperature with iFX-enhancer (Invitrogen, ThermoFisher Scientific, 1334 

Waltham, MA, USA). After blocking, the slices were incubated with either rat anti-Sst antibody 1335 

(1:100, MAB354, Millipore, Burlington, MA, USA) or guinea pig anti-PV antibody (1:500, 1336 

195004, Synaptic Systems, Göttingen, Germany) for at least 48 hours at 4°C. Then, a secondary 1337 

antibody of either donkey anti-rat or donkey anti-guinea pig Alexa Fluor 488 (1:500, Jackson 1338 

ImmunoResearch) was applied overnight at 4°C. The slices were imaged using a confocal laser 1339 

scanning microscope (TCS SP5II, Leica Application Suite, Leica Biosystems, Buffalo Grove, IL, 1340 

USA) with 10× 0.40 NA and 20× 0.70 NA dry objectives to determine the neuron identity. 1341 

Morphological analysis 1342 

Analysis of somatic and dendritic morphology. To determine morphological characteristics of 1343 

biocytin filled neurons, stitched images were imported to Neurolucida (MBF Bioscience, 1344 

Williston, VT, USA) to perform tracing. All analysis including sholl analysis (50 µM rings), 1345 
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dendrite branching, etc. was performed from traces using Neurolucida Explorer (MBF 1346 

Bioscience). 1347 

Quantification and Statistical Analysis 1348 

Statistical analyses  1349 

All data analysis (except decision tree and random forest analyses) were performed offline 1350 

using custom written MATLAB code. Normality of the data were assessed using the Anderson-1351 

Darling test. For assessment of whether a single group differed from a normal distribution 1352 

centered around zero, a one-sample t-test was used. For a test between two groups, a paired or 1353 

unpaired t-test was used where appropriate. For tests between two groups of non-normal data, 1354 

a Mann-Whitney U or Wilcoxon signed-rank test was used where appropriate. For tests 1355 

between three or more groups of normal data with one independent variable, a one-way 1356 

ANOVA was used with Tukey’s post-hoc test to examine differences between groups. A 1357 

Kruskal-Wallis test was used to examine differences between three or more groups of non-1358 

normal data with one independent variable. A Mann-Whitney U test was used as a post-hoc 1359 

test following a significant result in a Kruskal-Wallis test and was corrected for multiple 1360 

comparisons using the FDR method (Curran-Everett, 2000). The critical significance value was 1361 

set to a = 0.05 or was set to a FDR-corrected value (aFDR) for multiple comparisons. All 1362 

statistical tests were two-tailed. Unless otherwise stated, experimental numbers are reported as 1363 

n = x, y where x is the number of neurons and y is the number of mice. Statistical parameters 1364 

are reported in the Results section and figure legends display p values and sample sizes. 1365 

Unsupervised cluster analysis 1366 
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Unsupervised cluster analysis using Ward’s method (Ward, 1963) was used to classify Sst+ INs. 1367 

Briefly, this method involves plotting each neuron in multidimensional space where each 1368 

dimension corresponds to a given parameter. For our data, we plotted each Sst+ IN in 15-1369 

dimensional space (where each dimension corresponds to a z-score transformation of one of 1370 

the 15 membrane properties obtained from the current injection experiments; values were z-1371 

score transformed so that parameters with large values, e.g. membrane resistance, would not 1372 

influence the cluster analysis more than those with small values, e.g. halfwidth). From here, the 1373 

analysis proceeded along n – 1 stages where n is the number of Sst+ INs. At stage n = 1, the two 1374 

closest cells in the 15-dimensional space are grouped together. At subsequent stages, the 1375 

closest cells are grouped together until only one group of all objects remains. We determined 1376 

the final number of clusters by using the Thorndike procedure (Thorndike, 1953) where large 1377 

distances between group centroids at one cluster stage relative to other stages are indicative of 1378 

significant differences between groups (see Figure 3A, inset). 1379 

Decision tree analysis 1380 

Recursive partitioning analyses (Breiman et al., 1984) were conducted in R (1.01.136). The R 1381 

package rpart (Therneau and Atkinson, n.d.) was used for recursive partitioning for 1382 

classification. Decision trees were plotted using rpart.plot package, and random seeds were set 1383 

using the rattle package. Predicted classes were determined from the unsupervised cluster 1384 

analysis and were used to determine important discriminating parameters. The model was 1385 

internally cross validated with a nested set of subtrees and the final model was selected as the 1386 

subtree with the least misclassification error. Individual decision trees can suffer from 1387 

overfitting. Therefore, the input parameters of the model were independently cross validated 1388 

by bootstrapping 500 subsamples (without replacement and using random seeds). Each tree 1389 

was pruned by choosing the complexity parameter with the lowest cross validated error. The 1390 
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mean correct prediction of the test set classifications (n = 20% of sample) by the pruned tree 1391 

generated by modeling the training sets (n = 80% of sample) was 82.9%. 1392 

Random forest analysis 1393 

Supervised classification random forest was employed to reduce potential model overfitting. 1394 

Random forest classification was conducted using the randomForest package in R (Liaw and 1395 

Wiener, 2002). Random forest classification employs random subsampling of both parameters 1396 

and bootstrapped subsamples of the dataset (with replacement). 10,000 decision trees were 1397 

generated, and the modal tree was used as the final classification model. The out of bag 1398 

estimate of the error rate of the model was 11.43%. An additional cross validation step was 1399 

conducted by bootstrapping 80% of the initial sample to create the random forest model and 1400 

tested against a subsample (n = 20% of sample; bootstrapped without replacement). The mean 1401 

accuracy after 20 random forest runs was 90.7%. Gini impurity was calculated to determine 1402 

parameter importance. Visualization of the frequency of individual samples falling within the 1403 

same node across one run of the classification algorithm was obtained by calculating a 1404 

proximity matrix for the samples and plotting it against the first two principle components. 1405 

Data display 1406 

Data visualizations were created in MATLAB and Adobe Illustrator. After analysis was 1407 

completed, Neurolucida traces of soma and dendrites were thickened by 7 pixels (Figure 3) or 1408 

3-7 pixels (Figure S4) in Adobe Photoshop to improve visibility in figures. Normal data are 1409 

presented as the mean ± s.e.m. Non-normal data are presented as the median with error bars 1410 

extending along the interquartile range. 1411 

Data and Software Availability 1412 
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Data are available on request, and code is available on GitHub 1413 

(https://github.com/emguthman/Manuscript-Codes). 1414 
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