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  29 
Abstract  30 

Discriminating between auditory signals of different affective value is critical for the 31 

survival and success of social interaction of an individual. Anatomical, 32 

electrophysiological, imaging, and optogenetics approaches have established that the 33 

auditory cortex (AC) by providing auditory information to the lateral amygdala (LA) via 34 

long-range excitatory glutamatergic projections has an impact on sound-driven 35 

aversive/fear behavior. Here we test the hypothesis that the LA also receives GABAergic 36 

projections from the cortex. We addressed this fundamental question by taking 37 

advantage of optogenetics, anatomical, and electrophysiology approaches and directly 38 

examining the functional effects of cortical GABAergic inputs to LA neurons of the 39 

mouse (male/female) auditory cortex. We found that the cortex, via cortico-lateral-40 

amygdala somatostatin neurons (CLA-SOM), has a direct inhibitory influence on the 41 

output of the LA principal neurons. Our results define a corticolateral-amygdala long-42 

range inhibitory circuit (CLA-SOM inhibitory projections → LA principal neurons) 43 

underlying the control of spike timing/generation in LA and LA-AC projecting neurons, 44 

and attributes a specific function to a genetically defined type of cortical longrange 45 

GABAergic neurons in cortico-lateral-amygdala communication.  46 

  47 

  48 

  49 

  50 

  51 

  52 

  53 
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  54 

  55 

  56 
SIGNIFICANCE STATEMENT   57 

It is very well established that cortical auditory inputs to the lateral amygdala are 58 

exclusively excitatory and that cortico-amygdala neuronal activity has been shown to be 59 

involved in sound-driven aversive/fear behavior. Here, for the first time, we show that the lateral 60 

amygdala receives long-range GABAergic projection from the auditory cortex and these form 61 

direct-monosynaptic inhibitory connections onto lateral amygdala principal neurons. Our results 62 

define a cellular basis for direct inhibitory communication from auditory cortex to the lateral 63 

amygdala, suggesting that the timing and ratio of excitation and inhibition, two opposing forces 64 

in the mammalian cerebral cortex, can dynamically affect the output of the lateral amygdala, 65 

providing a general mechanism for fear/aversive behavior driven by auditory stimuli.  66 

  67 

  68 

  69 

  70 

  71 

  72 

  73 

  74 

  75 

  76 

  77 

  78 

  79 
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  81 

  82 
Introduction  83 

Fear is an advantageous response to danger (Blanchard and Blanchard, 1969a, b). 84 

Discriminating between auditory signals of different affective value is critical for the survival and 85 

success of social interaction of an individual. The transformation of auditory signals to an 86 

appropriate behavioral output is achieved by the dynamic interaction of specific neuronal circuits 87 

that process this information through different cell-types (Bajo and King, 2012; Aizenberg et al., 88 

2015; Xiong et al., 2015; Williamson and Polley, 2019) embedded in specific circuits across the 89 

brain.  90 

Amygdala neuronal activity has been shown to be involved in sound-driven aversive/fear 91 

behavior (Davis, 1997; Fanselow and LeDoux, 1999; LeDoux, 2014), and lateral amygdala (LA) 92 

been the major input nucleus of the amygdala. In absence of the LA and its projections to the 93 

basal and central nucleus the auditory signals cannot gain control of aversive/fear responses. It 94 

is therefore crucial to understand the cortical connectivity pattern and dynamics that shape the 95 

flow of information in the LA. It is very well established that cortical neurons regulate the activity 96 

of neurons in the lateral amygdala through long-range glutamatergic/excitatory projections, while 97 

inhibition is mediated by local feed-forward and feed-back circuits (for review: (Letzkus et al., 98 

2011)). It is however worth to note that long-range GABAergic neurons are important circuits 99 

element in many brain areas such as the spiny projection neurons in the striatum and the 100 

Purkinje neurons in the cerebellum. Although the existence of cortical long-range GABAergic 101 

neurons has been proven anatomically (Seress and Ribak, 1983; Ribak et al., 1986; Toth and 102 

Freund, 1992; Toth et al., 1993; Freund and Buzsaki, 1996) (for review see:(Caputi et al., 2013; 103 

Tremblay et al., 2016)), previous studies have primarily focused on the local cortical circuit 104 
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organization of GABAergic interneurons (Buzsaki, 1984; Ali et al., 1999; Holmgren et al., 2003; 105 

Maccaferri and Lacaille, 2003; Pouille and Scanziani, 2004; Silberberg and Markram,  106 

2007; Pouille et al., 2009; Stokes and Isaacson, 2010; Hayut et al., 2011; Pfeffer et al., 2013; 107 

Pouille et al., 2013; Crandall and Connors, 2016), and inhibition is frequently described as being 108 

exclusively local. Corticofugal long-range subtypes have been described in several cortical 109 

areas, including the auditory cortex (AC) (Rock et al., 2016; Rock et al., 2017). Current studies 110 

suggest that between 1% to 10% of the cortical GABAergic neurons in rodents, cats, and 111 

monkeys are categorized as long-range cortical projections (McDonald and Burkhalter, 1993; 112 

Tomioka et al., 2005; Higo et al., 2007; Tomioka and Rockland, 2007; Higo et al., 2009).  A 113 

growing body of evidence from our lab and others suggests that many of these projections arise 114 

from somatostatin-expressing neurons (Jinno and Kosaka, 2004; Tomioka et al., 2005; Higo et 115 

al., 2007; Tomioka and Rockland, 2007; Higo et al., 2009; McDonald et al., 2012; Melzer et al., 116 

2012; Rock et al., 2016), parvalbumin expressing neurons (Lee et al., 2014; Melzer et al., 2017), 117 

and more recently from vasoactive intestinal peptide expressing neurons (Francavilla et al.,  118 

2018).   119 

In this study, we test the hypothesis that the auditory cortex has a direct, monosynaptic, 120 

inhibitory influence on the neurons of the LA. We addressed this fundamental question using 121 

both anterograde and retrograde anatomical methods in conjunction with in vitro optogenetics 122 

and electrophysiology. Using these techniques, we demonstrate the existence of somatostatin 123 

expressing neurons in the AC with GABAergic projections to the LA. To directly examine the 124 

functional effects of cortical long-range GABAergic inputs on LA neurons, we measured the 125 

response of LA principal neurons to optogenetic activation of cortico-lateral-amygdala 126 

somatostatin neuron (CLA-SOM) axons. Our in vitro approach is crucial in order to simplifying 127 

and facilitating the targeted mechanistic investigation of CLA-SOM, LA-AC neurons and 128 

synapse in the AC→LA and LA→AC circuit from most of the extrinsic circuitry present in fully 129 

intact brain.  130 
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Our results describe a previously unknown cortico-lateral-amygdala direct inhibitory 131 

circuit (CLA-SOM inhibitory projections → LA principal neurons) underlying the control of 132 

spike timing/generation in LA pyramidal neurons and attribute a specific function to a genetically 133 

defined type of cortical long-range GABAergic neurons in cortico-lateral-amygdala 134 

communication. Overall this suggests that the timing and ratio of cortical excitatory and 135 

inhibitory inputs to the LA, by shaping the activity pattern of principal neurons, determines 136 

sounddriven aversive/fear behavioral outcomes. Moreover, our whole-brain mapping of the input 137 

onto the CLA-SOM neurons reveal that the LA provides inputs to these neurons, which suggests 138 

that this connectivity pattern (CLA-SOM inhibitory projections ↔ LA principal neurons) is 139 

likely a feature of the cortico-lateral amygdala inhibitory loop.  140 

  141 

Materials and Methods  142 

All animal procedures were approved by the Institutional Animal Care and Use Committee at the  143 

University of Texas at San Antonio. Procedures followed animal welfare guidelines set by the 144 

National Institutes of Health. Mice used in this experiment were housed in a vivarium 145 

maintaining a 12 hour light/dark schedule and given ad libidum access to mouse chow and 146 

water.  147 

  148 

Transgenic mouse lines  149 

The following mouse lines were used in this study:  150 

SOM-Cre: Ssttm2.1(cre)Zjh /J [The Jackson Laboratory, stock number 013044]; ROSA-151 

tdTomato reporter: B6.CG.Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J [The Jackson 152 

Laboratory, stock number 007914]; ROSA-eYFP reporter: B6.129X1-153 

Gt(ROSA)26Sortm1(EYFP)Cos/J [The Jackson Laboratory, stock number 006148]; SOM-Cre 154 

homozygous male mice were crossed with ROSA-tdTomato or ROSA-eYFP reporter 155 
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homozygous female mice to generate SOMCre/tdTomato or SOM-Cre/eYFP (somatostatin-156

containing neurons expressing both Cre and tdTomato/eYFP) line, respectively.   157

 158

Viral vectors  159

AAV1-CamKII0.4-eGFP-WPRE-rBG, 6.03 x 1013 GC/ml (Addgene viral prep # 105541-AAV1). 160

AAV1-CAG-FLEX-EGFP-WPRE, titer 3.1 x 1013 VG/ml (Addgene viral prep # 51502-AAV1).  161

AAV1-Syn-Flex-ChrimsonR-tdTomato, titer 4.1 x 1012 GC/ml (UNC vector core #AV6554B). 162

AAV1-EF1a-FLEX-GTB, titer 1.82 x 1010 GC/ml (GT3 core, Salk Institute, Addgene plasmid 163

#26197). RV-EnvA- G-ChR2-mCherry, 2.29 x 108 TU/ml (GT3 core, Salk Institute, Addgene 164

plasmid #32646). AAV9-CAG-hChR2-tdTomato, titer 4 x 1012 VG/ml, (UNC vector core 165

#AV4582).  166

 167

Stereotaxic injections 168

Basic surgical procedures  169

Mice were initially anesthetized with isoflurane (3%; 1 L/min O2 flow) in preparation for the 170

stereotaxic injections detailed in the sections below. The mice were head-fixed on a stereotaxic 171

frame (Model 1900; Kopf Instruments) using non-rupture ear bars. Anesthesia was maintained 172

at 1-1.5% isoflurane for the duration of the surgery. A warming pad was used to maintain body 173

temperature during the procedure. Standard aseptic technique was followed for all surgical 174

procedures. Injections were performed using a pressure injector (Nanoject III; Drummond 175

Scientific) mounted on the stereotaxic frame. Injections were delivered through a borosilicate 176

glass injection pipette (Wiretrol II; Drummond Scientific) with a taper length of ~30 mm and a tip 177

diameter of ~50 μm. The pipette remained in place for 5 min before to start injecting at 1nl/sec 178

rate, 15 sec waiting period after each nl, and was left in place for 5 min after the injection to 179

avoid viral backflow along the injection tract. Both male and female mice, P35-40 at the time of 180

the injection, were utilized in these experiments.  181
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  182 

Anterograde labelling of excitatory and inhibitory projections from AC to LA   183 
  184 
A mixture of AAV1-CamKII0.4-eGFP-WPRE-rBG and AAV1-Syn-Flex-ChrimsonR-tdTomato 185 

stereotaxically injected into the right auditory cortex of SOM-Cre mice. The injection pipette was 186 

positioned over the right auditory cortex (2.5 mm posterior and 4.25-4.35 mm lateral to bregma) 187 

and advanced to 0.9-1.1 mm below the surface of the brain. The pipette remained in place for 5 188 

minutes before the injection began. 50 nl of a mixture of AAV1-CamKII0.4-eGFP-WPRE-rBG 189 

and AAV1-Syn-Flex-ChrimsonR-tdTomato was delivered over a period of 5-10 minutes. The 190 

pipette was allowed to remain in place for 5 minutes before being slowly withdrawn.   191 

  192 

Anterograde labelling of CLA-SOM neurons  193 

CLA-SOM neurons in the auditory cortex were labelled using AAV1-Syn-Flex-194 

ChrimsonRtdTomato (UNC vector core #AV6554B) stereotaxically injected into the right auditory 195 

cortex of SOM-Cre mice. The injection pipette was positioned over the right auditory cortex (2.6 196 

mm posterior and 4.5 mm lateral to bregma) and advanced to 0.9-1.1 mm below the surface of 197 

the brain. The pipette remained in place for 5 minutes before the injection began. ~50 nl of 198 

AAV1Syn-Flex-ChrimsonR-tdTomato was delivered over a period of 5-10 minutes. The pipette 199 

was allowed to remain in place for 5 minutes before being slowly withdrawn.   200 

  201 

Retrograde labelling of CLA-SOM neurons  202 

CLA-SOM neurons in the auditory cortex were retrogradely labelled using AAV.GFP.Flex or red  203 

Retrobeads (Lumafluor) stereotaxically injected into the right lateral amygdala of SOM-Cre (n = 204 

9 animals from n = 3 litters) and SOM-Cre-tdTomato mice (n = 4 animals from n = 2 litters). 205 

Injections were performed as above, with the following modifications: Stereotaxic coordinates for 206 
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the lateral amygdala injection site were 1.4 mm posterior and 3.45 mm lateral to bregma. ~15 nl 207 

of AAV.GFP.Flex was delivered at the depths of 3.65 mm below the surface of the brain.  208 

  209 

Retrograde labelling of LA-AC neurons  210 

LA-AC neurons in the lateral amygdala cortex were labelled using CTB-488 (ThermoFisher 211 

scientific cat #C22841) or red Retrobeads stereotaxically injected into the right auditory cortex of 212 

SOM-Cre mice. Injections were performed in the same manner as previous injections in the 213 

auditory cortex and using the same auditory cortex stereotaxic coordinates.   214 

  215 

Anterograde transfection of CLA-SOM neurons with Chrimson  216 

CLA-SOM neurons in the auditory cortex were transfected with chrimson using AAV1-Syn-217 

FlexChrimsonR-tdTomato (UNC vector core #AV6554B) stereotaxically injected into the right 218 

auditory cortex of SOM-Cre mice (n = 6 animals from n=3 litters). Injections were performed in 219 

the same manner as previous injections in the auditory cortex and using the same auditory 220 

cortex stereotaxic coordinates.   221 

  222 

Retrograde AAV-RV tracing of monosynaptic input to the CLA-SOM neurons  223 

For monosynaptic tracing experiments, 100 nl of AAV1-EF1a-FLEX-GTB were injected into the 224 

right AC of Som-Cre mice. After three weeks, 20 nl of RV-EnvA-ΔG-ChR2-mCherry were 225 

injected in the right lateral amygdala, and animals were transcardially perfused and processed 226 

for immunohistochemistry after additional 6 days (n = 3 animals from n = 1 litter).  227 

  228 

Quantification of AAV.Chrimson.flex.tdTomato and AAV.CamkII.GFP in Auditory Cortex 229 

Images of the injection site in auditory cortex were collected to analyze the distribution of 230 

neurons specifically transfected by AAV.Chrimson.Flex.tdTomato in Som-Cre mice in 231 

comparison to nonspecific transfection by AAV.GFP. Tile scan images to cover the entire 232 
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injection site in a coronal brain slice were acquired at 20X magnification and 16-bit depth with 233 

ZEN software (Zeiss) using a Zeiss LSM-710 confocal microscope. Using ImageJ, the area of 234 

the virus spread was quantified across the anterior posterior axis from 200 um thick coronal 235 

slices that contained transfected somata in auditory cortex. Background areas of auditory cortex 236 

not containing visible somata were also defined as regions of interest. Using the histogram 237 

function of ImageJ, the gray values of the pixels were quantified. The mean and standard 238 

deviation of the gray values of the background regions were also quantified. Fluorescent signals 239 

in the injection site were defined as those pixels with a gray value 3 standard deviations above 240 

the mean of the background region of interest in the injection site. The figure 2 shows the 241 

average area quantified from 5-9 slices containing AAV.Chriimson.Flex.tdTomato and AAV.GFP 242 

in the AC (n = 3 animals, n = 1 litter).  243 

  244 

In vitro slice preparation and recordings  245 

We allowed 4-6 weeks for expression of Chrimson or GFP. Mice were anesthetized with 246 

isoflurane and decapitated. Coronal slices (300 μm) containing the area of interest (auditory 247 

cortex, lateral amygddala) were sectioned on a vibratome (VT1200S; Leica) in a chilled cutting 248 

solution containing the following (in mM): 100 choline chloride, 25 NaHCO3, 25 D-glucose, 11.6 249 

sodium ascorbate, 7 MgSO4, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2. These 250 

slices were incubated in oxygenated artificial cerebrospinal fluid (ACSF) in a submerged 251 

chamber at 35-37°C for 30 min and then room temperature (21-25°C) until recordings were 252 

performed. ACSF contained the following (in mM): 126 NaCl, 26 NaHCO3, 10 D-glucose, 2.5 253 

KCl, 2 CaCl2, 1.25 NaH2PO4, 1 MgCl2; osmolarity was ~290 Osm/L.  254 

Whole-cell recordings were performed in 31-33°C ACSF. Thin-walled borosilicate glass pipettes 255 

(Warner Instruments) were pulled on a vertical pipette puller (PC-10; Narishige) and typically 256 

were in the range of 3-5MΩ resistance when filled with a cesium-based intracellular solution, 257 

which contained the following (in mM): 110 CsOH, 100 D-gluconic acid, 10 CsCl2, 10 HEPES, 258 
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10 phosphocreatine, 1 EGTA, 1 ATP, and 0.3-0.5% biocytin. Inhibitory postsynaptic currents 259 

(IPSCs) were recorded in the voltage-clamp configuration with a holding potential of 0 mV (the 260 

calculated reversal potential for glutamatergic excitatory conductances). Intrinsic properties 261 

were recorded in the current-clamp configuration using a potassium-based intracellular solution 262 

at 31-33°C.  Potassium-based intracellular solution contained the following (in mM): 120 263 

potassium gluconate, 20 KCl, 10 HEPES, 10 phosphocreatine, 4 ATP, 0.3 GTP, 0.2 EGTA, and 264 

0.3- 265 

0.5% biocytin).  266 

Signals were sampled at 10 kHz and filtered (low-pass filtered) at 4 kHz. Pharmacological 267 

blockers used were: CPP (5 μM; Tocris Bioscience), NBQX (10 μM; Abcam), and gabazine (25 268 

μM; Abcam). Hardware control and data acquisition were performed by Ephus (www.ephus.org) 269 

(Suter et al., 2010).  270 

  271 

Allen Mouse Brain Atlas map of electrophysiological recording sites of LA principal 272 

neurons  273 

Location of lateral amygdala principal neurons recorded in figure 7 was determined by taking a 274 

4x photograph of the position of the glass pipette in lateral amygdala while performing wholecell 275 

patch clamp recording. Recording sites of the amygdala spanned across three 300 um coronal 276 

slices to cover the entire lateral amygdala. These 4x photographs where then aligned to the 277 

corresponding Nissl stained coronal slice in the Allen Brain Mouse Atlas (-1.430, -1.790, -2.150 278 

mm from bregma) to define the specific location of the somata of the recorded neuron in the 279 

atlas. Both voltage and current clamp experiments where mapped in different set of atlases.  280 

  281 

Chrimson photostimulation  282 

CLA-SOM neurons transfected with Chrimson showed chrimson-tdTomato-positive axons in the 283 

lateral amygdala. Because of variability both in chrimson expression levels (number of chrimson 284 
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molecules per transfected neuron) and transfection efficiency (number of chrimson-expressing 285 

neurons per animal), to minimize the variability from experiment to experiment we performed the 286 

electrophysiological recording in the same lateral amygdala slices (identified by specific 287 

landmarks as slice -1, 0 and +1) and with the highest density of chrimson transfected axons. We 288 

recorded IPSCs from putative principal neurons in the lateral amygdala during photoactivation of 289 

the CLA-SOM Chrimson-positive axon terminals. A 615 nm wavelength red LED (CoolLED pE 290 

excitation system) and a 60X water-immersion objective was used to photoactivate CLA-SOM 291 

Chrimson-positive axon terminals. For retrograde labelling of LA-AC projecting neurons, this 292 

paradigm was combined with the injection of 50 nl of red Retrobeads in the right AC 2-4 days 293 

before the experiment (n = 7 animals, n = 3 litters).   294 

  295 

Delay/silencing of first action potential in LA principal neurons  296 

We recorded from putative principal neurons in the lateral amygdala in an area containing 297 

Chrimson-tdTomato-positive CLA-SOM axons. In current-clamp configuration, a step of current 298 

was injected to cause the lateral amygdala principal neuron to fire 1-3 action potentials. To 299 

determine the effect of CLA-SOM projections on the output of lateral amygdala principal 300 

neurons, we photoactivated CLA-SOM Chrimson-positive axons by flashing red light (615 nm) 301 

for 3 ms starting 10-50 ms before the first action potential. Combining current injection with 302 

photoactivation of CLA-SOM projections delayed the current-evoked action potentials in 303 

amygdala principal neurons. The action potential delay due to the combined current injection 304 

with photoactivation of CLA-SOM projections was normalized to the onset of the first action 305 

potential measured during the current injection alone.  306 

  307 

Histology  308 

During whole-cell recordings, neurons were filled with an internal solution containing 0.3-0.5% 309 

biocytin. Filled neurons were held for at least 20 minutes, and then the slices were fixed in a 310 
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formalin solution (neutral buffered, 10% solution; Sigma-Aldrich) for several days at 4°C. The 311 

slices were washed well in PBS (6 times, 10 minutes per wash) and placed in a 4% streptavidin  312 

(Alexa Fluor 488, 594, or 680 conjugate; Life Technologies) solution (498 μl 0.3% Triton X-100 313 

in PBS, 2 μl streptavidin per slice). Slices were allowed to incubate in this solution at 4°C 314 

overnight, then washed well in PBS (6 times, 10 minutes per wash) and mounted with 315 

Fluoromount-G (SouthernBiotech) on a glass microscope slide. Confocal images were taken 316 

with a Zeiss LSM710 microscope at varying magnifications (3-63X). The identities of neurons 317 

recorded in the lateral amygdala were confirmed by the presence of spines on their dendritic 318 

processes when imaged at 40-63X magnification. Individual high magnification images were 319 

stitched together, when necessary, using XuvStitch software (XuvTools). Image adjustment was 320 

performed in ImageJ (National Institutes of Health) for brightness/contrast corrections and 321 

pseudocoloring. Neurons were morphologically reconstructed in three dimensions using the 322 

Simple Neuritr Tracer plugin on ImageJ software (Schindelin et al., 2012).  323 

  324 

Immunohistochemistry  325 

Mice were transcardially perfused with 4% paraformaldehyde (PFA), brains were dissected, 326 

postfixed over night at 4°C and coronal sections (100 μm tick) were obtained with a vibratome 327 

(VT1200S; Leica). Immunoistochemical procedures were performed on free-floating sections 328 

using: rabbit anti-RFP (for tdTomato, 1:500, Rockland, cat #600-401-379), rabbit anti-GFP-329 

alexa488 conjugated (for YFP, 1:500, ThermoFisher, cat #A21311), rat anti-somatostatin (1:200, 330 

Millipore, cat #MAB354), chicken anti-GFP (1:1000, AbCam ab13970) primary antibodies, 331 

followed by Alexa Fluor 633 goat anti-rabbit IgG (1:500, Life Technologies), Alexa Fluor-633 332 

goat anti-rat (1:500, Life Technologies) and Alexa Fluor 488 goat anti-chicken IgG (1:500, 333 

AbCam) secondary antibodies.  334 

  335 
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Experimental design and statistical analysis  336 

Figure error bars represent SEM. Data analysis was performed offline using custom MATLAB  337 

(MathWorks) routines. Group comparisons were made using the Student’s t-test if data were 338 

normally distributed and the rank-sum test if not, with significance defined as p < 0.05. Statistical 339 

analyses were conducted using standard Matlab (MathWorks) functions.  340 

  341 

Results  342 

Anatomical and electrophysiological properties of cortico-lateral-amygdala somatostatin 343 

neurons  344 

To visualize long-range GABAergic projections originating in the cortex and terminating 345 

in the lateral amygdala, we injected a combination of AAV.Chrimson-tdTomato.Flex and 346 

AAV.CaMKII.GFP into the right auditory cortex (AC) of SOM-Cre transgenic mice. In this way, 347 

we conditionally expressed Chrimson-tdTomato in somatostatin-expressing (SOM) GABAergic 348 

neurons while simultaneously non-specifically labeling all pyramidal neurons in the AC with GFP  349 

(Fig. 1A-D).   350 

Between the two viruses we found a similar area of transfection, quantified as the 351 

distance from the injection site to the most posterior slice showing either GFP- or tdTomato-352 

expressing somata (Antero-posterior spread: GFP: 1267 ± 133 μm; tdTomato: 866 ± 133 μm; 353 

Area: GFP: 2667 ± 379 μm2; tdTomato: 645 ± 168 μm2; p = 2.06 x 10-4, t-test; Fig.2B). Although 354 

our analysis suggests that the spread of Chrimson.tdTomato covers a smaller area than 355 

CamKII.GFP (Fig. 2A-B), we were able to detect Chrimson and CamKII positive axons across 356 

the entire anterior posterior extent of LA (Fig. 1).Particularly, this method allowed us to visualize 357 

the contribution of both long-range excitatory (GFP-expressing axons) and inhibitory 358 

(ChrimsontdTomato-expressing axons) projections originating in the cortex and terminating in 359 

the LA (Fig. 1D). The boundaries for the LA were approximated based on bright-field image 360 

landmarks and comparison to the Allen Institute for Brain Science coronal mouse atlas.   361 
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Although, in our experience, AAV1.Flex viral vectors (Atasoy et al., 2008) exhibited both 362

anterograde and retrograde (Rothermel et al., 2013; Rock et al., 2016; Rock et al., 2017; Zurita 363

et al., 2018) transfection capabilities, when we injected the AAV.Chrimson-tdTomato.Flex virus 364

in the cortex we only observed anterograde labeling of SOM neurons (i.e. no SOM somata 365

transfected in LA; see Fig.5C). In contrast, when we injected the AAV1-CAG-FLEX-366

EGFPWPRE virus into the LA, we observed transfected SOM somata both in the injected lateral 367

amygdala (Fig. 1D, left) and in the ipsilateral auditory cortex (Fig.3B-C).  To determine the layer 368

of origin for the long-range cortico-lateral-amygdala SOM neurons (from this point forward 369

referred to as CLA-SOM neurons), we injected the AAV.GFP.Flex virus into the right lateral 370

amygdala of SOM-Cre transgenic mice expressing td-Tomato in all the somatostatin neurons  371

(Taniguchi et al., 2011) (Fig. 3A-C). This approach allowed us to visually identify and record 372

from CLA-SOM neurons using whole-cell patch clamp (Fig. 3D). Confocal images of 373

biocytinfilled CLA-SOM neurons showed that they are similar to SOM GABAergic neurons in 374

their morphology and send an axonal projection into the subcortical white matter as well as to 375

the layer 1(Fig. 3E, Morphological-reconstructed CLA-SOM neuron; Fig. 4). We verified their 376

identity based on the comparison with electrophysiological properties of SOM GABAergic 377

neurons (Ma et al., 2006). These properties include a wide action potential and low rheobase 378

(the smallest current step evoking an action potential) (Fig.3D, bottom; action potentials in CLA-379

SOM neurons, shown in black, are wider than those from fast-spiking GABAergic neurons, 380

example in red). The responses to current steps in CLA-SOM neurons were typical for SOM 381

GABAergic neurons (Fig. 3D). Basic electrophysiological properties for CLA-SOM neurons (n = 382

15) included (Fig. 3D): resting membrane potential, −62.8  2.4 mV; input resistance, 245.8  383

43.9 MΩ; membrane time constant, 0.72  0.09 ms;  rheobase, 70  16.4 pA (data not shown);  384

action potential threshold, − 42.4  1.1 mV; action potential height, 62.9  2.6 mV; action 385

potential half width, 0.42  0.03 ms; F-I slope, 0.33  0.03 Hz/pA step data not shown. Using 386
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the combination of this virus approach and whole-cell patch clamp, allowed us to determine also 387 

the laminar location of CLA-SOM neurons. Particularly, their somata were spanning all the 388 

layers but primarily present in layers 5 and 6 of the AC (17 out 25, 68% of the CLA neurons in 389 

layer 5 and 6) (Fig. 3F-G).  390 

In a different set of experiments, to visualize long-range SOM projections originating in 391 

the AC and terminating in the LA, we injected well established non-viral retrograde tracers (Fig. 392 

3H) such as the red RetroBeads, into the LA of SOM-Cre-YFP transgenic mice and analyzed 393 

retrograde labeled cells in the AC. The injection site was centered primarily in the dorsal region 394 

of the LA. From the center of the injection, the spread of the tracer was ~ 600 μm in the 395 

anteroposterior plane and ~ 300 μm in the dorso-ventral plane. For all of our injections (n = 4 396 

animals), there was no evidence and/or negligible of tracer deposit or spillover in the striatum or 397 

the basal amygdala. These are two brain areas bordering the LA, and are known to receive 398 

corticofugal projections from the AC (Winer, 2006). Using this method, we found that, in CLA-399 

SOM neurons,  400 

YFP was colocalized with red RetroBeads in the AC (Fig. 3J, left panels) and were spanning 401 

from layer 2-6 of the AC in the hemisphere ipsilateral to the injection site (Fig. 3I). Moreover, 402 

retrogradely labeled CLA-SOM neurons were identified throughout the entire AC, including the 403 

dorsal, primary, and ventral areas. We further characterized the CLA-SOM by confirming their 404 

expression of the neuropeptide somatostatin (SOM) (Fig.3J, right panels).  405 

These multiple complementary data sets confirm that, in the entire AC, long-range 406 

CLASOM GABAergic neurons send a direct projection to the LA (CLA-SOM inhibitory 407 

projections → LA principal neurons).  408 

  409 

Do cortico-lateral-amygdala somatostatin neurons inhibit lateral amygdala neurons?  410 

To determine the connectivity pattern of CLA-SOM neurons onto neurons in the lateral 411 

amygdala, we used an optogenetic approach in which we conditionally expressed Chrimson in 412 
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SOM neurons by injecting AAV1.Chrimson.Flex into the right AC of SOM-Cre transgenic mice 413

(Fig. 5A-B; injection site as Fig. 1B). After 4-6 weeks, we recorded from the right lateral 414

amygdala, in which Chrimson-positive axons could be observed (Fig. 5C). As already reported 415

for ChR2-positive axons (Petreanu et al., 2007; Rock and Apicella, 2015) , Chrimson-positive 416

axons remain photoexcitable even when severed from their parent somata. To determine the 417

synaptic properties of CLA-SOM projections onto lateral amygdala neurons, we photoactivated 418

CLA-SOM Chrimson-positive axons by flashing red light (615 nm) for 3 ms at three different 419

power (0.2, 0.7, and 1.3 W/cm2) during whole-cell recordings from LA neurons. Inhibitory 420

postsynaptic currents (IPSCs) (Fig. 5D, red trace) were isolated by applying a command 421

potential of 0 mV (the calculated reversal potential for glutamatergic excitatory conductance). 422

The IPSCs onset of the photo-evoked response was 3.5  0.2 ms (0.2 W/cm2; n =18), 2.8  0.1 423

ms (0.7 W/cm2; n = 19), 2.6  0.1 ms (1.3 W/cm2; n = 20) respectively (Fig. 5E, left). Our 424

quantification revealed that the onset of the photo-evoked responses was significantly faster at 425

the 1.3 W/cm2 LED power compared with those at 0.2 W/cm2 (p = 2.25 x 10-4, t-test) and 426

significantly faster at 0.7 W/cm2 LED power compared with those at 0.2 W/cm2 (p = 0.0025, t-427

test) (Fig. 5E, 428

left).  429

This latency is consistent with the IPSCs being the result of a monosynaptic inhibitory 430

input from the cortex and not a local lateral amygdala feedback inhibitory network recruited by 431

cortical projections. Blocking excitatory neurotransmission by application of glutamate receptor 432

antagonists NBQX and CPP did not abolish the CLA-SOM-Chrimson-evoked synaptic IPSCs  433

(Fig. 5D, magenta trace; n = 5). In contrast, blocking inhibitory neurotransmission by application 434

of gabazine (Fig. 5D, black trace; n = 5) completely abolished the CLA-SOM-Chrimson-evoked 435

synaptic IPSCs, confirming they were elicited by direct cortical inhibitory transmission. Basic 436

biophysical properties for CLA-SOM-Chrimson-evoked synaptic IPSCs (n = 20) included (Fig. 437
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5E): peak, 61.8  11.7 pA (0.2 W/cm2), 75.7  13.3 pA (0.7 W/cm2), 80.1  12.9 pA (1.3 W/cm2); 438

charge, 1.4  0.3 pC (0.2 W/cm2), 2.1  0.4 pC (0.7 W/cm2), 2.4  0.4 pC (1.3 W/cm2). 439

Biocytinfilled neurons were post-hoc morphologically identified as principal neurons by the 440

presence of dendritic spines (Fig. 5C, right, white arrows, Fig.6). 15 out of 18 neurons were 441

recovered after patching and were processed for imaging; all 15 of these neurons showed a 442

high density of dendritic spines at 40-63X magnification (Fig. 6). These data reveal that a large 443

proportion of LA principal neurons (Fig. 7) receive direct inhibitory input driven by CLA-SOM 444

neurons but does not exclude the possibility that other LA neurons also receive inhibitory input 445

from these projections.  446

To determine how CLA-SOM neurons affect the output of LA neurons, we took 447

advantage of the same viral approach described above. We obtained whole-cell recordings from 448

principal neurons while injecting a step of current causing the neurons to spike between 1-3 449

action potentials (Fig. 5F-G, black traces). We then photoactivated CLA-SOM Chrimson-positive 450

axons by flashing red light (615 nm) for 3 ms starting 10-50 ms before the first action potential. 451

Combining current injection with photoactivation of CLA-SOM Chrimson-positive axons, we 452

observed a delay of the first action potential (Fig. 5F-G, red traces), with an average delay of 453

23.6  3.3 ms (n = 9) (Fig. 5H). Overall, these results indicate that CLA-SOM projections act 454

directly on LA principal neurons and have the ability to affect spike generation and timing in 455

these neurons.   456

 457

Cortico-lateral-amygdala somatostatin neurons inhibit LA ̶ AC projecting neurons  458

The lateral amygdala is characterized by principal neurons that project locally and 459

outside the amygdala(McDonald, 1998). Recently Yang et al (Yang et al., 2016) have identified 460

a previous unexplored pathway from the LA to the AC (LA-AC projecting neurons) and found 461

that these connections are associated with fear memory. We examined how activity of CLA-462



19  
 

SOM neurons regulates activity in LA-AC pathway. To address this question, we used an 463

optogenetic approach in SOM-Cre transgenic mice (Fig. 8A-B) in which LA-AC projecting 464

neurons are retrogradelly labeled by injecting red RetroBeads in right AC (Fig. 8C). In these 465

mice,  466

AAV.Chrimson.Flex injected in the AC induces Chrimson expression in CLA-SOM neurons (Fig. 467

8D-E). To determine the CLA-SOM synaptic connections onto the LA-AC projecting neurons, we 468

recorded in coronal brain slices from LA-AC neurons in the lateral amygdala ipsilateral to the 469

injection site. Three out of eight neurons were recovered after patching and were processed for 470

imaging; all three of these neurons showed a high density of dendritic spines at 40-63X 471

magnification. CLA-SOM-Chrimson-evoked synaptic IPSCs were not blocked by application of 472

NBQX and CPP, but completely blocked by application of gabazine (Fig. 8F). The peak (69.2  473

20.7 pA, 0.2 W/cm2; 96.4  22.9 pA, 0.7 W/cm2; 99.7  21.1 pA, 1.3 W/cm2) and charge (1.9  474

0.4 pC, 0.2 W/cm2; 2.6  0.6 pC, 0.7 W/cm2; 2.7  0.5 pC, 1.3 W/cm2) of the maximal IPSCs 475

were used as measures of the strength of the CLA-SOM projections to LA-AC neurons (n =8) 476

(Fig. 8G). Our quantification also revealed that the onset of the photo-evoked responses was 477

significantly faster at the 1.3 W/cm2 LED power compared with those at 0.2 W/cm2 (p =0.0011, t-478

test) and significantly faster at 0.7 W/cm2 LED power compared with those at 0.2 W/cm2 (p = 479

0.0127,  480

t-test) (Fig. 8G, left).  481

Together, these results indicate that CLA-SOM neurons innervate LA-AC projecting 482

neurons in the lateral amygdala (CLA-SOM inhibitory projections → LA-AC principal 483

neurons).  484

 485
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In vivo monosynaptic circuit mapping through Cre-dependent targeting of CLA-SOM 486 

neurons   487 

In order to determine if CLA-SOM receive reciprocal innervation from LA-AC principal 488 

neurons, as well as from other brain areas, we applied a monosynaptic retrograde tracing 489 

approach (Oh et al., 2014). We first injected the right auditory cortex of SOM-Cre animals with 490 

AAV1-EF1a-flex-GTB helper virus, which encodes for the fluorescent reporter GFP (as a 491 

reporter), the TVA800 avian receptor (for pseudotyped rabies virus entry) and rabies G protein 492 

(for Rabies virus cell exit in a retrograde fashion), in a Cre-dependent manner. The subsequent 493 

injection of pseudotyped Rabies Virus (RV) EnvA-ΔG-ChR2-mCherry virus in the right LA 494 

allowed the infection of local CLA-SOM axons through the TVA receptor (Fig 9A). CLA-SOM 495 

neurons (starter neurons) in the right AC can therefore be identified by the double expression of 496 

GFP and mCherry, and could spread newly synthetized RV-ΔG-ChR2-mCherry virions to their 497 

presynaptic partners, which in turn will be identified by the expression of mCherry only (Fig 9B). 498 

A brain-wide analysis revealed that the vast majority of CLA-SOM presynaptic neurons are 499 

localized in AC, and a small fraction in LA (Fig 9C), MGB, and non-auditory cortical areas (data 500 

not shown). As additional control, RV-EnvA-ΔG-ChR2-mCherry was injected in a SOM-Cre 501 

mouse: after 6 days, no mCherry expressing cells were observed, neither in the proximity of the 502 

injection site, nor in more distal regions, indicating that the RV could infect cells only when in 503 

combination with TVA expressing neurons. This indicates that a portion of LA-AC neurons is 504 

synaptically connected with CLA-SOM neurons in the auditory cortex.   505 

  506 

Discussion  507 

Previous studies have extensively characterized the neuronal circuits underlying fear 508 

conditioning(Janak and Tye, 2015). The auditory signals reach the LA via the auditory thalamus 509 

and AC, then transfer to the basolateral and the central amygdala which in turn projects to the 510 

brainstem that controls fear/aversive behavior (McDonald, 1998). Particularly, by using 511 
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anatomical, electrophysiological, imaging, and optogenetics approaches these studies have 512 

established that cortical neurons have an impact on sound-driven aversive/fear behavior by 513 

regulating the activity of neurons in the lateral amygdala through long-range 514 

glutamatergic/excitatory projections while inhibition is mediated by local feed-forward and feed-515 

back circuits (for review: (Letzkus et al., 2011; Janak and Tye, 2015)). In this study, we have 516 

identified a previously unexplored corticolateral-amygdala long-range inhibitory circuit (CLA-517 

SOM inhibitory projections → LA principal neurons) underlying the control of LA principal 518 

neurons output (Fig.10). We also established that the CLA-SOM neurons innervate LA principal 519 

neurons that are a component of a new feedback pathway from LA to the AC (CLA-SOM 520 

inhibitory projections → LA-AC projecting neurons), and (LA-AC projecting neurons → 521 

CLA-SOM inhibitory projections), that it is important for the expression of fear memory(Yang 522 

et al., 2016).    523 

Discriminating between auditory signals of different affective value is critical for the survival and 524 

success of social interaction of an individual. Auditory fear conditioning has been used as a 525 

behavioral task in which animals learn to associate a neutral stimulus (sound) with an aversive 526 

stimulus (foot shock), that lead the animal to exhibit a fear response to the sound presentation 527 

alone.   The amygdala is the key brain region critical for the formation of auditory fear memory  528 

(Goosens and Maren, 2001).  Particularly, auditory fear conditioning is recognized to involve a  529 

Hebbian plasticity mechanism within the LA, whereby a non-strong auditory input (conditioned 530 

stimulus, CS) on LA neurons are potentiated by simultaneous strong depolarization produced by 531 

the somatosensory input processing the unconditioned stimulus (US). The so obtained 532 

potentiation of the auditory input increases the probability that the LA neurons will increase the 533 

cell firing when an auditory CS signals is presented again. This model is supported by work both 534 

in vitro (Rumpel et al., 2005) (Clem and Huganir, 2010) and in vivo (Quirk et al., 1995; Rogan 535 

and LeDoux, 1995). For long time, it has been assumed that memories are encoded by 536 

modification of synaptic strength via two principal cellular mechanisms such as long-term 537 
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potentiation (LTP) and long-term depression (LTD). Only lately, Nabavi et al.(Nabavi et al., 538 

2014) were able to show the causal link between these synaptic processes and memory by 539 

conditioning an animal to associate a foot shock with optogenetic stimulation of auditory 540 

projections to the amygdala.  541 

Recently, Yang et al. (Yang et al., 2016) demonstrated that a pathway from the LA to the 542 

AC leads to structural rearrangements of presynaptic boutons and postsynaptic spines of 543 

auditory cortical pyramidal neurons. Particularly, this amygdala-cortical projection is important to 544 

fear memory expression. Moreover, Namburi et al. (Namburi et al., 2015) found that the lateral 545 

amygdala projecting neurons have the ability to differentially mediate the acquisition of 546 

associative memories of stimuli that predict positive and negative outcomes. Since, the 547 

acquisition of fear (Miserendino et al., 1990) has been show to induce LTP of synapses onto LA 548 

neurons, by increasing the postsynaptic α-amin0-3-hydroxy-5-methyl-4-isoxazolepropionic acid 549 

receptors (AMPAR)-mediated currents in a N-methyl-D-aspartate receptor   (NMDA)-dependent 550 

manner that required the simultaneous release of glutamate and depolarization of the 551 

postsynaptic neurons. Namburi et al (Namburi et al., 2015) found that optogentic silencing of 552 

LA neurons during the conditioned-unconditioned behavioral paradigm impaired the conditioned 553 

freezing by blocking the NMDAR-dependent LTP mechanism to occur.   554 

 In an additional studies, Chen et al.(Chen et al., 2015) demonstrated that motor 555 

learning is characterized by structural rearrangements of presynaptic boutons of cortical SOM 556 

interneurons, while  Kato et al.(Kato et al., 2015) demonstrated that local Som neurons gate 557 

cortical information flow based on the behavioral relevance of the stimulus. Only recently, Gillet 558 

et al.(Gillet et al., 2017) showed that learning related changes in Som cell activity may help to 559 

regulate CS+ and CS- sensory representations during fear memory retrieval. Further 560 

experiments are needed to understand the functional significance of this direct cortical inhibition 561 

to the LA, but in combination with the above mentioned studies it invites to speculate that CLA-562 

SOM neurons might play a role in mechanisms underlying spine dynamics by inducing a specific 563 
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reorganization of dendritic excitatory synapses of LA principal neurons, including the LA-AC 564 

projecting neurons and have consequences on learning and/or memory retrieval.   565 

Our results establish a previously unknown corticoamygdala long-range inhibitory circuit 566 

(CLA-SOM inhibitory projections  amygdala principal neurons) underlying the control of 567 

spike timing/generation in LA and LA-AC neurons and attribute a specific function to a 568 

genetically defined type of cortical neuron in corticoamygdala communication. We have shown 569 

that the LA principal neurons, as well the LA-AC projecting neurons, receive not only 570 

glutamatergic excitatory inputs from the cortex, but also inhibitory inputs. This may suggest that 571 

the timing and ratio of excitation and inhibition, two opposing forces in the mammalian cerebral 572 

cortex, can dynamically affect the output of the lateral amygdala, providing a general 573 

mechanism for fear/aversive behavior driven by auditory stimuli.  574 

  575 

Figure Legends  576 

Figure 1. Distribution of auditory cortex excitatory and inhibitory projections to the LA.  577 

(A) Schematic depicting injection site using the SOM-Cre transgenic mouse line to transfect 578 

CLASOM and excitatory projections to the lateral amygdala with Chrimson.tdTomato an GFP.   579 

(B) Top: Bright-field image of a slice containing the AC injection site of 580 

AAV.Chrimson.tdTomato.Flex and AAV.CamKII.GFP in the Som-Cre transgenic mouse line. 581 

Middle: tdTomato fluorescence in the injection site. Bottom: GFP fluorescence in the injection 582 

site.  (C) Left, top: Epifluorescence image of tdTomato-expressing SOM neurons in the AC. Left 583 

bottom: Epifluorescence image of GFP-expressing pyramidal neurons (CamKII positive) in the 584 

AC.  585 

Right: Overlay of GFP and tdTomato images.    586 

 (D) Left panels: Higher magnification image of GFP-expressing fluorescent axons in the LA. 587 

Middle panels: Higher magnification image of CLA-SOM tdTomato-expressing fluorescent axons 588 
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in the LA. Right panels: Higher magnification image overlay of GFP and tdTomato images.  The 589 

dashed line indicates the approximate lateral amygdala boundaries.   590 

  591 

Figure 2. Quantification of the antero-posterior and dorsal-ventral spread of the injection 592 

site of AAV.CamKII.GFP and AAV.flex.Chrimson.tdTomato in the right auditory cortex of 593 

Som-Cre transgenic mice.   594 

(A) Brightfield (top row) and epifluorescence (bottom rows) images of the slices of the 595 
injection  596 

site  of  a  representative  Som-Cre  mouse  with  AAV.CamKII.GFP  (green)  and  597 

AAV.flex.Chrimson.tdTomato (red).   598 

(B) Plot of Anterior-Posterior spread (left) and Dorso-Ventral Medial-Lateral spread area 599 

(right) of  CamKII.GFP and Chrimson.flex.tdTomato injection in AC.  600 

  601 

Figure 3. Morphological characteristics, electrical and molecular properties of long-range 602 

CLA-SOM neurons in the mouse auditory cortex.   603 

(A) Schematic depicting injection site using the SOM-Cre-tdTomato transgenic mouse line to 604 

identify CLA-SOM neurons in the auditory cortex. Bottom, Lateral amygdala: green CLA-SOM  605 

GFP-positive axons; red SOM tdTomato-positive interneurons. Top, auditory cortex: 606 

AAV.GFP.Flex injection site; yellow CLA-SOM somata coexpressing GFP and tdTomato.  607 

(B) Epifluorescence images of SOM GFP-positive neurons.  Left, top: Bright-field image of a 608 

slice containing the LA injection site of AAV.GFP.Flex in the Som-Cre.tdTomato transgenic 609 

mouse line.  610 

Left, middle: tdTomato-expressing SOM neurons in the SOM-Cre-tdTomato transgenic mouse 611 

line. Left, bottom: GFP-positive SOM neurons in the lateral amygdala containing the viral 612 

injection of AAV.GFP.Flex in the SOM-Cre-tdTomato transgenic mouse line. The dashed line 613 

indicates the lateral amygdala boundaries containing the LA injection site of AAV.GFP.Flex. 614 
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Right, top: Higher magnification of bright-field image of a slice containing the LA injection site of 615 

AAV.GFP.Flex in the Som-Cre.tdTomato transgenic mouse line. Right, middle: Higher 616 

magnification image of tdTomato-expressing SOM neurons in the SOM-Cre-tdTomato 617 

transgenic mouse line. Rigth, bottom: Higher magnification image of GFP-positive SOM neurons 618 

in the lateral amygdala containing the viral injection of AAV.GFP.Flex in the SOM-Cre-tdTomato 619 

transgenic mouse line.   620 

(C) Left: Overlay image of GFP-positive SOM neurons in the auditory cortex identified by 621 

viral injection of AAV.GFP.Flex and SOM neurons in the SOM-Cre-tdTomato transgenic mouse 622 

line. The dashed box and the arrows indicate the location of the somata of CLA-SOM neurons. 623 

Top, right: GFP-positive CLA-SOM neurons in the auditory cortex retrogradely identified by viral 624 

injection of AAV.GFP.Flex in the lateral amygdala of SOM-Cre-tdTomato transgenic mouse line. 625 

Middle, right: tdTomato-expressing SOM neurons in the SOM-Cre-tdTomato transgenic mouse 626 

line. Bottom, left: overlay of GFP and tdTomato images. The arrow indicates the location of the 627 

CLASOM neurons.   628 

(D) Top:Summary plot of Vrest: resting membrane potential; Ri: input resistance; Tau: 629 

membrane time constant; Rheobase, the smallest current step evoking an action potential; AP 630 

height: action potential height; AP half-width: action potential half-width from CLA-SOM neurons 631 

(n = 15), including group averages (± s.e.m.). Bottom: train of action potentials recorded in a 632 

GFP-positive  633 

CLA-SOM neuron during step current injection (1.0 s, 100 pA pulse). Top, single action potential 634 

from GFP-positive CLA-SOM neuron (black); compare to an action potential from a fast-spiking 635 

interneuron (red).   636 

(E) Morphological reconstruction of one CLA-SOM neuron (dendrites, black; axons, red).  637 

(F) Plot shows the group average soma location (± s.e.m.) of CLA-SOM neurons. The black 638 

circles mark the absolute distances from the pia to the soma (CLA-SOM, n = 25, animals, n = 639 
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12).  (G) Plot shows the dorso-ventral soma location of CLA-SOM neurons (CLA-SOM, n = 18, 640 

animals,  641 

n = 8).   642 

(H) Schematic depicting the injection site of red RetroBeads using the SOM-Cre-eYFP 643 

transgenic mouse line to identify CLA-SOM neurons in the auditory cortex.  644 

(I) Overlay image of red-positive neurons in the auditory cortex identified by injection of 645 

retrograde beads in LA and SOM eYFP neurons in the SOM-Cre-eYFP transgenic mouse line.   646 

(J) High magnification epifluorescence images of SOM red-beads-positive neurons. Top, 647 

left: eYFP-positive SOM neurons in the auditory cortex in the SOM-Cre-tdTomato transgenic 648 

mouse line. Middle, left: CLA-SOM neurons identified by anatomical retrograde labeling in the 649 

SOM-CreeYFP transgenic mouse line. Bottom, left: overlay of eYFP and retrograde beads 650 

labeled CLASOM neurons. The arrows indicate the location of the read beads in the CLA-SOM 651 

neurons. Top, right: CLA-SOM neurons immunostained with anti-SOM. Middle, left: CLA-SOM 652 

neurons identified by anatomical retrograde labeling in the SOM-Cre-eYFP transgenic mouse 653 

line. Bottom, right: overlay of CLA-SOM neurons immunostained with anti-SOM and retrograde 654 

beads labeled CLASOM neurons. The arrows indicate the location of the read beads in the 655 

CLA-SOM neurons.   656 

  657 

Figure 4. Single cell reconstruction of the dendritic arborization of byocitin-filled 658 

retrograde labelled CLA-SOM neurons  659 

All neurons are oriented towards pia (top).   660 

  661 

Figure 5. Photostimulation of auditory CLA-SOM projections elicits direct inhibition and 662 

modulates action potentials in lateral amygdala principal neurons.  663 
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(A) Schematic depicting injection site using the SOM-Cre transgenic mouse line to transfect 664

CLASOM projections to the lateral amygdala with Chrimson. Top, auditory cortex: 665

AAV.Chrimson.flex injection site. Bottom, lateral amygdala: red CLA-SOM Chrimson-tdTomato-666

positive axons.   667

(B) Experimental paradigm for photostimulating Chrimson-positive CLA-SOM projections 668

while recording from lateral amygdala neurons.   669

(C) Left: Epifluorescence images of a slice containing the lateral amygdala showing 670

expression of ChRimson-tdTomato following injection of AAV.Chrimson.Flex into the auditory 671

cortex plus biocytin-labeled lateral amygdala principal neurons. Middle: high-resolution 672

epifluorescence image of a biocytin-labeled principal neuron in the lateral amygdala. The 673

dashed box indicates the location of the image in the right panel. Right: high-resolution 674

epifluorescence image of spines from the biocytin-labeled principal neuron in the lateral 675

amygdala.  676

(D) Example of IPSCs recorded at 0 mV from a principal neuron before (red trace) and after 677

application of ionotropic glutamate receptor antagonists (NBQX 10 M, CPP 5 M: magenta 678

trace) and GABAA receptor antagonist (gabazine 25 M: black trace).  679

(E) Left: plot of onset latencies recorded in lateral amygdala principal neurons using three 680

different red LED power (n = 18) including group averages (  s.e.m.). Middle: plot of IPSCs 681

peaks calculated for lateral amygdala principal neurons using three different red LED power, 682

including group averages (  s.e.m.). Right: plot of IPSCs charge transfer calculated for 683

individual IPSCs for lateral amygdala principal neurons using three different red LED power, 684

including group averages (  s.e.m.). * p < 0.05, t-test.  685

(F) Response of a principal neurons in the whole-cell current-clamp configuration to current 686

injection (130 pA, 100 ms; n = 9, black trace). Response of the principal neuron (red trace) to 687

current injection with photostimulation of CLA-SOM projections (red bar, 1-10 ms).   688
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(G) Response of a principal neurons in the whole-cell current-clamp configuration to current 689 

injection (150 pA, 1000 ms; n = 5, black trace). Response of the principal neuron (red trace) to 690 

current injection with photostimulation of CLA-SOM projections (red bar, 1-10 ms).   691 

(H) Summary of Chrimson-mediated delay of action potential generation in lateral amygdal 692 

principal neurons (n = 9) during current injection combined with photostimulation of the 693 

ChRimson CLA-SOM projections. Delay was relative to the onset of the first action potential 694 

measured during the current injection alone.  695 

  696 

Figure 6. Single cell reconstruction of the dendritic arborization of byocitin-filled LA 697 

principal neurons  698 

Each neuron displays high density dendritic spines, as showed in the corresponding high 699 

resolution confocal images. Dashed boxes indicate the location of the confocal images for each 700 

neuron.   701 

  702 

Figure 7. Allen Mouse Brain Atlas map of LA principal neurons recording sites  703 

  704 

Nissl stain coronal slices from the Allen Mouse Brain Atlas with voltage clamp (upper) and 705 

current clamp (lower) recordings of individual soma locations of principal neurons in LA (black 706 

dots). Lower panel shows examples of alignment of 4x images of recording pipette in the slice 707 

with the Allen Mouse Brain Atlas to determine the location of the soma of the recorded neuron.  708 

  709 

Figure 8. Auditory CLA-SOM neurons innervate LA-AC projecting neurons.   710 

(A) Schematic depicting injection site using the SOM-Cre transgenic mouse line to transfect 711 

CLASOM projections to the lateral amygdala with Chrimson and retrogradely label LA-AC 712 

projecting neurons. Top, auditory cortex: AAV.Chrimson.flex and red RetroBeads injection site. 713 
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Bottom, lateral amygdala: red CLA-SOM Chrimson-tdTomato-positive axons and retrograde 714

labeled LA-AC projecting neurons.   715

(B) Experimental paradigm for photostimulating Chrimson-positive CLA-SOM projections 716

while recording from retrogradely identified LA-AC projecting neurons.   717

(C) Bright-field (left) and epifluorescence (right) images of a slice containing the auditory 718

cortex injection site for AAV.Chrimson.Flex and red RetroBeads.  719

(D) Epifluorescence (left) image of a slice containing the lateral amygdala showing 720

expression of Chrimsom-tdTomato (red) and LA-AC principal neurons (green, dashed box) 721

following injection of AAV.Chrimsom.Flex and red RetroBeads into the auditory cortex. The 722

dashed line indicates the approximate lateral amygdala boundaries.   723

(E) Left: high-resolution epifluorescence image of Chrimson-positive CLA-SOM projections. 724

Middle: high-resolution epifluorescence image of a biocytin-labeled LA-AC projecting neurons. 725

Right: high-resolution epifluorescence image of a LA-AC red-beads-positive neuron.  726

(F) Example of IPSCs recorded at 0 mV from a LA-AC neuron before (red trace) and after 727

application of ionotropic glutamate receptor antagonists (NBQX 10 M, CPP 5 M: magenta 728

trace) and GABAA receptor antagonist (gabazine 25 M: black trace).  729

(G) Left: plot of onset latencies recorded in LA-AC neurons using three different red LED 730

power (n = 8 neurons, n = 6 animals) including group averages (  s.e.m.). Middle: plot of IPSCs 731

peaks calculated for LA-AC neurons using three different red LED power, including group 732

averages (  s.e.m.). Right: plot of IPSCs charge transfer calculated for individual IPSCs for LA-733

AC principal neurons using three different red LED power, including group averages (  s.e.m.). 734

* p < 0.05, t- 735

test.  736

 737
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Figure 9. Retrograde AAV-RV tracing of monosynaptic input to the CLA-SOM neurons (A) 738 

Design of viral vectors for AAV-RV-mediated monosynaptic retrograde tracing and experimental 739 

timeline for unilateral injections of the helper AAV in the AC and the pseudotyped RV in the LA 740 

of SOM-Cre transgenic mice.  741 

(B) Schematic illustration of the of the CLA-SOM starter neuron(green/red) transfected with 742 

AAV.TVA.G-protein (green) and rabies virus (red) to retrograde trans-synaptically label the 743 

monosynaptic input neurons (red only).     744 

(C) Bright-field (Top left) and epifluorescence (Top middle and right) images of a slice 745 

containing the auditory cortex showing the CLA-SOM (starter) neurons and the local input 746 

neurons. The dashed box and the arrows indicate the location of the somata of CLA-SOM 747 

neurons and the local input neurons.(Bottom left) Bright-field and epifluorescence (bottom 748 

middle and right) images of a slice containing images the lateral amygdala showing LA 749 

presynaptic neurons (dashed box) to the CLA-SOM neurons. The dashed line indicates the 750 

approximate lateral amygdala boundaries.   751 

  752 

Figure 10. Summary diagram: CLA-SOM neurons directly inhibit principal neurons and 753 
LA- 754 

AC projecting neurons in the lateral amygdala  755 

Auditory CLA-SOM projections modulate the activity of LA-AC and principal neurons by 756 

directmonosynaptic inhibition. Green lines: excitatory inputs from pyramidal neurons; red line: 757 

inhibitory input from CLA-SOM neurons.   758 

  759 
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