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ABSTRACT 

Learning-related plasticity in the cerebral cortex is linked to the action of disinhibitory 

circuits of interneurons. Pavlovian conditioning, in which stimulation of the vibrissae is used 

as conditioned stimulus, induces plastic enlargement of the cortical functional representation of 

vibrissae activated during conditioning, visualized with [14C]-2-deoxyglucose (2DG). Using 

layer-specific, cell-selective DREADD transductions, we examined the involvement of 

somatostatin- (SOM-INs) and vasoactive intestinal peptide (VIP-INs)-containing interneurons 

in the development of learning-related plastic changes. We injected DREADD-expressing 

vectors into layer IV (L4) barrels or layer II/III (L2/3) areas corresponding to activated 

vibrissae. The activity of interneurons was modulated during training, and 2DG maps were 

obtained 24 h later. In mice with L4 but not L2/3 SOM-INs suppressed during conditioning, the 

plastic change of whisker representation and the conditioned reaction were absent. No effect of 

inhibiting VIP-INs was found. We report that the activity of L4 SOM-INs is indispensable for 

learning-induced plastic change. 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


3 
 

INTRODUCTION 

Learning, even in a simple conditioning paradigm, modifies the representation of encoded 

stimuli (Blake et al., 2006; Froemke et al., 2013, 2007; Gilbert et al., 2009; Kilgard and 

Merzenich, 2002; Rosselet et al., 2011; Weinberger and Bakin, 1998). We have described a 

learning-dependent plastic change of the functional representation of vibrissae in the mouse 

barrel cortex following conditioning consisting of pairing stimulation of a row of vibrissae with 

tail shock (Siucinska and Kossut, 1996). Conditioning resulted in an enlargement of the cortical 

representation of the cognate row of whiskers, as visualized with [14C]-2-deoxyglucose 

autoradiography (2DG), mainly in cortical layer IV (L4). This plastic change was associated 

with upregulation of the glutamic acid decarboxylase level in interneurons containing 

somatostatin (SOM-INs) in L4 of the “trained” whisker representation (Cybulska-Klosowicz et 

al., 2013b) and with an increased number of inhibitory synapses on double synapse spines in 

the same location (Jasinska et al., 2016), likely made by SOM-INs (Chiu et al., 2013). 

SOM-INs consist of several classes of cells with diverse physiologies, morphologies, and 

synaptic targets. SOM-INs from cortical layers 2/3/5 and L4 SOM-INs represent different 

morphological types (Martinotti vs. non-Martinotti, respectively) and have complementary 

patterns of synaptic input and axonal output, which suggests that they are differentially engaged 

by neuronal activity and selectively control specific layers (Muñoz et al., 2017; Naka et al., 

2019). SOM-INs regulate the activity of cortical projection neurons either by direct inhibition 

or by disinhibition (Cottam et al., 2013; Karnani et al., 2014; Letzkus et al., 2011). Generally, 

Martinotti SOM-INs target apical dendrites of pyramidal neurons, regulating their activities by 

controlling dendritic integration of synaptic inputs (Berger et al., 2010; Gentet et al., 2012). L4 

SOM-INs target projection neurons of L4 and fast-spiking parvalbumin interneurons (PV-INs) 

to release thalamorecipient excitatory projection neurons from inhibition and enhance 

information flow into the upper cortical layers (Xu et al., 2013). The mechanism of disinhibition 
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is particularly important during learning and plasticity, and the role of SOM-INs in these 

phenomena has been intensively investigated (Wolff et al., 2014; Xu et al., 2019). In the visual 

cortex, visual discrimination reduced the activity of L3 SOM-INs (Makino and Komiyama, 

2015) but enhanced their stimulus selectivity, implicating them in gating selectivity changes 

(Khan et al., 2018). The activity of SOM-INs is strongly modulated by acetylcholine (N. Chen 

et al., 2015; Urban-Ciecko et al., 2018) and by inhibitory input from vasoactive intestinal 

polypeptide-containing interneurons (Pfeffer et al., 2013). The L2/3 VIP-SOM circuit was 

shown to be a potent regulator of cortical activity and learning (Fu et al., 2015; Lee et al., 2013; 

Pi et al., 2013). Due to disinhibitory cortical circuits, “blanket inhibition” extended by SOM-

INs can be locally and momentarily curtailed by the action of VIP-INs, thus facilitating 

learning-related synaptic plasticity in projection neurons (Karnani et al., 2016). 

The role of L4 SOM-INs in cortical plasticity has not been extensively examined thus far. Here, 

we investigated how selective, layer-specific, chemogenetic modulation of SOM-IN activity 

shapes learning-induced plasticity in the barrel cortex of mice and whether silencing L2/3 VIP-

INs can modulate the formation of this plastic change. 

 

METHODS 

Subjects 

Transgenic SOM-IRES-Cre, VIP-IRES-Cre (Taniguchi et al., 2011) and Ai14 (Madisen et al., 

2010) mouse lines (stock: 013044, 010908 and 007914, respectively) were acquired from The 

Jackson Laboratory (USA) and bred in the Animal Facility of the Nencki Institute of 

Experimental Biology PAS (Warsaw, Poland). All mice used in the experiments were male 2- 

to 3-month-old heterozygotes. Genotyping of SOM-Cre and VIP-Cre mice was performed 

according to protocols provided by The Jackson Laboratory. During validation experiments, 
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homozygous SOM-Cre and VIP-Cre mice were crossed with the Ai14 line to obtain tdTomato 

expression following Cre-mediated recombination. Before the experiments, all animals were 

housed in cages with nesting material, four-five per cage, in a temperature- and humidity-

controlled room (20–22 °C, 40–50% humidity), on a 12 h light/dark cycle (lights on at 7 a.m.), 

with ad libitum access to food and water. After surgery, the mice were housed separately under 

the same conditions. All procedures were consistent with the European Community Council 

Directive (2010/63/UE) and were approved by the first Local Ethical Committee in Warsaw 

(456/2017 and 279/2017). All efforts were made to minimize the number of animals used and 

their suffering. 

Optical imaging recordings 

Intrinsic signals from the barrel cortex were imaged using a pair of front-to-front camera lenses 

(Nikkor 50 mm f/1.2, Nikon) on a complementary metal oxide semiconductor (CMOS) camera 

(Photon Focus MV1-D1312-160-CL-12) with a maximal resolution of 1312 x 1082 pixels and 

a pixel size of 8 x 8 μm. Synchronization of image acquisition with whisker stimulation was 

controlled with the imaging system Imager 3001 (Optical Imaging, Rehovot, Israel). 

Mice were placed in a plexiglass box and initially anesthetized by inhalation of 3% isoflurane 

(Aerrane, Baxter). During the surgery and the recording, ~2% and ~1.5% isoflurane was 

provided, respectively. Body temperature was maintained at 37 °C (Harvard Apparatus, 

Cambridge, UK), and the breathing rate was monitored (Datex Capnomac Ultima, Finland). 

Before recording, the mice were subcutaneously injected with dexamethasone (0.2 mg/kg) and 

tolfenamic acid (4 mg/kg). Lidocaine solution (2%, 0.1 ml) was applied subcutaneously before 

exposing the skull. The skull was covered with a solution of agarose in saline (2.5%) to make 

the skull transparent and sealed with a coverslip. After recording, the agarose window was 

removed, and the mice received subcutaneous injections of tolfenamic acid (0.1 mg/mouse). 
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At the beginning of the recording, the skull over the barrel cortex was illuminated with 546 nm 

(green light) to capture the pattern of superficial blood vessels. Then, the camera focus was set 

at 400 μm beneath the pial surface, and functional imaging was performed with red light 

illumination (630 nm). Row B whiskers were activated to record their cortical representation. 

For a functional map, the vibrissa-barrel system was activated by displacing whiskers in the 

rostrocaudal direction with a frequency of 10 Hz for 6 s under the control of Master 8, a pulse 

stimulator triggered by the imaging system. Images of the pial surface with blood vessels and 

images of row B whisker activation were superimposed on each other, providing the 

visualization necessary for targeted viral injection. 

Viral injections 

Under optical imaging, mice were injected with Cre-dependent serotype 2/2 adeno-associated 

viruses expressing inhibitory DREADDs, excitatory DREADDs or red fluorescent protein 

mCherry (4.9x1012 vg/ml of pssAAV-2/2-hSyn1-dlox-hM4D(Gi)_mCherry(rev)-dlox-WPRE-

hGHp(A); 2.8x1012 vg/ml of pssAAV-2/2-hSyn1-dlox-hM3D(Gq)_mCherry(rev)-dlox-

WPRE-hGHp(A) or 5.4x1012 vg/ml pssAAV-2/2-hSyn1-dlox-mCherry(rev)-dlox-WPRE-

hGHp(A), respectively). Vectors were provided by the Viral Vector Facility, University of 

Zurich. 

The skull above row B barrels was thinned with a dental drill, and a small fragment of the skull 

was lifted to produce a small entrance for the injection capillary. Row B barrels were injected 

with viral vectors (40 nl/barrel) using a nanoliter injector (Nanoliter 2010, WPI) ended with a 

glass capillary backfilled with paraffin oil (catalog: 76235, Sigma-Aldrich), one injection to 

each barrel. Cortical injections were performed perpendicularly to the surface of the brain at a 

depth of 150 (L2/3) or 330 µm (L4) from the brain surface, with a flow rate set at 4 nl/min. To 

prevent backflow of the viruses, after injection, we left the capillary in place for ten minutes 

and then slowly withdrew it. After the procedure, the skin was sutured with an absorbable suture 
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(Dafilon, Braun, Germany), and the mice were subcutaneously injected with enrofloxacin (5 

mg/kg) and tolfenamic acid (4 mg/kg). These drugs were administered for three consecutive 

days. 

Habituation, conditioning and DREADD activation 

Three days after injection, the mice started a 3-week habituation to the restraining holder (10 

minutes per day), a period allowing for DREADD expression. The restraining holder allowed 

the mouse to be kept in one place while permitting free head movements. Classical conditioning 

comprised three 10-min sessions, one session per day. One session consisted of 40 trials, and 

during each trial, three 3 s strokes of the row B whiskers on one side of the snout were applied 

manually (CS, conditioned stimulus) and coupled with a mild tail shock (0.5 mA, 0.5 ms; UCS 

unconditioned stimulus) applied at the end of the third CS stimulus. All conditioning sessions 

were video recorded. Transduced mice from the experimental group received an intraperitoneal 

injection of CNO (dissolved in sterile saline to a dose of 1 mg/kg; catalog: BML-NS105, Enzo 

Life Sciences) 30 min before each session of the conditioning. Transduced control group mice 

received saline instead of CNO in the same manner as the experimental group. 

Behavioral analysis 

Behavioral verification of associative learning was performed as described previously 

(Cybulska-Klosowicz et al., 2009). Briefly, the development of a conditioned reaction 

(minifreezing) consisting of halting movements toward the stimulus during CS application was 

filmed. The percentage of head movement associated with CS per minute as well as per day 

was calculated. 

The 2-deoxyglucose procedure (2DG) 

On a day after the last session of the conditioning, the mice were placed in the restraining holder, 

and all whiskers except those in row B on both sides of the snout were trimmed. Then, the mice 
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were intramuscularly injected with 0.175 ml of [14]C 2-deoxyglucose (American Radiolabeled 

Chemicals, Inc., specific activity 53 mCi/mmol), and both row B whiskers were manually 

stimulated along the anteroposterior axis in both directions for 30 min, with a frequency of 2 

Hz. Next, the mice were anesthetized with a lethal dose of barbiturate (Vetbutal, Biowet, 

Poland) and briefly perfused with 4% paraformaldehyde solution in PBS (pH=7.4, Santa Cruz 

Biotechnology). Their brains were removed, and the hemispheres were separated and flattened. 

The hemispheres were then cut into 30 µm thick serial sections tangential to the barrel cortex 

on a cryostat (−20 °C), and these were placed, together with [14C] radioactive standards, against 

Kodak X-ray mammography film for 1 week. 

Autoradiograms were scanned with a calibrated densitometer (GS-900™, Bio-Rad), and the 

scans were pseudocolored using Image Lab™ Software and then analyzed in ImageJ software. 

A calibration curve was created based on the absolute gray levels of the [14]C standards. The 

signals on all analyzed autoradiograms were within the linear range of this curve. The criterion 

for labeling was that the intensity of 2DG uptake was at least 15% higher than in the surrounding 

cortex, as described in Siucinska and Kossut (1996). Labeling of row B representation fulfilling 

this criterion was thresholded, and the width of the labeling across the row covering thresholded 

pixels was measured in µm. The width of the row B representation was measured in four 

sections of L4, and these four values were averaged for each hemisphere. The identification of 

L4 was performed on counterstained sections from which the autoradiograms were obtained. 

For analysis of the viral injections, every fourth tangential section of the transduced hemisphere 

was mounted on microscope glass using VECTASHIELD® Antifade Mounting Medium with 

DAPI (catalog: H-1200, Vector Laboratories) and analyzed using fluorescence microscopy. 

Animals were included in the analyses if at least two row B barrels (including B1) were 

transduced. Plasticity was defined as a change in representation width, calculated as a ratio 
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between a representation width of conditioned row B to a control one in the contralateral 

hemisphere. 

Immunohistochemistry 

For confirmation of the selectivity of transgene expression, homozygous SOM-Cre and VIP-

Cre mice were crossed with the Ai14 line that expresses the red fluorescent protein tdTomato 

in Cre recombinase-expressing cells, and immunofluorescence staining for SOM, VIP and PV 

was performed on these brain sections. 

Two-month-old F1 mice were transcardially perfused with 0.01 M phosphate-buffered saline 

(PBS) following 4% paraformaldehyde solution in PBS, pH=7.4 (PFA, Santa Cruz 

Biotechnology). After perfusion, the brains were removed and postfixed in 4% PFA for 24 h at 

4 °C, cryoprotected in a series of sucrose solutions in PBS (10%, 20%, and 30%; 24 h each; 4 

°C), cooled in n-heptane, placed on dry ice and stored at -80 °C. Thirty-micrometer sections 

were cut in a coronal plane using a cryostat (Leica CM1860 UV). 

Free-floating sections were blocked for 60 min at room temperature (RT) in PBS containing 

10% donkey normal serum (catalog: D9663, Sigma-Aldrich), 5% bovine serum albumin 

(catalog: A7906, Sigma-Aldrich) and 0.1% Triton-X (catalog: T8787, Sigma-Aldrich). Then, 

the sections were incubated overnight with appropriate primary antibodies in blocking buffer 

at 4 °C. The next day, the samples were washed in PBS and incubated with a secondary antibody 

for 2 h at RT. Then, they were washed again in PBS and mounted using VECTASHIELD® 

Antifade Mounting Medium with DAPI (catalog: H-1200, Vector Laboratories). The 

immunofluorescence signal was analyzed using confocal or fluorescence microscopy (Zeiss 

Cell Observer SD Spinning Disk Confocal Microscope or Nikon Eclipse 80i, respectively). The 

images were post-processed using ImageJ software. 
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The primary antibodies used in a study were as follows: a rabbit anti-somatostatin polyclonal 

antibody (1:500, catalog: H-106, Santa Cruz), a mouse anti-parvalbumin polyclonal antibody 

(1:1000, catalog: P3088, Sigma Aldrich) and a rabbit anti-vasoactive intestinal peptide (1:500, 

catalog: 9535-0204, Bio-Rad). The secondary antibodies used in a study were as follows: 

donkey anti-rabbit IgG (H+L, Highly Cross-Adsorbed, Alexa Fluor 488; 1:500, catalog: A-

21206, Thermo Fisher Scientific) and donkey anti-mouse IgG (H+L, Highly Cross-Adsorbed, 

Alexa Fluor 488; 1:500, catalog: A-21202, Thermo Fisher Scientific). 

Patch-clamp recordings 

SOM-Cre mice (1.5 months old) with virus injections were anesthetized, and the brains were 

removed for brain slice preparation. Brain slices of 350 μm thickness were cut along a 45° plane 

toward the midline to obtain “across-rows” slices (Finnerty et al., 1999). Slices were recovered 

and maintained at 24 °C in regular artificial cerebrospinal fluid (ACSF) (in mM): 119 NaCl, 

2.5 KCl, 2 MgSO4, 2 CaCl2, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose equilibrated with 95/5% 

O2/CO2. 

Neurons were classified as SOM+ according to the fluorescence and spiking features in 

response to 500 ms suprathreshold intracellular current injection. Somata of the fluorescently 

labeled neurons in the primary somatosensory cortex were targeted for whole-cell patch-clamp 

recording with borosilicate glass electrodes (resistance 4-8 MΩ) filled with the electrode 

internal solution, composed of (in mM) the following: 125 potassium gluconate, 2 KCl, 10 

HEPES, 0.5 EGTA, 4 MgATP, and 0.3 NaGTP, at pH 7.25-7.35, 290 mOsm. To obtain 

spontaneous activity of SOM-INs, we performed recordings in modified ACSF composed of 

(in mM) the following: 119 NaCl, 3.5 KCl, 0.5 MgSO4, 1 CaCl2, 1 NaH2PO4, 26.2 NaHCO3, 

11 glucose equilibrated with 95/5% O2/CO2 at room temperature. Electrophysiological data 

were acquired by a Multiclamp 700B and Axon Digidata 1550B (Molecular Devices) 

acquisition interface. The data were filtered at 3 kHz, digitized at 10 kHz, and collected by 
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Clampex 10.6. Input resistance was analyzed online. CNO (dissolved in ACSF to a 

concentration of 10 μM) was bath applied for at least 10 min before data acquisition to assess 

the drug effects on the basic electrophysiological properties of SOM neurons (resting membrane 

potential and spontaneous activity). 

Statistical analyses 

Statistical analyses were performed using GraphPad Prism5 software (Inc.). The results are 

presented as the mean±SEM, and p<0.05 was considered statistically significant. In patch-

clamp experiments, population data were analyzed using a two-tailed paired t-test. In 2DG 

experiments, the between-group comparison of row B labeling was performed using two-way 

ANOVA with Bonferroni post-tests, while comparison between hemispheres within one group 

was performed with a two-tailed paired t-test. A comparison of plasticity between two groups 

was performed using a two-tailed nonpaired t-test. In behavioral experiments, repeated-

measures ANOVA with Tukey’s multiple comparison tests was used to compare minifreezing 

between sessions in one group of animals, whereas minifreezing in all three sessions between 

two experimental groups was analyzed using two-way ANOVA with Bonferroni post-tests. 

 

RESULTS 

Row B barrel transduction 

Using DREADD-expressing viral vectors, we developed stable transduction of row B SOM-

INs in L4 and L2/3 and VIP-INs in L2/3 in the respective groups of mice. In most cases, as 

shown in Fig. 1A and B, transduction covered three row-B barrels (B1-B3), but animals with 

two transduced barrels (B1-B2) were also included in the analyses. Transduced cells of L4 were 

localized in both hollows and walls. In a separate experiment, tangential L4 brain sections were 

immunostained for SOM, proving that more than 90% of the transduced cells were positive for 
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somatostatin (data not shown). We used AAV serotype 2/2 to confine the transduction to one 

row and minimize the spread of the virus (Watakabe et al., 2015), but occasionally, some 

individual cells were also observed outside row B (as shown in Fig. 1A). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Transduction of row B barrels 
A. Tangential section of the barrel cortex L4 showing transduced SOM-INs with inhibitory DREADDs 

(hM4Di-mCherry) in row B barrels colocalized with DAPI. Scale bar: 500 µm.           

B. Tangential section of the barrel cortex L4 showing transduced SOM-INs with excitatory DREADDs 

(hM3Dq-mCherry) in row B barrels colocalized with DAPI. Scale bar: 500 µm.           

C. Tangential section of the barrel cortex L2/3 showing transduced VIP-INs with inhibitory DREADDs 

(hM4Di-mCherry) in row B barrels. Localization of L2/3 VIP INs within row B columns was assessed 

by superimposing serial tangential sections of L4 and L2/3 aligned by blood vessels. Scale bar: 500 µm.        

D. Coronal section of the barrel cortex showing transduced SOM-INs with excitatory DREADDs 

(hM3Dq-mCherry) confined to L4. Scale bar: 100 µm. 
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Transduction was confined mostly to L4, as shown in the coronal section in Fig. 1D. We also 

analyzed transduction in other cortical layers and did not detect any fluorescent cells below L4 

(in the L4 SOM-IN groups) or below L2/3 (in the VIP and L2/3 SOM-IN-transduced animals); 

sporadically, a few fluorescent cells along a capillary tract were detected in L2/3 (in the L4 

SOM-IN-transduced animals). Localization of L2/3 VIP INs within row B columns was 

assessed by superimposing serial tangential sections of L4 and L2/3 aligned by blood vessels 

(Fig. 1C).  

Control experiments and DREADD technique validation 

Verification of transgene specificity 

To verify whether Cre recombinase is cell-specific and to assess its ability to perform 

recombination in vivo, we crossed homozygous SOM-Cre and VIP-Cre mice with homozygous 

Ai14 mice to obtain tdTomato expression following Cre-mediated recombination. Coronal 

brain sections from either SOM-Ai14 or VIP-Ai14 mice were immunostained for all three main 

groups of cortical inhibitory interneurons (PV, SOM, VIP). The distribution across the brain 

(Neske et al., 2015) (Fig. 2). Qualitative analyses revealed colocalization between tdTomato 

and SOM or VIP (in the SOM-Ai14 and VIP-Ai14 mice, respectively), proving the transgene 

specificity. We did not observe any overlap between genetically labeled SOM or VIP cells and 

immunopositive cells within other types of interneurons, except for rarely observed, negligible 

in number parvalbumin immunosignals in the SOM-tdTomato cells, as has been reported before 

(Hu et al., 2013).  
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Fig. 2 Immunofluorescent validation of transgene expression in SOM-Cre and VIP-Cre 

mice. 
Immunostaining for SOM, VIP, and PV in the mice expressing tdTomato in SOM or VIP INs. SOM and 

VIP immunostaining in the SOM-tdTomato and VIP-tdTomato mice, respectively, showed 

colocalization between tdTomato and fluorescent signals in the mouse barrel cortex. Immunostaining 

for VIP and PV (in SOM-tdTomato) and PV and SOM (in VIP-tdTomato mice) revealed no overlap 

between immunofluorescence from markers of particular types of interneurons and tdTomato. Scale bar: 

10 µm. 
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Electrophysiological validation of DREADD activity in vitro 

To validate the applicability of the DREADD technique in the modulation of interneuron 

activity, we performed whole-cell patch-clamp recordings of SOM-INs selectively transduced 

with DREADD-expressing viral vectors (hM4Di or hM3Dq) or empty vectors. Two weeks after 

injection, the mice were sacrificed, and the basic electrophysiological properties of the SOM-

INs were recorded before and after CNO (10 μM) administration. This CNO concentration has 

been used in vitro to change the activity of neurons (Saloman et al., 2016), including 

GABAergic neurons (Koga et al., 2017). We found that CNO application did not influence the 

activity of the SOM-INs transduced with empty viruses but altered the activity of the cells 

transduced with DREADDs. Activation of hM4Di decreased the resting membrane potential (-

61.74 ± 1.71 mV before and -65.82 ± 1.14 mV after CNO application, ** p=0.005, two-tailed 

paired t-test, n=8 cells) and the frequency of spontaneous firing of the SOM-INs (8.30 ± 4.28 

Hz before and 2.55 ± 1.19 Hz after CNO application, *p=0.0313, two-tailed Wilcoxon test, n=8 

cells). Activation of hM3Dq, however, provided an increase in both parameters (resting 

membrane potential: -55.08 ± 1.66 mV before and -52.08 ± 1.51 mV after CNO application, 

*** p<0.0001, two-tailed paired t-test, n=12 cells; frequency: 3.51 ± 1.12 Hz before and 6.49 ± 

1.33 Hz after CNO application, ** p=0.0049, two-tailed Wilcoxon test, n=8 cells; (Fig. 3)). 

These in vitro results confirmed the regulatory effectiveness of the DREADD technique used 

in the experiments, and they indicate that the activity of interneurons within the mouse barrel 

cortex can be modulated with the chemogenetic DREADD approach in both directions. 
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Fig. 3 Electrophysiological validation of DREADD activity in SOM-INs in vitro. 
A. Examples of spontaneous activity of SOM interneurons transduced with empty viruses, inhibitory 

DREADDs (hM4Di), and excitatory DREADDs (hM3Dq), before and after CNO (10 µM) application. 

B. Mean frequency of spontaneous firing and resting membrane potential of SOM interneurons before 

and after CNO (10 µM) application in mice transduced with empty viruses or inhibitory or excitatory 

DREADDs. CNO did not change either the frequency (ns p=0.6295, two-tailed paired t-test, n=5 cells) 

or the resting potential (ns p=0.2677, two-tailed paired t-test, n=5 cells) in DREADD-free SOM-INs 

transduced with empty vectors. In the hM4Di-transduced SOM-INs, CNO application decreased the 

frequency (* p=0.0313, two-tailed Wilcoxon test, n=8 cells) as well as the resting potential (** p=0.005, 

two-tailed paired t-test, n=8 cells). In the hM3Dq-transduced SOM-INs, CNO increased both the 

frequency (** p=0.0049, two-tailed Wilcoxon test, n=8 cells) and the resting membrane potential (*** 

p<0.0001, two-tailed paired t-test, n=12 cells). 
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CNO alone does not influence learning-induced plastic changes 

CNO was believed to be a selective and potent DREADD agonist as well as a 

pharmacologically inert drug. Because a study by MacLaren et al. (2016) showed that CNO in 

DREADD-free rats can disturb behavioral outcomes, we determined whether one of the most 

widely used doses of CNO in mice, 1 mg/kg, could influence the formation of plastic changes 

induced by classical conditioning. Two groups of SOM-Cre mice underwent three days of 

whisker-based fear conditioning, and 30 min before each session, one group of mice was 

intraperitoneally administered CNO (1 mg/kg), while the other group received a saline 

injection. After the 2DG experiment and autoradiography procedure, we compared the width 

of row B labeling between the conditioned and control hemispheres in both groups. Two-way 

ANOVA revealed the main effect of hemisphere (F(1,24)=59.29, p<0.0001) but not group 

(F(1,24)=1.433, p=0.2429) or interaction (F(1,24)=0.003738, p=0.9518) (Fig. 4). Bonferroni post-

tests showed a significant difference between both hemispheres in row B representation width 

of the group receiving saline (### p<0.001, n=7) as well as CNO (### p<0.001, n=7), proving 

that in both groups of animals, plasticity was induced with similar intensity. Plasticity in the 

animals receiving saline equaled 1.245 ± 0.03 and in those receiving CNO was 1.249 ± 0.02 

and did not differ between the groups (ns, p=0.9174, two-tailed paired t-test). We did not 

observe any nonspecific labeling in the CNO-treated animals compared to the saline-injected 

mice. Collectively, these results suggest that CNO (1 mg/kg) administration before each session 

of conditioning does not interfere with plastic change formation and can be applied as a 

DREADD actuator in our model of whisker-based classical conditioning. Therefore, we 

decided not to include another control group of mice transduced with an empty vector that 

received CNO. 
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Fig. 4 CNO alone does not influence learning-induced plastic changes. 
A. Plasticity shown as a change of representation width, calculated as a ratio between a representation 

width of conditioned row B to a control one in the opposite hemisphere (mean±SEM). Two-way 

ANOVA with Bonferroni post-tests showed a significant difference in row B width between the control 

and conditioned hemisphere (F(1,24)=59.29, p<0.0001) in the control group receiving saline (### 

p<0.001, n=7) as well in experimental group receiving CNO (### p<0.001, n=7). No significant 

difference in plasticity between the two groups (ns p=0.9174, two-tailed unpaired t-test) was observed. 

B. Examples of representative, pseudocolored autoradiograms (a pair of left control and right 

conditioned hemisphere shown in a row) taken from both the control (saline) and experimental groups 

(CNO). Black arrows indicate row B representations, magnified in a square on the right side. Scale bar 

= 1 mm. 

 

L4 SOM-IN inhibition blocks the formation of plastic changes induced by learning 

To study how the blockade of SOM-IN activity during conditioning influences plasticity, we 

used the chemogenetic DREADD technique, which allows remote modulation of neuronal 

activity (Armbruster et al., 2007). The usefulness of the DREADD technique in changing SOM-

IN activity in vivo was proven in 2014 (Soumier and Sibille, 2014), and since then, this approach 

has become widely used. Mice were injected with Cre-dependent vectors expressing hM4Di 

into the SOM-INs of L4 row B barrels. During conditioning, the experimental group received 

CNO (experimental group, hM4Di+CNO, n=6), while the control group received saline (control 

group, hM4Di+saline, n=6). 
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Analysis of the autoradiograms showed that in the CNO-treated hM4Di-transduced mice, the 

plastic change of trained row B representation was not induced. The row B representation width 

in the conditioned hemisphere was almost equal to the width in the control hemisphere, and this 

observation was consistent in all tested animals. In contrast, in the control group, conditioning-

induced widening of the row B representation was observed. A significant difference in the 

width of row B representations was observed between the two groups (0.98 ± 0.2 and 1.23 ± 

0.05, respectively; *** p<0.001, two-tailed unpaired t-test) (Fig. 5A). 

Fig. 5 L4 SOM-IN inhibition blocks the formation of learning-induced plastic change. 
A. Plasticity shown as a change of representation width, calculated as a ratio between a representation 

width of conditioned (transduced) row B to a control one in the opposite hemisphere (mean±SEM). 

Two-way ANOVA with Bonferroni post-tests showed a significant difference in row B width between 

the control and conditioned hemisphere (F(1,20)=8.701, p=0.0079) in the control group (hM4Di+saline) 

(### p<0.001, n=6) but no change in SOM-IN inhibition (hM4Di+CNO) (ns p>0.05, n=6). A significant 

difference in plasticity between the two groups (*** p<0.0001, two-tailed unpaired t-test) was observed. 

B. Examples of representative, pseudocolored autoradiograms (a pair of left control and right 

conditioned hemisphere shown in a row) taken from both the control (hM4Di + saline) and experimental 

groups (hM4Di + CNO). Black arrows indicate row B representations, magnified in a square on the right 

side. Scale bar = 1 mm. 
 

 

Detailed analysis with two-way ANOVA demonstrated an effect of hemisphere (F(1,20)=8.701, 

p=0.0079) and interaction (F(1,20)=11.47, p=0.0029) but not group (F(1,20)=2.186, p=0.1548). 

Bonferroni post-tests showed that there was a significant enlargement of conditioned row B 

representation in the hM4Di+saline group (### p<0.001) but not in the hM4Di+CNO group (ns 
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p>0.05). Comparison of row B (control or conditioned) width between two groups showed that 

there was a significant difference in row B width in the conditioned (p<0.01) but not in the 

control hemispheres (p>0.05) between the two groups. Examples of autoradiograms presenting 

the whole tangential brain section and magnification of row B representations taken from both 

tested groups of both hemispheres are shown in Fig. 5B. 

L4 SOM-IN inhibition impairs minifreezing to conditioned stimuli 

In the course of whisker-based classical conditioning, mice acquire a conditioned response to 

the conditioned stimulus, which is observed as a decrease in the number of head turns toward 

CS and was termed “minifreezing”. During the first minute of the first pairing session the mice 

turn their heads towards the stimulating brush; later this response rapidly decreases (Cybulska-

Klosowicz et al., 2009). The percentage of CS accompanied by head movements in response to 

CS in the hM4Di+saline group was 13.75 ± 3.08% (Day 1), 4.17 ± 1.67% (Day 2), and 5 ± 

4.03% (Day 3), and it differed between consecutive days of conditioning (F(2,17)=6.671, 

p=0.0144, repeated measures ANOVA) (Fig. 6A, hM4Di+saline). A significant difference was 

found between Days 1 and 2 (p<0.05) and between Days 1 and 3 (p<0.05) but not between Days 

2 and 3 (p>0.05) (Tukey’s multiple comparison tests). These results showed that animals 

learned that the CS preceded a tail shock. In contrast, analysis of minifreezing in the L4 SOM-

IN-inhibited animals showed an impaired behavioral response to the CS with the following 

percentages of head movements: 62.5% ± 9.83 (Day 1), 52.5% ± 11.44 (Day 2) and 42.5% ± 

9.04 (Day 3), and no significant difference in the percentage of head movements in the 

consecutive days of conditioning was revealed (F(2,17)=2.791, p=0.1089, repeated measures 

ANOVA with Tukey’s multiple comparison tests) (Fig. 6A, hM4Di+CNO). To compare the 

percentage of head movements for all days of the conditioning between both groups, we 

performed a two-way ANOVA comparison that showed an effect of group (F(1,30)=53.64, 

p<0.0001) but not day (F(2,30)=1.916, p=0.1648) or interaction (F(2,30)=0.3614, p=0.6997). 
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Bonferroni post-tests showed differences on Day 1 (*** p<0.001), Day 2 (*** p<0.001) and 

Day 3 (**p<0.01). Altogether, these results indicate that L4 SOM-IN inhibition selectively in 

the conditioned row of whiskers impairs behavioral response by decreasing minifreezing to 

conditioned stimuli. 

 
Fig. 6 L4 SOM-IN inhibition decreases minifreezing to conditioned stimuli. 
A. Minifreezing shown as a decrease in the percentage of head movements within one day of 

conditioning (mean±SEM). There was no difference in minifreezing between consecutive days of 

conditioning in the experimental group (hM4Di+CNO) (F(2,17)=2.791, p=0.1089, repeated measures 

ANOVA with Tukey's multiple comparison tests, Day 1 vs 2: ns p>0.05, 1 vs 3: ns p>0.05, 2 vs 3: ns 

p>0.05) but a statistically significant difference in control animals (hM4Di+saline) (F(2,17)=6.671, 

p=0.0144, repeated measures ANOVA with Tukey's multiple comparison tests, Day 1 vs 2: * p<0.05, 1 

vs 3: * p<0.05, 2 vs 3: ns p>0.05). Two-way ANOVA with Bonferroni post-test analysis revealed a 

significant difference between the control and experimental groups in the percentage of head movements 

between the corresponding days (F(1,30)=53.64, p<0.0001): Day 1 (*** p<0.001), Day 2 (*** p<0.001), 

and Day 3 (*** p<0.01).                 

B. Minifreezing shown as a percentage of head movements within every minute of the conditioning in 

three consecutive days (mean±SEM). 

 

L2/3 SOM-IN inhibition does not interfere with the formation of plasticity and the 

behavioral response 

L2/3 SOM-INs are important in shaping pyramidal cell activity by targeting their apical 

dendrites in cortical L1 (Wang et al., 2004). To elucidate the effect of L2/3 SOM-IN activity 

on the plastic change induced by whisker-based fear conditioning, we selectively blocked L2/3 

SOM-INs of the conditioned row representation during conditioning. 

Chemogenetic inhibition of L2/3 SOM-INs in row B did not influence the conditioning-induced 

formation of plasticity. There was a statistically significant increase in the row B representation 
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width between the hemispheres after conditioning (** p=0.0016, two-tailed paired t-test, n=5) 

(Fig. 7A). The mean width of the conditioned row was 529.5 ± 11.68 µm compared to that of 

the control row in the opposite hemisphere (438.5 ± 5.64 µm). The plasticity was comparable 

to that of the control group from previous experiments—DREADD-transduced L4 SOM-INs 

with saline application (Fig. 5A, hM4Di+saline). 

The behavioral response to CS application was also examined. The percentage of head 

movements equaled 20.50% ± 3.20 (Day 1), 9% ± 3.92 (Day 2) and 7.5% ± 2.24 (Day 3). These 

values were slightly elevated compared to those in the L4 SOM-IN-transduced animals with 

saline administration (Fig. 6A, hM4Di+saline), but no significant differences in the percentage 

of head movements between days of conditioning within the two groups were revealed (data 

not shown). To further examine the dynamics of the behavioral response, we analyzed the first 

three minutes of Day 1 of the conditioning. We found a difference between the first and second 

as well as between the first and third but not between the second and third minute of the 

conditioning (F(2,14)=25.57, p=0.0003, repeated measures ANOVA with Tukey’s multiple 

comparison tests; minute 1 vs 2: ** p<0.01, 1 vs 3: *** p<0.001 and 2 vs 3: ns p>0.05) (Fig. 

7B). These results suggest that acquiring the behavioral response occurs at the very beginning 

of the conditioning and that minifreezing is stable across all sessions. 

Together, these results indicate that L2/3 SOM-INs do not affect the formation of plasticity and 

do not impair the behavioral response to CS during whisker-based classical conditioning.   
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Fig. 7 L2/3 SOM-IN inhibition does not interfere with the formation of plasticity and the 

behavioral response. 
A. Row B representation width [µm] of the control and conditioned hemispheres in animals with L2/3 

SOM-IN inhibition during conditioning (mean±SEM). Two-tailed paired t-tests showed a significant 

increase in row B width after conditioning (** p=0.0016, n=5). 

B. Minifreezing showed as a percentage of the head movements within every minute of the conditioning 

in three consecutive days (mean±SEM). Repeated measures ANOVA with Tukey’s multiple comparison 

tests revealed significant differences in the number of head movements between the first three minutes 

of Day 1 (F(2,14)=25.57, p=0.0003). Minute 1 vs 2: ** p<0.01, 1 vs 3: *** p<0.001 and 2 vs 3: ns p>0.05. 

 

L4 SOM-IN chemogenetic excitation does not influence learning-induced plasticity 

Increasing L4 SOM-IN activity may decrease the activity of PV-INs, resulting in increased 

activity of excitatory neurons (Xu et al., 2013), and increased SOM-IN activity during learning 

has been reported earlier (Cummings and Clem, 2020; Cybulska-Klosowicz et al., 2013b). 

Moreover, SOM-IN transplantation has been shown to drive cortical plasticity and reshape 

neuronal networks (Tang et al., 2014). We aimed to determine how chemogenetic activation of 

L4 SOM-INs during conditioning affects plasticity induced by whisker-based fear learning. 

Chemogenetic stimulation of L4 SOM-INs in row B did not influence the conditioning-induced 

plasticity since in both groups (hM3Dq+CNO, n=5, and hM3Dq+saline, n=4), plasticity was 

induced to a comparable level (1.182 ± 0.029 in hM3Dq+CNO and 1.193 ± 0.03 in 

hM3Dq+CNO group; ns p=0.9048 two-tailed Mann-Whitney test) (Fig. 8A). Two-way 

ANOVA with Bonferroni post-tests revealed an effect of hemisphere (F(1,14)=30.78, p<0.0001) 

but not group (F(1,14)=0.5612, p=0.4662) or interaction (F(1,14)=0.01804, p=0.8951), confirming 

a significant difference in the width of row B labeling between the two hemispheres in both the 

hM3Dq+CNO (## p<0.01) and hM3Dq+saline (## p<0.01) groups. We observed consistent 

labeling of the row B representation in both hemispheres: conditioned (p>0.05) and control 

(p>0.05). Example autoradiograms presenting the whole tangential brain section and 

magnification of row B representations taken from both tested groups of both hemispheres are 

shown in Fig. 8B. Since the learning of stereotyped movements was interrupted after not only 

inhibition but also excitation of SOM-INs (S. X. Chen et al., 2015), we aimed to determine the 
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behavioral response in the hM3Dq+CNO mice. L4 SOM-IN activation did not influence the 

conditioned response. Two-way ANOVA revealed an effect of day (F(2,18)=4.304, p=0.0297) 

but no effect of group (F(1,18)=0.03297, p=0.8580) or interaction (F(2,18)=0.03915, p=0.9617). 

Bonferroni post-tests showed no difference in the number of head movements between the 

hM3Dq+CNO and hM3Dq+saline groups in the course of conditioning: Day 1 (ns p>0.05), Day 

2 (ns p>0.05) and Day 3 (ns p>0.05). (Fig. 8C). Since no difference between the two groups in 

the conditioned response was observed, behavioral data of the hM3Dq+CNO group indirectly 

confirmed that CNO (1 mg/kg) administration does not influence behavioral response per se, 

thus validating the results from the SOM-IN inhibition experiment. Together, these behavioral 

results are in line with the 2DG data, indicating no effect of L4 SOM-IN excitation on whisker-

based fear learning. 

 

Fig. 8 L4 SOM-IN chemogenetic excitation does not influence learning-induced plastic 

change formation or minifreezing to conditioned stimuli. 
A. Plasticity shown as a change in representation width, calculated as a ratio between a representation 

width of conditioned (transduced) row B to a control one in the opposite hemisphere (mean±SEM). 

Two-way ANOVA with Bonferroni post-test analysis showed a significant difference in row B width 

between the control and conditioned hemispheres (F(1,14)=30.78, p<0.0001) in the control group 

(hM4Di+saline) (## p<0.01, n=4) and in the experimental group (hM3Dq+CNO) (## p<0.01, n=5). No 
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significant difference in plasticity between the two groups (ns p=0.9048, two-tailed Mann-Whitney test) 

was observed. 

B. Examples of representative, pseudocolored autoradiograms (a pair of left control and right 

conditioned hemisphere shown in a row) taken from both the control (hM3Dq+saline) and experimental 

groups (hM3Dq+CNO). Black arrows indicate row B representations magnified in a square on the right 

side. Scale bar = 1 mm.  

C. Minifreezing is shown as a percentage of head movements within one day of conditioning 

(mean±SEM). Two-way ANOVA with Bonferroni post-test analysis revealed no difference between the 

control and experimental groups in the percentage of head movements between the corresponding days 

(F(1,18)=0.03297, p=0.8580): Day 1 (ns p>0.05), Day 2 (ns p>0.05), and Day 3 (ns p>0.05). 

D. Minifreezing is shown as a percentage of the head movements as a function of time (mean±SEM). 

 

L2/3 VIP-IN inhibition does not affect the L4 SOM-IN-mediated plasticity 

Recent studies have shown that interneurons containing vasoactive intestinal polypeptide play 

a key role in a disinhibitory circuit that regulates adult visual cortical plasticity (Fu et al., 2015) 

or associative learning in the auditory cortex (Pi et al., 2013) by blocking somatostatin-

containing interneurons (VIP-SOM circuit). L2/3 VIP-INs are highly active during whisking 

(Lee et al., 2013), and since they preferentially innervate SOM-INs, we asked whether they can 

play a role in shaping L4 SOM-IN-related plasticity. We found that blocking L2/3 VIP-INs in 

row B cortical representation during whisker-based associative learning did not influence the 

induction of plasticity, and its extent was similar in both tested groups (1.19 ± 0.01 in 

hM4Di+CNO and 1.19 ± 0.01 in hM4Di+saline; ns, p=0.9524, two-tailed paired t-test, n=6 per 

group) (Fig. 9A). Two-way ANOVA with Bonferroni post-tests of row B labeling width 

revealed a main effect of hemisphere (F(1,20)=70.97, p<0.0001) and group (F(1,20)=7.847, 

p=0.0110) but not interaction (F(1,20)=0.05957, p=0.8097). Post-tests confirmed the 

interhemispheric difference in row B widths in both analyzed groups (p<0.001) with no 

significant difference in row B labeling width between the groups (ns p>0.05 for both 

hemispheres). Examples of autoradiograms presenting the whole tangential brain section and 

magnification of row B representations taken from both hemispheres of tested groups are shown 

in Fig. 9B. We also analyzed the conditioned response to CS in both groups, and the results 

showed no effect of L2/3 VIP-IN inhibition on the behavioral response; the data were 
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comparable to the results obtained in the SOM-IN excitation experiment (Fig. 8C and D) (data 

not shown). In conclusion, the obtained data suggest no effect of L2/3 VIP-IN activity on the 

formation of plastic change induced by whisker-based classical conditioning. 

 

Fig. 9 L2/3 VIP-IN chemogenetic inhibition does not influence the whisker-based 

learning-induced plastic change. 
A. Plasticity shown as a change in representation width, calculated as a ratio between a representation 

width of conditioned (transduced) row B to a control one in the opposite hemisphere (mean±SEM). 

Two-way ANOVA with Bonferroni post-tests showed a significant difference in row B width between 

the control and conditioned hemispheres (F(1,20)=70.97, p<0.0001) in the control group (hM4Di+saline) 

(### p<0.001, n=6) and in the experimental group (hM4Di+CNO) (### p<0.001, n=6). No significant 

difference in plasticity between the two groups (ns p=0.9524, two-tailed unpaired t-test) was observed. 

B. Examples of representative, pseudocolored autoradiograms (a pair of left control and right 

conditioned hemispheres shown in a row) taken from both the control (hM4Di+saline) and experimental 

groups (hM4Di+CNO). Black arrows indicate row B representations magnified in a square on the right 

side. Scale bar = 1 mm. 
 

DISCUSSION 

We found that chemogenetic inactivation of L4 SOM-INs during whisker-based classical 

conditioning impaired the learning and plasticity of cortical representation. This result was 

layer-specific, as silencing L2/3 SOM-INs did not affect learning or learning-induced plasticity. 

We previously found indications that SOM-INs are involved in learning-dependent cortical 

reorganization (Cybulska-Klosowicz et al., 2013b). Here, we showed that they are necessary 

for the development of plastic change in the cortex and normal development of the conditioned 
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reaction. Numerous experiments implementing different fear conditioning paradigms have 

shown the involvement of cortical processing in learning (Banerjee et al., 2017; Gillet et al., 

2018; Letzkus et al., 2011; Weinberger, 2015). In the barrel cortex, conditioning resulted in 

changes in strength in intercolumnar and intracolumnar connections (Rosselet et al., 2011; 

Urban-Ciecko et al., 2005). It is, however, known that the most likely location of learning-

induced plastic modifications are supragranular cortical layers; thus, it would be reasonable that 

alterations in L2/3 circuits would influence cortical reorganization, while in our experimental 

paradigm, normal functioning of L4 but not L2/3 SOM inhibitory circuits was critical. 

Therefore, it seems that the outcome we observed would be a specific result of the local impact 

of L4 SOM-INs on the L4 neuronal network, affecting the ability of cortical reorganization as 

a consequence of fear conditioning. Neurons in somatosensory L4 constitute a unique network, 

with the majority of excitatory cells in S1 being stellate cells and SOM-INs being non-

Martinotti cells integrated into the local circuit within L4 (Scala et al., 2019). In terms of 

connectivity, L2/3 and L4 SOM-INs also differ. In L2/3, SOM-INs inhibit mainly pyramidal 

cells, whereas in L4, they preferentially suppress PV-INs. L4 SOM-INs can decrease the 

feedforward inhibition of excitatory neurons by fast-spiking PV-INs and disinhibit the 

transmission of the afferent signal from the thalamus (Xu et al. 2013). We hypothesized that in 

response to the conditioned sensory stimulus (whisker activation) and UCS, this disinhibitory 

effect can be augmented, more effectively removing feed-forward inhibition of excitatory 

neurons during sensory input (Liguz-Lecznar et al., 2016). In this way, the mechanism of 

CS+UCS upon L4 circuitry would rely on removing the gating of the thalamocortical signal by 

PV interneurons. UCS-driven cholinergic projection to the cortex acts on PV cell synapses onto 

principal neurons via inhibitory M2 cholinergic receptors, effectively weakening the inhibition 

of principal cells by PV neurons (Kruglikov and Rudy, 2008). Cholinergic input to SOM-INs, 

via both muscarinic and nicotinic receptors, is effective at much lower agonist doses than those 
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in other interneurons (N. Chen et al., 2015). Activation of SOM-INs by acetylcholine may 

contribute to inhibition of PV interneurons and consequently to stronger disinhibition of 

principal cells. Moreover, touch-induced activation of SOM-INs, including L4, is time delayed, 

probably reflecting intracortical excitatory input rather than thalamic input (Yu et al., 2019); 

thus, L4 SOM-INs may increase their spike rates as a result of increased activity of excitatory 

cells during conditioning, further potentiating L4 disinhibition. SOM-PV disinhibition in the 

thalamocortical input layer during CS+UCS pairing may allow for wider spreading of the signal 

from the active vibrissae in the barrel cortex. A similar disinhibitory circuit was proposed to 

underlie social fear in the dorsomedial prefrontal cortex, and it was shown that SOM-IN 

inhibition alleviates the behavioral social fear response in conditioned mice and reduces the 

firing rates of PV-INs, which are elevated during social fear expression (Xu et al., 2019). 

In our experiments, the inhibition of L2/3 SOM-INs did not interfere with plasticity induction. 

The effect of conditioning, as seen with 2DG, is primarily in L4; the changes in neuronal 

interactions that were observed in L2/3 (Lebida and Mozrzymas, 2017; Rosselet et al., 2011; 

Urban-Ciecko et al., 2005) are not reflected in the expansion of the trained whisker 

representation in this layer. Moreover, in the somatosensory cortex, Denardo et al. (2015) found 

strong input from L3 mainly to L6; therefore, the direct and powerful effect of L2/3 SOM-IN 

activity alteration on L4 is rather unlikely. However, Xu et al. (2013) have shown that in the 

sensory cortex, optogenetic inhibition of SOM-INs in an active cortical network increased the 

firing of L2/3 principal cells, and here, we expected a similar effect but with chemogenetics. 

Thus, the effect of L2/3 SOM-IN inhibition on the ability of L4 functional reorganization, if 

any, could be supportive rather than suppressive for induction of plastic change, targeting 

supragranular layers directly via the local L2/3 network instead of acting via disinhibition of 

the L4 afferent signal. 
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A previous reports showed that 2DG labeling is largely ascribed to synaptic activity (Schwartz 

et al., 1979), so the signal in L4 may originate from thalamocortical axons and interbarrel 

synaptic connections (Lübke et al., 2003; Meyer et al., 2010). Thus, alternatively, we could 

interpret the result observed in L4 as a manifestation of the plasticity of the thalamocortical 

input itself, which has been demonstrated in paradigms not involving associative learning 

(Chung et al., 2017; Oberlaender et al., 2012; Wimmer et al., 2010) or as a passive reflection 

of learning-dependent plasticity at the subcortical level. We have no data about learning-

dependent plasticity in the barreloids, but in a conditioning paradigm involving all whisker 

stimulation, we found that learning increased correlations between structures of the 

thalamocortical loop and increased activity of both thalamic ventral posterior and posterior 

medial nucleus (Cybulska-Klosowicz et al., 2013a). Nevertheless, the possibility that what we 

observed in cortical L4 is solely the reflection of subcortical changes seems implausible since 

our experimental paradigm induced many electrophysiological, biochemical, and molecular 

changes in the cortex. Previously, we found, in barrels representing the trained whiskers in L4, 

inhibitory synaptogenesis and morphological indices of local protein synthesis in spines, long-

lasting alterations in NMDA receptor subunit composition, GAD mRNA and protein 

expression, and changes in neuronal network activity as well as in intrinsic excitability and 

tonic and phasic GABA currents (Jasinska et al., 2016; for review see Liguz-Lecznar et al., 

2016; Siucinska, 2019). 

Interestingly, contrary to a study in which both suppression and enhancement of SOM-IN 

activity in the motor cortex altered synaptic plasticity and impaired learning (S. X. Chen et al., 

2015), we found that enhanced excitation of L4 SOM-INs failed to modify fear learning-

induced plasticity. It is plausible that during conditioning, the level of L4 SOM-IN activity in 

cognate barrels is already high enough to enable principal neuron disinhibition and spread the 

signal across the column, and further excitation does not make a difference. Recently, excitatory 
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DREADD transduction was shown to change basic activity without CNO administration, 

probably via leaky signaling that led to chronic low-level activation inducing compensatory 

effects (Rosenthal et al., 2020); however, we did not observe any altered 2DG labeling in any 

group of hM3Dq-transduced animals. 

L2/3 VIP-IN chemogenetic inhibition during conditioning also failed to modulate learning-

induced plastic changes in L4. It was shown that with passive whisker deflection, touch 

increased the spike rate of L2/3 VIP-INs, which disinhibited excitatory neurons and PV-INs in 

the barrel cortex, likely via inhibition of SOM-INs (Yu et al., 2019). The inhibition of L2/3 

VIP-INs should therefore disinhibit SOM-INs; thus, we conclude that in our experimental 

paradigm, neither direct inhibition nor indirect disinhibition of L2/3 SOM-INs affect L4 

plasticity. The most plausible explanation of the latter effect involves connectivity of VIP-INs: 

although the axonal tree of L2/3 VIP-INs is observed across all layers of the mouse barrel 

cortex, including L4, their axonal boutons are predominant in L2/3 and 5a, being rather rare in 

L4, at 42.8%, 22.3% and 13.3% (Prönneke et al., 2015). Additionally, in L4, only 34% of the 

VIP-IN axonal boutons are located on GABA+ dendrites, suggesting weak inhibitory-inhibitory 

interactions in this layer (Zhou et al., 2017). Muñoz et al. (2017) have shown stronger synaptic 

inputs from VIP-INs onto L2/3 SOM-INs than onto L4 to L6 SOM-INs. To the best of our 

knowledge, there is no direct evidence of the functional existence of the VIP to L4 SOM circuit, 

so VIP-IN activation fails to modulate L4 SOM-IN-dependent plasticity. Data concerning the 

involvement of VIP-IN activity in learning and plasticity are contradictory. On the one hand, 

VIP-IN activation enhances adult visual cortical plasticity (Fu et al., 2015), and whisker-based 

object localization in the go/no-go task increases the spike rates of VIP-INs in the barrel cortex 

(Yu et al., 2019). On the other hand, the selectivity of VIP-INs in the visual go/no-go 

discrimination task did not change in the course of associative learning (Khan et al., 2018). 
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Taken together, our study revealed that, in contrast to L2/3 SOM-INs activity, the activity of 

L4 SOM-INs during conditioning was indispensable to produce learning-induced plasticity in 

the barrel cortex after classical conditioning involving whiskers. Both L4 SOM-IN excitation 

and L2/3 VIP-IN inhibition did not interfere with the induction of plasticity. We hypothesize 

that L4 SOM-INs may act as regulators of the PV-INs’ gating of thalamic input and, upon 

neuromodulatory input, may enhance their activity to increase local excitation, allowing the 

flow of information across the cortical column. 

Our results indicate that interactions between thalamic input and L4 neuronal circuits are the 

basis for initiation of the effect of learning-evoked cortical plasticity of whisker cortical 

representation. The activity of SOM interneurons appears to be a critical element of these L4 

circuits. 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


32 
 

REFERENCES 

Armbruster BN, Li X, Pausch MH, Herlitze S, Roth BL. 2007. Evolving the lock to fit the key 

to create a family of G protein-coupled receptors potently activated by an inert ligand. 

Proc Natl Acad Sci U S A. doi:10.1073/pnas.0700293104 

Banerjee SB, Gutzeit VA, Baman J, Aoued HS, Doshi NK, Liu RC, Ressler KJ. 2017. 

Perineuronal Nets in the Adult Sensory Cortex Are Necessary for Fear Learning. 

Neuron. doi:10.1016/j.neuron.2017.06.007 

Berger TK, Silberberg G, Perin R, Markram H. 2010. Brief bursts self-inhibit and correlate 

the pyramidal network. PLoS Biol. doi:10.1371/journal.pbio.1000473 

Blake DT, Heiser MA, Caywood M, Merzenich MM. 2006. Experience-Dependent Adult 

Cortical Plasticity Requires Cognitive Association between Sensation and Reward. 

Neuron. doi:10.1016/j.neuron.2006.08.009 

Chen N, Sugihara H, Sur M. 2015. An acetylcholine-activated microcircuit drives temporal 

dynamics of cortical activity. Nat Neurosci. doi:10.1038/nn.4002 

Chen SX, Kim AN, Peters AJ, Komiyama T. 2015. Subtype-specific plasticity of inhibitory 

circuits in motor cortex during motor learning. Nat Neurosci. doi:10.1038/nn.4049 

Chiu CQ, Lur G, Morse TM, Carnevale NT, Ellis-Davies GCR, Higley MJ. 2013. 

Compartmentalization of GABAergic inhibition by dendritic spines. Science (80- ). 

doi:10.1126/science.1234274 

Chung S, Jeong JH, Ko S, Yu X, Kim YH, Isaac JTR, Koretsky AP. 2017. Peripheral Sensory 

Deprivation Restores Critical-Period-like Plasticity to Adult Somatosensory 

Thalamocortical Inputs. Cell Rep. doi:10.1016/j.celrep.2017.06.018 

Cottam JCH, Smith SL, Häusser M. 2013. Target-specific effects of somatostatin-expressing 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


33 
 

interneurons on neocortical visual processing. J Neurosci. 

doi:10.1523/JNEUROSCI.2624-13.2013 

Cummings KA, Clem RL. 2020. Prefrontal somatostatin interneurons encode fear memory. 

Nat Neurosci. doi:10.1038/s41593-019-0552-7 

Cybulska-Klosowicz A, Brzezicka A, Zakrzewska R, Kossut M. 2013a. Correlated activation 

of the thalamocortical network in a simple learning paradigm. Behav Brain Res. 

doi:10.1016/j.bbr.2013.06.022 

Cybulska-Klosowicz A, Posluszny A, Nowak K, Siucinska E, Kossut M, Liguz-Lecznar M. 

2013b. Interneurons containing somatostatin are affected by learning-induced cortical 

plasticity. Neuroscience. doi:10.1016/j.neuroscience.2013.09.020 

Cybulska-Klosowicz A, Zakrzewska R, Kossut M. 2009. Brain activation patterns during 

classical conditioning with appetitive or aversive UCS. Behav Brain Res. 

doi:10.1016/j.bbr.2009.05.024 

Denardo LA, Berns DS, Deloach K, Luo L. 2015. Connectivity of mouse somatosensory and 

prefrontal cortex examined with trans-synaptic tracing. Nat Neurosci. 

doi:10.1038/nn.4131 

Finnerty GT, Roberts LSE, Connors BW. 1999. Sensory experience modifies the short-term 

dynamics of neocortical synapses. Nature. doi:10.1038/22553 

Froemke RC, Carcea I, Barker AJ, Yuan K, Seybold BA, Martins ARO, Zaika N, Bernstein 

H, Wachs M, Levis PA, Polley DB, Merzenich MM, Schreiner CE. 2013. Long-term 

modification of cortical synapses improves sensory perception. Nat Neurosci. 

doi:10.1038/nn.3274 

Froemke RC, Merzenich MM, Schreiner CE. 2007. A synaptic memory trace for cortical 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


34 
 

receptive field plasticity. Nature. doi:10.1038/nature06289 

Fu Y, Kaneko M, Tang Y, Alvarez-Buylla A, Stryker MP. 2015. A cortical disinhibitory 

circuit for enhancing adult plasticity. Elife. doi:10.7554/eLife.05558 

Gentet LJ, Kremer Y, Taniguchi H, Huang ZJ, Staiger JF, Petersen CCH. 2012. Unique 

functional properties of somatostatin-expressing GABAergic neurons in mouse barrel 

cortex. Nat Neurosci. doi:10.1038/nn.3051 

Gilbert CD, Li W, Piech V. 2009. Perceptual learning and adult cortical plasticity. J Physiol. 

doi:10.1113/jphysiol.2009.171488 

Gillet SN, Kato HK, Justen MA, Lai M, Isaacson JS. 2018. Fear learning regulates cortical 

sensory representations by suppressing habituation. Front Neural Circuits. 

doi:10.3389/fncir.2017.00112 

Hu H, Cavendish JZ, Agmon A. 2013. Not all that glitters is gold: off-target recombination in 

the somatostatin-IRES-Cre mouse line labels a subset of fast-spiking interneurons. Front 

Neural Circuits. doi:10.3389/fncir.2013.00195 

Jasinska M, Siucinska E, Jasek E, Litwin JA, Pyza E, Kossut M. 2016. Effect of associative 

learning on memory spine formation in mouse barrel cortex. Neural Plast. 

doi:10.1155/2016/9828517 

Karnani MM, Agetsuma M, Yuste R. 2014. A blanket of inhibition: Functional inferences 

from dense inhibitory connectivity. Curr Opin Neurobiol. 

doi:10.1016/j.conb.2013.12.015 

Karnani MM, Jackson J, Ayzenshtat I, Sichani XH, Manoocheri K, Kim S, Yuste R. 2016. 

Opening holes in the blanket of inhibition: Localized lateral disinhibition by vip 

interneurons. J Neurosci. doi:10.1523/JNEUROSCI.3646-15.2016 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


35 
 

Khan AG, Poort J, Chadwick A, Blot A, Sahani M, Mrsic-Flogel TD, Hofer SB. 2018. 

Distinct learning-induced changes in stimulus selectivity and interactions of GABAergic 

interneuron classes in visual cortex. Nat Neurosci. doi:10.1038/s41593-018-0143-z 

Kilgard MP, Merzenich MM. 2002. Order-sensitive plasticity in adult primary auditory 

cortex. Proc Natl Acad Sci U S A. doi:10.1073/pnas.261705198 

Koga K, Kanehisa K, Kohro Y, Shiratori-Hayashi M, Tozaki-Saitoh H, Inoue K, Furue H, 

Tsuda M. 2017. Chemogenetic silencing of GABAergic dorsal horn interneurons induces 

morphine-resistant spontaneous nocifensive behaviours. Sci Rep. doi:10.1038/s41598-

017-04972-3 

Kruglikov I, Rudy B. 2008. Perisomatic GABA Release and Thalamocortical Integration onto 

Neocortical Excitatory Cells Are Regulated by Neuromodulators. Neuron. 

doi:10.1016/j.neuron.2008.04.024 

Lebida K, Mozrzymas JW. 2017. Spike Timing-Dependent Plasticity in the Mouse Barrel 

Cortex Is Strongly Modulated by Sensory Learning and Depends on Activity of Matrix 

Metalloproteinase 9. Mol Neurobiol. doi:10.1007/s12035-016-0174-y 

Lee S, Kruglikov I, Huang ZJ, Fishell G, Rudy B. 2013. A disinhibitory circuit mediates 

motor integration in the somatosensory cortex. Nat Neurosci. doi:10.1038/nn.3544 

Letzkus JJ, Wolff SBE, Meyer EMM, Tovote P, Courtin J, Herry C, Lüthi A. 2011. A 

disinhibitory microcircuit for associative fear learning in the auditory cortex. Nature. 

doi:10.1038/nature10674 

Liguz-Lecznar M, Urban-Ciecko J, Kossut M. 2016. Somatostatin and somatostatin-

containing neurons in shaping neuronal activity and plasticity. Front Neural Circuits. 

doi:10.3389/fncir.2016.00048 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


36 
 

Lübke J, Roth A, Feldmeyer D, Sakmann B. 2003. Morphometric analysis of the columnar 

innervation domain of neurons connecting layer 4 and layer 2/3 of juvenile rat barrel 

cortex. Cereb Cortex. doi:10.1093/cercor/13.10.1051 

MacLaren DAA, Browne RW, Shaw JK, Radhakrishnan SK, Khare P, España RA, Clark SD. 

2016. Clozapine N-oxide administration produces behavioral effects in long-evans rats: 

Implications for designing DREADD experiments. eNeuro. doi:10.1523/ENEURO.0219-

16.2016 

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng LL, Palmiter RD, 

Hawrylycz MJ, Jones AR, Lein ES, Zeng H. 2010. A robust and high-throughput Cre 

reporting and characterization system for the whole mouse brain. Nat Neurosci. 

doi:10.1038/nn.2467 

Makino H, Komiyama T. 2015. Learning enhances the relative impact of top-down processing 

in the visual cortex. Nat Neurosci. doi:10.1038/nn.4061 

Meyer HS, Wimmer VC, Hemberger M, Bruno RM, De Kock CPJ, Frick A, Sakmann B, 

Helmstaedter M. 2010. Cell type-specific thalamic innervation in a column of rat 

vibrissal cortex. Cereb Cortex. doi:10.1093/cercor/bhq069 

Muñoz W, Tremblay R, Levenstein D, Rudy B. 2017. Layer-specific modulation of 

neocortical dendritic inhibition during active wakefulness. Science (80- ). 

doi:10.1126/science.aag2599 

Naka A, Veit J, Shababo B, Chance RK, Risso D, Stafford D, Snyder B, Egladyous A, Chu D, 

Sridharan S, Mossing DP, Paninski L, Ngai J, Adesnik H. 2019. Complementary 

networks of cortical somatostatin interneurons enforce layer specific control. Elife. 

doi:10.7554/eLife.43696 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


37 
 

Neske GT, Patrick SL, Connors BW. 2015. Contributions of diverse excitatory and inhibitory 

neurons to recurrent network activity in cerebral cortex. J Neurosci. 

doi:10.1523/JNEUROSCI.2279-14.2015 

Oberlaender M, Ramirez A, Bruno RM. 2012. Sensory Experience Restructures 

Thalamocortical Axons during Adulthood. Neuron. doi:10.1016/j.neuron.2012.03.022 

Pfeffer CK, Xue M, He M, Huang ZJ, Scanziani M. 2013. Inhibition of inhibition in visual 

cortex: The logic of connections between molecularly distinct interneurons. Nat 

Neurosci. doi:10.1038/nn.3446 

Pi HJ, Hangya B, Kvitsiani D, Sanders JI, Huang ZJ, Kepecs A. 2013. Cortical interneurons 

that specialize in disinhibitory control. Nature. doi:10.1038/nature12676 

Prönneke A, Scheuer B, Wagener RJ, Möck M, Witte M, Staiger JF. 2015. Characterizing 

VIP neurons in the barrel cortex of VIPcre/tdTomato mice reveals layer-specific 

differences. Cereb Cortex. doi:10.1093/cercor/bhv202 

Rosenthal ZP, Raut R V, Yan P, Koko D, Kraft AW, Czerniewski L, Acland B, Mitra A, 

Snyder LH, Bauer AQ, Snyder AZ, Culver JP, Raichle ME, Lee J-M. 2020. Local 

Perturbations of Cortical Excitability Propagate Differentially Through Large-Scale 

Functional Networks. Cereb Cortex. doi:10.1093/cercor/bhz314 

Rosselet C, Fieschi M, Hugues S, Bureau I. 2011. Associative learning changes the 

organization of functional excitatory circuits targeting the supragranular layers of mouse 

barrel cortex. Front Neural Circuits. doi:10.3389/fncir.2010.00126 

Saloman JL, Scheff NN, Snyder LM, Ross SE, Davis BM, Gold MS. 2016. Gi-DREADD 

expression in peripheral nerves produces ligand-dependent analgesia, as well as ligand-

independent functional changes in sensory neurons. J Neurosci. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


38 
 

doi:10.1523/JNEUROSCI.3480-15.2016 

Scala F, Kobak D, Shan S, Bernaerts Y, Laturnus S, Cadwell CR, Hartmanis L, Froudarakis 

E, Castro JR, Tan ZH, Papadopoulos S, Patel SS, Sandberg R, Berens P, Jiang X, Tolias 

AS. 2019. Layer 4 of mouse neocortex differs in cell types and circuit organization 

between sensory areas. Nat Commun. doi:10.1038/s41467-019-12058-z 

Schwartz WJ, Smith CB, Davidsen L, Savaki H, Sokoloff L, Mata M, Fink DJ, Gainer H. 

1979. Metabolic mapping of functional activity in the hypothalamo- neurohypophysial 

system of the rat. Science (80- ). doi:10.1126/science.462184 

Siucinska E. 2019. Γ-Aminobutyric acid in adult brain: an update. Behav Brain Res. 

doi:10.1016/j.bbr.2019.112224 

Siucinska E, Kossut M. 1996. Short-lasting classical conditioning induces reversible changes 

of representational maps of vibrissae in mouse SI cortex-A 2DG study. Cereb Cortex. 

doi:10.1093/cercor/6.3.506 

Soumier A, Sibille E. 2014. Opposing effects of acute versus chronic blockade of frontal 

cortex somatostatin-positive inhibitory neurons on behavioral emotionality in mice. 

Neuropsychopharmacology. doi:10.1038/npp.2014.76 

Tang Y, Stryker MP, Alvarez-Buylla A, Espinosa JS. 2014. Cortical plasticity induced by 

transplantation of embryonic somatostatin or parvalbumin interneurons. Proc Natl Acad 

Sci U S A. doi:10.1073/pnas.1421844112 

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsani D, Fu Y, Lu J, Lin Y, Miyoshi 

G, Shima Y, Fishell G, Nelson SB, Huang ZJ. 2011. A Resource of Cre Driver Lines for 

Genetic Targeting of GABAergic Neurons in Cerebral Cortex. Neuron. 

doi:10.1016/j.neuron.2011.07.026 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


39 
 

Urban-Ciecko J, Jouhanneau JS, Myal SE, Poulet JFA, Barth AL. 2018. Precisely Timed 

Nicotinic Activation Drives SST Inhibition in Neocortical Circuits. Neuron. 

doi:10.1016/j.neuron.2018.01.037 

Urban-Ciecko J, Kossut M, Hess G. 2005. Effects of sensory learning on intracortical synaptic 

transmission in the barrel cortex of mice. Acta Neurobiol Exp (Wars). 

Wang Y, Toledo-Rodriguez M, Gupta A, Wu C, Silberberg G, Luo J, Markram H. 2004. 

Anatomical, physiological and molecular properties of Martinotti cells in the 

somatosensory cortex of the juvenile rat. J Physiol. doi:10.1113/jphysiol.2004.073353 

Watakabe A, Ohtsuka M, Kinoshita M, Takaji M, Isa K, Mizukami H, Ozawa K, Isa T, 

Yamamori T. 2015. Comparative analyses of adeno-associated viral vector serotypes 1, 

2, 5, 8 and 9 in marmoset, mouse and macaque cerebral cortex. Neurosci Res. 

doi:10.1016/j.neures.2014.09.002 

Weinberger NM. 2015. New perspectives on the auditory cortex: Learning and 

memoryHandbook of Clinical Neurology. doi:10.1016/B978-0-444-62630-1.00007-X 

Weinberger NM, Bakin JS. 1998. Learning-induced physiological memory in adult primary 

auditory cortex: Receptive field plasticity, model, and mechanisms. neurosc. 

doi:10.1159/000013787 

Wimmer VC, Broser PJ, Kuner T, Bruno RM. 2010. Experience-induced plasticity of 

thalamocortical axons in both juveniles and adults. J Comp Neurol. 

doi:10.1002/cne.22483 

Wolff SBE, Gründemann J, Tovote P, Krabbe S, Jacobson GA, Müller C, Herry C, Ehrlich I, 

Friedrich RW, Letzkus JJ, Lüthi A. 2014. Amygdala interneuron subtypes control fear 

learning through disinhibition. Nature. doi:10.1038/nature13258 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791


40 
 

Xu H, Jeong HY, Tremblay R, Rudy B. 2013. Neocortical Somatostatin-Expressing 

GABAergic Interneurons Disinhibit the Thalamorecipient Layer 4. Neuron. 

doi:10.1016/j.neuron.2012.11.004 

Xu Haifeng, Liu L, Tian Y, Wang J, Li J, Zheng J, Zhao H, He M, Xu T Le, Duan S, Xu Han. 

2019. A Disinhibitory Microcircuit Mediates Conditioned Social Fear in the Prefrontal 

Cortex. Neuron. doi:10.1016/j.neuron.2019.02.026 

Yu J, Hu H, Agmon A, Svoboda K. 2019. Recruitment of GABAergic Interneurons in the 

Barrel Cortex during Active Tactile Behavior. Neuron. 

doi:10.1016/j.neuron.2019.07.027 

Zhou X, Rickmann M, Hafner G, Staiger JF. 2017. Subcellular Targeting of VIP Boutons in 

Mouse Barrel Cortex is Layer-Dependent and not Restricted to Interneurons. Cereb 

Cortex. doi:10.1093/cercor/bhx220 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 12, 2020. ; https://doi.org/10.1101/2020.05.11.087791doi: bioRxiv preprint 

https://doi.org/10.1101/2020.05.11.087791

