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SUMMARY

Disinhibitory neurons throughout the mammalian cortex are powerful enhancers of circuit excitability and
plasticity. The differential expression of neuropeptide receptors in disinhibitory, inhibitory, and excitatory
neurons suggests that each circuit motif may be controlled by distinct neuropeptidergic systems. Here,
we reveal that a bombesin-like neuropeptide, gastrin-releasing peptide (GRP), recruits disinhibitory cortical
microcircuits through selective targeting and activation of vasoactive intestinal peptide (VIP)-expressing
cells. Using a genetically encoded GRP sensor, optogenetic anterograde stimulation, and trans-synaptic
tracing, we reveal that GRP regulates VIP cells most likely via extrasynaptic diffusion from several local
and long-range sources. In vivo photometry and CRISPR-Cas9-mediated knockout of the GRP receptor
(GRPR) in auditory cortex indicate that VIP cells are strongly recruited by novel sounds and aversive shocks,
and GRP-GRPR signaling enhances auditory fear memories. Our data establish peptidergic recruitment of
selective disinhibitory cortical microcircuits as a mechanism to regulate fear memories.

INTRODUCTION

Cortical circuits consist of multiple cell classes whose orches-

trated activity is crucial for signal processing and plasticity.

The post-synaptic specificity of afferent and intracortical inputs

permits the temporally precise regulation of different cortical

cell classes during behavior (Karnani et al., 2016; Pfeffer et al.,

2013; Pi et al., 2013). For example, cortical inputs facilitate

neuronal mismatch responses (Leinweber et al., 2017), suppress

responses to predicted and unattended stimuli (Iurilli et al.,

2012), or enhance sensory responses and plasticity (Fu et al.,

2014, 2015; Lee et al., 2013; Zhang et al., 2014) by targeting

mainly excitatory, inhibitory, or disinhibitory cortical neurons,

respectively. Thus, cortical circuit motifs are regulatory control

points that can be differentially activated to induce behaviorally

relevant changes in cortical state.

The specificity of the expression of receptors for neuromodu-

lators, signaling molecules that often act through slower extrasy-

naptic transmission, suggests that multiple channels of cortical

neuromodulator-based communication exist that also regulate

functionally relevant network activity (Marlin et al., 2015; Naka-

jima et al., 2014; Smith et al., 2019; Tasic et al., 2016). Neverthe-

less, most cortical neuropeptides have not been investigated

with respect to their cellular and behavioral effects.

Within cortex, vasoactive-intestinal peptide (VIP)-expressing

neurons, due to their synaptic targets, are well-positioned to

control circuit excitability and plasticity (Adler et al., 2019; Ba-

tista-Brito et al., 2017; Fu et al., 2014, 2015; Karnani et al.,

2016; Pfeffer et al., 2013; Pi et al., 2013). VIP cells express a

diverse set of neuromodulator receptors (Smith et al., 2019;

Tasic et al., 2016, 2018), making them likely targets of local

and long-range neuromodulatory systems.

One neuromodulator with unknown function in most cortical

brain areas is gastrin-releasing peptide (GRP), a bombesin-like

peptide that binds to the G protein-coupled GRP receptor

(GRPR) with high affinity and selectivity (Kroog et al., 1995).

GRP release in different parts of the CNS mediates itch (Sun

andChen, 2007) and sighing (Li et al., 2016b) and has been impli-

cated in fear memories (Mountney et al., 2006, 2008; Roesler

et al., 2003).

Here, we identify GRPR as a regulator of VIP cell-dependent

signaling and behavior. We demonstrate that GRPR is ex-

pressed nearly exclusively in VIP cells in many cortical regions.

Endogenous GRPR signaling during fear conditioning induces

immediate early gene (IEG) expression in VIP cells, consistent

with a role for GRP in facilitating excitability. Furthermore,

CRIPSR/Cas9-mediated and conditional knockout (KO) of

GRPR in auditory cortex (ACx) diminishes fear memories in

control but not GRP KO mice in a discriminatory auditory fear

conditioning task (Letzkus et al., 2011) that engages VIP cells

in a cue- and novelty-dependent manner. Our results thus high-

light the importance of neuropeptidergic cell-type-specific

communication channels in regulating functionally relevant

cortical circuits.
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RESULTS

Cortex-wide expression of GRP and its receptor

To identify candidate neuromodulator receptors for selective

regulation of VIP cells, we analyzed gene expression in mouse

visual cortex in two single-cell RNA sequencing (scRNA-seq) da-

tasets (Tasic et al., 2016, 2018) and identified the gastrin-

releasing peptide receptor (Grpr) (Figure S1A) as a candidate

for VIP cell-specific peptidergic neuromodulation (as proposed

previously, see Smith et al. [2019]). Fluorescent in situ hybridiza-

tion (FISH) targeting the gene encoding its specific ligand,

gastrin-releasing peptide (Grp), revealed mRNA expression in

28% ± 5% of glutamatergic cells across cortex (96% ± 0% of

Grp+ cells were Slc17a6/7/8+ whereas only 3% ± 0% were

Gad1/2) (Figures 1A–1C, 1E, 1F, S1B, and S1C). Furthermore,

Grpr expression was detected in 81% ± 2% of Vip+ cells, and

83% ± 3% of Grpr+ cells expressed Vip (Figures 1D–1F and

S1D). Similar numbers were found during early postnatal devel-

opment (Figure S1E) suggesting preserved GRPR-mediated

signaling throughout development and adulthood.

Because 19% of Grpr+ cells were Vip-negative GABAergic

neurons (Figure 1F), we examined whether Grpr is present in

other major inhibitory cell types and detected Sst and Pvalb

expression in a subset of Grpr+ cells (Figure S1F). In contrast,

in the adult mouse hippocampus, an area with comparably

high levels of Grpr, expression was relatively evenly distributed

among the three major GABAergic cell types (Figure S1G), sug-

gesting that preferential VIP cell targeting by GRP is a brain area-

dependent feature.

Several neuropeptidergic systems are evolutionarily

conserved (Jékely et al., 2018), raising the question as towhether

GRPR signaling follows similar principles in human cortex as in

mouse. Indeed, FISH in the human visual cortex (BA17) showed

that a large proportion ofGRPR+ cells expressed VIP andGAD1,

but rarely SST and PVALB (Figures 1G–1I and S1H), suggesting

that the neocortical GRP-GRPR signaling pathway is evolution-

arily conserved between mouse and human. The large fraction

of human GRPR+ cells that lack VIP expression may represent

a distinct GABAergic VIP/SST/PVALB-negative cell class or cells

in which VIPmRNA levels are below detection threshold. Consis-

tent with the former, scRNA-seq data show expression of GRPR

in LAMP1+ putative layer 1 neurons (Hodge et al., 2019) that are

thought to have a disinhibitory function analogous to that of VIP

cells (Letzkus et al., 2011).

Putative local and long-range sources of GRP

The patterns of expression ofGrp suggest that it is expressed by

cortico-cortical or cortico-thalamic neurons, both of which

reside in L6 (Briggs and Usrey, 2011). To identify cortico-

thalamic neurons, we injected cholera toxin B (CTB) into the

auditory thalamus (Figures 2A and 2B). FISH revealed that

86% ± 4% of Grp+ cells in L6 were retrogradely labeled with

CTB (n = 958 Grp+ cells in 4 hemispheres), and L6 Grp+ neurons

constitute a subpopulation of cortico-thalamic neurons (41% ±

10% out of 1,494 CTB+ cells in 4 hemispheres) (Figure 2C).

Similar results were obtained after injections into the motor thal-

amus (Figure S2A), establishing L6 cortico-thalamic neurons as a

putative source of cortical GRP signaling.

We also detected strongGrp expression in several input areas

of the ACx including the lateral amygdala (LA), contralateral ACx

(clACx,) temporal association area (TeA), perirhinal cortex (Per),

and auditory thalamic nuclei including the medial part of the

medial geniculate nucleus (MGM) and the suprageniculate nu-

cleus (SG), suggesting that these might be sources of cortical

GRP. To examine this possibility, we injected CTB into the ACx

(Figure 2D) and analyzed Grp expression by FISH (Figures 2E,

S2B, and S2C). Indeed, the majority of CTB+ cells in the LA

and approximately half of the CTB+ cells in the thalamus and in

Per were Grp+. Less coexpression occurred in the TeA and

clACx. In each area, only a small population of Grp+ cells were

CTB+ (Figure 2E), suggesting that a subset of Grp+ cells are pu-

tative long-range sources of GRP in cortex.

Whereas fast synaptic neurotransmission typically occurs

between specific subsets of directly connected neurons, extrasy-

naptic diffusion of neuropeptides may allow these neuromodula-

tors to reach all cells in a target region. To test whether VIP cells

receive synaptic inputs and peptidergic signals from overlapping

or distinct subsets of neurons, we used pseudotyped rabies virus

(RabV) transsynaptic retrograde labeling from ACx VIP cells

(Figures 2F, 2G, S2D, and S2E). Only a small subpopulation of

retrogradely labeled neurons expressedGrp in ACx and posterior

portions of the auditory thalamus (Figures 2H, 2I, and S2F). Similar

results were obtained after injections into M1 (Figures S2G and

S2H), suggesting that VIP cells across multiple cortical areas

receive GRP signals from a neuronal population that is largely

distinct from that which provides direct synaptic input (Figure 2J).

To confirm these results, we optogenetically stimulated amyg-

dalo-cortical projections, a majority of which are Grp+ (Fig-

ure S2I), and examined evoked excitatory postsynaptic currents

(EPSCs) in L2/3 VIP cells and neighboring pyramidal (Pyr) cells in

the primary ACx usingwhole-cell recordings. Consistent with our

retrograde labeling results, the majority of ACx cells did not

receive direct synaptic inputs (Figure S2J). This was not due to

a failure to efficiently activate axonal projections, since most

VIP and Pyr cells recorded in L2/3 of the TeA within the same

brain slices received strong synaptic inputs (Figure S2J).

Extrasynaptic GRP signaling requires that the peptide be sta-

ble and efficiently diffuse through extracellular space. Tomonitor

GRP diffusion in vivo, we developed a genetically encoded GRP

sensor (grpLight) based on a previously established platform

(Patriarchi et al., 2018) (Figures S2K–S2M). GrpLight showed

high specificity for GRP compared to other common neuropep-

tides and could detect nanomolar concentrations of GRP (Fig-

ures S2N–S2Q). In vivo photometric imaging of grpLight green

fluorescence in the ACx following infusion of red fluorescently

tagged GRP (TAMRA-GRP) into a distant cortical area revealed

long-lasting increases minutes after the start of GRP infusion

(Figures S2R–S2T). Our results show that GRP diffuses slowly

and maintains biological activity for over an hour in intact brain

tissue, suggesting that GRP is a long-acting peptide that reaches

large neuronal populations through extrasynaptic diffusion.

GRP depolarizes and increases intracellular Ca2+ in

cortical VIP cells

The cell-type specificity of Grpr expression suggests that VIP

cells are the primary targets of modulation by GRP. Whole-cell
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current-clamp recordings in ACx VIP cells (using Vip-EGFPmice)

of male mice revealed that most VIP cells (7 out of 10) depolarize

upon GRP bath application (300 nM for 2 min), occasionally re-

sulting in long-lasting (>1 min) burst-like firing activity (3 out of

10 neurons) (Figures 3A, 3B, S3A, and S3B). Depolarization

was concentration-dependent (Figure 3C) and strongly reduced

by a GRPR antagonist (Figure S3B). Because theGrpr gene is on

the X chromosome, we separately examined VIP cell responses

in female mice and found a non-significantly larger depolariza-

tion compared to male mice (Figure S3C). Similar results were

obtained in M1 (Figure S3E).

To confirm that the effects of GRP are largely VIP cell-specific,

we obtained current-clamp recordings from SST, PVALB, and

Pyr cells in the ACx (Figure 3D) and M1 (Figure S3F). GRP-

evoked depolarizations in all three cell types were significantly

smaller than in VIP cells (Figures 3E and S3G). No significant

A C D
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Figure 1. Cortex-wide, cell-type-specific expression of GRP and its receptor

(A) Schematic of GRP release and binding to GRP receptor (GRPR) in unidentified cell types.

(B) GRP and GRPR expression were analyzed in mice in the indicated areas. Abbreviations: M1, primary motor; A1, primary auditory; V1, primary visual; S1BF,

primary somatosensory-barrel field; ACC, anterior cingulate; AI, anterior insular cortex.

(C) Locations of all identified Grp+ cells in the indicated areas (n = 5 slices for S1BF, V1, A1, and 7 for M1). See also Figure S1.

(D) Locations of all identifiedGrpr+ cells in indicated areas (n = 34 slices, 4,900 cells). Quantification of the proportions (mean ± SEM) of cells that areGrpr+, Vip+,

or Gad+ across cortical depth (20 bins).

(E) Representative confocal images of mouse cortex showing coexpression of Grp (top) and Grpr (bottom) with Vip, glutamatergic markers (Slc17a6-8 encoding

vGluT1-3) and GABAergic markers (Gad1,2). Scale bars, 20 mm.

(F) Quantification of coexpression of Grp (top) and Grpr (bottom) with indicated genes. Numbers of analyzed cells per area are indicated above bars (R15 slices

from 4–7 hemispheres per area).

(G) Schematic of human visual cortex (BA17) in which GRPR expression was analyzed using FISH.

(H) Left: locations of all identified GRPR+ cells in 5 sections of human visual cortex. Right: quantification of the proportions (mean ± SEM) of cells that areGRPR+,

VIP+, and GAD1+ (n = 882 cells; 20 bins).

(I) Representative confocal image of a GRPR+/VIP+/GAD1+ human cell.

See also Figure S1.
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difference was found between PVALB cell depolarizations upon

GRP application and in control recordings without GRP (Fig-

ure S3D), confirming that VIP cells are the preferential target

of GRP.

The GRP-evoked subthreshold depolarization of most VIP

cells in cortex suggests that GRPR signaling increases excit-

ability in these cells. Indeed, GRP bath application significantly

increased the evoked spike probability of VIP cells in response

to optogenetic stimulation of thalamo-cortical afferents without

increasing spontaneous spike rate prior to stimulation onset

(Figure S3H).

Previous reports suggested that GRPR is a Gaq-coupled

receptor (Hellmich et al., 1997). A common secondary

messenger of Gaq signaling is intracellular calcium (Ca2+).

To visualize Ca2+ dynamics and facilitate the identification of

VIP cells in acute slices, we coexpressed the large-stokes

shift red fluorophore mBeRFP (Yang et al., 2013) stoichiomet-

rically with GCaMP using a self-cleaving P2A peptide linker

(Figure 3F). Bath application of GRP increased GCaMP fluo-

rescence in most VIP cells in ACx of male and female mice

and in M1 at concentrations as low as 3 nM (Figures 3G,

3H, S3I, and S3J). Reminiscent of the GRP-induced burst

activity in some VIP cells (Figures 3B and S3E), GCaMP fluo-

rescence exhibited non-synchronized phasic (oscillatory) fluc-

tuations at various frequencies in 26% of imaged VIP cells

(Figures 3H, 3I, and S3K) that were partially blocked by TTX

(14% of cells with Ca2+ oscillations) (Figures 3I, S3L, and

S3M), suggesting that the majority of GRP-induced Ca2+

A

D

H J
I

E

F G

B C

Figure 2. Putative local and long-range sources of GRP

(A) Schematic of retrograde tracing with CTB to quantify Grp expression in L6 cortico-thalamic neurons.

(B) Representative epifluorescent image of CTB injection into auditory thalamus (Thal) and retrograde labeling in auditory cortex (ACx) L6.

(C) Confocal image of retrogradely labeled cells in L6 of ACx and FISH against Grp. Inset: magnification of the highlighted area.

(D) Retrograde tracingwith CTB injected into ACx to quantifyGrp expression in corticopetal projection neurons. Epifluorescent image of a representative injection

and FISH against Grp.

(E) Quantification ofGrp+ and CTB+ cells in the indicated areas following injection as in (D). Each dot represents data from one mouse. Mean ± SEM across 358–

1,142 CTB+ cells per area. Abbreviations: LA, lateral amygdala; Per, perirhinal cortex; TeA, temporal association area; clACx, contralateral ACx.

(F) Schematic of transsynaptic tracing from Vip+ starter cells using pseudotyped rabies virus SADDG-EnVA-H2B-EGFP (RabV).

(G) Confocal image of an exemplary VipCre+ starter cell in ACx identified by RabV-gp1 (RabV), oG and Cre (FISH).

(H) Confocal images of RabV-gp1+ cells in ACx (left) and of an exemplary Grp+/RabV-gp1+ cell (right).

(I) Quantification of numbers of RabV-gp1+ andGrp+ cells after injections into ACx normalized to the numbers of starter cells. Each dot represents data from one

mouse. Mean ± SEM.

(J) Schematic of putative Grp+ inputs to ACx VIP cells.

See also Figure S2.
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signaling is AP-dependent. The AP-independent Ca2+ eleva-

tions are consistent with regulation of intracellular Ca2+

release from internal stores by Gaq- and IP3-mediated

signaling. The delay between GRP application and changes

in intracellular Ca2+ were largely due to delays in the infusion

system (Figure S3N). In summary, our data indicate that GRP

is a selective modulator of VIP cell signaling. Unfortunately,

grpLight is not able to detect functionally relevant GRP levels

in vivo as analysis of intracellular Ca2+ in VIP cells shows that

GRP infusion has functional effects on these cells in vivo well

before photometric detection of changes in grpLight fluores-

cence (Figure S3O).

GRP disinhibits cortex and induces IEG expression

The main circuit effect of VIP cell activation in the cortex is in-

hibition of SST and PVALB cells (Karnani et al., 2016; Pi et al.,

2013) (Figure 4A). To test whether GRP leads to similar

network effects, we recorded inhibitory postsynaptic currents

(IPSCs) in SST and PVALB cells in acute ACx slices (Figures

4B and 4C). Bath application of GRP increased IPSC fre-

quencies in 60% of SST and 40% of PVALB cells in a TTX-

sensitive manner. IPSC frequencies increased only in 1 out

of 10 Pyr cells, consistent with sporadic direct inhibition of

Pyr cells by VIP cells (Chiu et al., 2018). Similar effects were

observed in M1 (Figures S4A and S4B). EPSC frequency

was hardly affected (Figure S4C), suggesting that inhibition

of SST cells is the main direct network effect of GRP-medi-

ated VIP cell activation.

Because VIP cell-mediated disinhibition of Pyr cells strongly

depends on the activity level of SST cells, we examined GRP-

mediated disinhibition of Pyr cells in vivo. To this end, we injected

GRP into M1 of anaesthetized mice and used expression of the

IEG Fos as an indicator of neuronal activity (Sheng et al., 1990).

We revealed a strong increase in Fos (Fos) expression ipsilateral

A

D

F

G H
I

E

B C Figure 3. GRP depolarizes and increases

intracellular Ca2+ in cortical VIP cells

(A) Schematic of whole-cell recording of ACx VIP

cell used to examine effects of GRP.

(B) Two exemplary VIP cells responding with

bursts (top) or depolarization (bottom) following

2-min bath application of GRP (300 nM) in the

presence of NBQX, CPP, gabazine, and CGP.

Inset: magnification of first bursts indicated by an

asterisk.

(C) Depolarization of VIP cells upon application of

indicated concentrations ofGRP.Mean±SEM, n =

6–10 cells per group. Comparison 0 versus 300 nM

GRP: t test for unequal variance: t(12.52) =3.76, p=

0.01. Other comparisons not significant (n.s.). Bath

contains NBQX, CPP, gabazine, and CGP.

(D) Representative firing patterns of ACx VIP, SST,

PVALB, and pyramidal (Pyr) cells upon !200 pA

current injection (bottom), at AP threshold (mid-

dle), and at maximal firing rate (top).

(E) Average time course (left) and amplitude (right)

of the membrane potential changes in each indi-

cated cell type in ACx following GRP application.

Bath contains NBQX, CPP, gabazine, CGP, and

TTX. Mean ± SEM, n = 10 VIP, SST, Pyr cells, and

15 PVALB cells. Comparison to VIP cells (Bon-

ferroni-corrected t test): SST: t(18) = !5.27, p <

0.001; PVALB: t(23) = !3.83, p < 0.001; Pyr:

t(18) = !4.87, p < 0.001.

(F) Design of plasmid for Cre-dependent stoi-

chiometric expression of GCaMP and mBeRFP

for imaging of Ca2+ entry and detection of infected

cells, respectively.

(G) Injection of AAV DIO-GCaMP-P2A-mBeRFP

into ACx of male VipCre mice (left) and epifluor-

escent GCaMP imaging (right) in acute slices

before (top) and after (bottom) GRP bath appli-

cation, in the presence of NBQX, CPP, gabazine,

and CGP.

(H) Heatmap of fluorescence changes (expressed

relative to fluorescence following KCl application,

DF/FKCl) across all imaged VIP cells in an exemplary acute ACx slice.

(I) GCaMP fluorescence changes with or without TTX in two exemplary VIP cells (top) or across all recorded cells (bottom) in the presence of NBQX, CPP,

gabazine, and CGP. Mean ± SEM, Mann-Whitney U test: U = 10178, p < 0.0001. n = 218 (!TTX) and 179 (+TTX) cells in 7 and 6 slices, respectively.

See also Figure S3.
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to the injection site (Figures 4D and S4D) in Vip+ and glutamater-

gic cells across most cortical layers, without changes in expres-

sion in Sst+ and Pvalb+ cells (Figures 4E–4G, S4D1, and S4D2).

Importantly, GRP injections into M1 of mice lacking GRPR

specifically in VIP cells (Vip-IRES-Cre;Grprfl/y) (Yu et al., 2017)

(Figures S4E1 and S4E2) or injections of the diluent (NRR) alone

(Figures S4F1 and S4F2) led to significantly smaller increases in

Fos expression (Figure S4G). A previous study indicated that Fos

expression can be induced by a broad range of neuromodulatory

inputs, whereas expression of another IEG, Npas4, is more

tightly regulated by neuronal activity (Lin et al., 2008). We found

that GRP injections lead to similar changes in Npas4 levels, with

significantly increased expression in Vip+ and glutamatergic

cells, but not Sst+ and Pvalb+ cells (Figures 4H and S4D3).

Npas4 expression was significantly smaller when GRP was

injected into Vip-IRES-Cre;Grprfl/y mice (Figures S4E3–S4G),

confirming GRP-mediated disinhibition of glutamatergic cells

through VIP cell-specific GRPR signaling.

A

D

F G H

E

B C

Figure 4. GRP disinhibits cortex and induces IEG expression

(A) Schematic of the disinhibitory circuit that underlies VIP cell function in cortex.

(B) Whole-cell recordings of IPSCs in a representative SST cell in ACx before (top) and following (bottom) GRP application in the presence of NBQX

and CPP.

(C) Time courses (left, mean ± SEM) and magnitude (right, median and IQR) of IPSC frequency changes in SST, PVALB and Pyr cells (n = 10 cells per group) in the

presence of NBQX and CPP (TTX where indicated). Mann-Whitney U test: U = 21, p = 0.03.

(D) Representative epifluorescent image of FOS immunostaining after injection of 3 mM GRP, as schematized, into the right motor cortex in anaesthetized mice.

(E) Confocal images of Fos expression in Vip+ (arrows) and glutamatergic cells (arrowheads) analyzed using FISH.

(F–H) Fos andNpas4 expression levels in Vip+ and glutamatergic cells across all cortical layers for the right (green/turquoise) and left (black) motor cortices (mean

± SEM). Intensity-coded map of expression levels (% coverage) of all glutamatergic cells in an exemplary slice shown on the left (G and H). n = 398 (Vip), 15,108

(Slc17a6,7) cells, 3–5 mice for each condition and cell type.

See also Figure S4.
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ACx VIP cell activity encodes novel sounds and shocks

during fear conditioning

The presence of Grp+ cortically projecting neurons in all areas of

the thalamo-cortico-amygdala loop, a circuit central for the en-

coding of fear memories (Boatman and Kim, 2006), together

with previous reports of stress- and fear-induced GRP release

in the amygdala (Merali et al., 1998; Mountney et al., 2011) sug-

gest that GRP modulates sensory processing in cortex in the

presence of aversive cues. An ideal behavioral paradigm to

examine this possibility is auditory discriminatory fear condition-

ing (Dalmay et al., 2019; Letzkus et al., 2011). Unlike many tasks

that depend on simple sounds, memory in this task requires ac-

tivity in ACx and is modulated by disinhibitory circuits (Dalmay

et al., 2019; Letzkus et al., 2011).

To determine whether VIP cells in the ACx are recruited during

this task, we recorded bulk Ca2+-dependent fluorescence

changes using fiber photometry. To optimize comparison of

VIP cell activity across mice and behavioral sessions, we tested

the suitability of the GCaMP6s-P2A-mBeRFP construct for

quantitative analysis of GCaMP fluorescence in vivo. Character-

ization of emission spectrum, Ca2+-sensitivity, and relative

expression levels, as well as physiological properties of VIP cells

expressing GCaMP-P2A-mBeRFP (Figures 5A–5G and S5A–

S5E) confirmed that mBeRFP can be used as a reference to

normalize GCaMP fluorescence and to detect movement arti-

facts and patchcord detachment or entanglement.

We acquired fiber-photometric recordings in GCaMP6s-P2A-

mBeRFP-expressing VIP cells in the right ACx during fear

conditioning (Figures 5H andS5F–S5I).We observed strong fluo-

rescence increases in VIP cells in response to novel conditioned

(CS+) and unconditioned (CS!) sounds and foot shocks (Fig-

ure 5H). The responses were not due to movement artifacts as

demonstrated by stable mBeRFP fluorescence (Figure S5J).

The strong initial activation upon foot shocks, which triggered

fast escape behavior, raises the possibility that VIP cell activity

may be correlated with locomotion. However, neither the trial-

averaged fluorescence during movement initiation after bouts

of freezing nor cross-correlation of GCaMP fluorescence and

speed revealed strong GCaMP modulation by locomotion (Fig-

ures S5K and S5L).

To test how GRP modulates the VIP cell dynamics in vivo, we

compared GCaMP fluorescence in response to novel sounds

and shocks before and after local infusion of GRP via a cannula.

GRP increased peak responses of VIP cells to sounds and

shocks without increasing discriminability between different

stimuli (Figures 5I and S5M), suggesting a function in cortical

state modulation rather than stimulus-specific encoding.

GRPR signaling in the ACx enhances fear memories

To test whether GRP/GRPR signaling contributes to themodula-

tion of fear memories, we used CRISPR-Cas9-mediated KO of

Grpr (Figure 6A). The efficiency of Grpr KO was confirmed by

Ca2+ imaging in ACx VIP cells (Figures 6B and S6A). Bilateral

AAV-mediated CRISPR-Cas9 injections into the ACx of male

wild-type mice resulted in SaCas9-HA expression mainly in

ACx (Figures 6C, S6B, and S6C). Electrophysiological analysis

of ACx VIP cells did not reveal any significant changes in basic

physiological parameters (Figures S6D and S6E), suggesting

that VIP cells are healthy and do not develop intrinsic compensa-

tory mechanisms when GRPR is ablated. Fear conditioning of

ctrl and KO mice increased freezing during CS+ and CS!

throughout the conditioning session in both groups (Figure 6D).

24 hr after conditioning, mice were subjected to auditory fear

memory retrieval. Freezing levels during CS+ and CS! were

significantly reduced in KO mice compared to ctrl mice (Figures

6E, 6F, and S6F), indicating a function of GRPR signaling in

enhancing cortex-dependent memory formation.

Neither the absolute freezing difference betweenCS+ andCS!

(2-sample t test: t[28] = 1.59, p = 0.12) nor the discrimination in-

dex (STAR Methods) were significantly different in ctrl and KO

mice (Figure 6G), indicating that the behavioral effect is not

due to an impairment in auditory discrimination. Because

freezing levels did not change significantly over time, and

freezing levels in KO mice were strongly reduced even during

the first 4 CS+ and CS! (Figures S6G and S6H), we conclude

that the reduced freezing in KO mice is not due to accelerated

fear extinction. Moreover, reduced freezing levels in KO mice

were not purely a result of increased baseline freezing, since

freezing levels were still significantly reduced in KO mice after

subtraction of baseline freezing (Figure S6I).

Importantly, ctrl and KO mice exhibited comparable locomo-

tion during the conditioning session at baseline, during the first

sounds and in response to the first foot shock (Figures S6J and

S6K), indicating that the reduced freezing level in KO mice was

not a result of different pain sensitivity or overall activity levels.

To verify that the behavioral effects were due to GRP-GRPR

signaling and not ligand-independent recruitment of GRPR

signaling, we injected CRISPR-Cas9 constructs into Grp!/!

KO mice and subjected mice to the same behavioral testing

paradigm. Freezing levels during CS+ and CS! were not signifi-

cantly different in Grp!/! mice injected with CRISPR-Cas9 con-

structs targeting Grpr or ctrl sequences (Figures 6H, S6L, and

S6M), indicating that GRP signaling is required for the behavioral

effects of GRPR. Importantly, Grpr-Vip coexpression was main-

tained in Grp!/! KO mice (Figure S6N), confirming that the

absence of behavioral effects was not due to a lack of GRPR

expression in VIP cells of Grp!/! KO mice.

To further exclude that theobservedbehavioral effectsweredue

tosideeffects,we repeated thebehavioral experimentsusingcon-

ditional Grpr KO mice (Yu et al., 2017). We validated Cre-depen-

dent KO of Grpr in these mice using Ca2+ imaging (Figure 7A). To

KO Grpr specifically in the ACx, we injected AAV hSyn-Cre-

mCherry bilaterally into the ACx of Grprfl/y (KO) or Grprwt/y (ctrl)

mice (Figures 7BandS7A). Fourweeksafter injection, bothgroups

of mice were exposed to fear conditioning and retrieval as above.

Freezing levels in KOmice uponpresentation ofCS+ andCS! dur-

ing retrievalweresignificantly reduced,withnosignificanteffecton

auditory discrimination (Figures 7C, 7D, S7B, and S7C). Impor-

tantly, the reduced freezing levels in KO mice were not caused

by differences in genetic background of Grprfl/y and Grprwt/y

mice because freezing levels in uninjected Grprfl/y mice were not

different from their ctrl littermates (Figures S7D and S7E), confirm-

ing that Grpr KO in the ACx reduces fear-induced freezing in a

discriminatory auditory fear conditioning paradigm.

To examine the functional and context-dependent implica-

tions of GRP-GRPR signaling for VIP cells in vivo, we quantified
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Fos expression in ACx Vip+ cells three weeks after AAV-medi-

ated injections of CRISPR-Cas9 constructs into the ACx of

wild-type mice. Fos expression in Vip+ cells lacking GRPR was

significantly lower than in ctrl cells directly after fear conditioning

but not in naive mice (Figures S7F and S7G), consistent with

context-dependent recruitment of endogenous GRPR signaling.

In line with this finding, amygdalo-cortical and thalamo-

cortical projection neurons, a majority of which expresses Grp

A

E

H

F G

I

B C D

Figure 5. ACx VIP cells encode novel sounds and shocks during fear conditioning

(A) Fluorescence emission spectrum of GCaMP alone (green) and GCaMP-P2A-mBeRFP (magenta, pink) expressed in HEK293T cells and measured with or

without application of Ca2+/ionomycin, indicating that mBeRFP does not interfere with GCaMP6s fluorescence. 2-sample t test: t(10) = !0.12, p = 0.91; n = 6

wells each.

(B) Confocal image of a Pyr cell after injection of AAV DIO-GCaMP-P2A-mBeRFP and AAV Cre into ACx.

(C) Schematic of experimental setup for analysis of AP-dependent changes of GCaMP and mBeRFP fluorescence in acute brain slices during electrophysio-

logical induction of spiking in VIP or L5 Pyr cells expressing GCaMP-P2A-mBeRFP in ACx of Vip-IRES-Cre and Rbp4-Cre mice.

(D) AP bursts (each 5-s at 10 Hz) induced in an exemplary RBP4+ neuron through a cell-attached electrode (top) with GCaMP andmBeRFP fluorescence (473 nm

excitation, middle) and GCaMP fluorescence (405 nm excitation, bottom). Inset: individual spikes from the last burst.

(E) Average GCaMP and mBeRFP (473 nm excitation) and GCaMP (405 nm excitation) fluorescence changes (DF/F). Data from cell-attached and whole-cell

recordings were pooled. Dashed line: baseline fluorescence. Mean ± SEM from nR 3 mice each; n = 12 VIP, 15 RBP4 GCAMP/mBeRFP, and 12 RBP4 GCaMP

(405 nm) cells.

(F) Quantification of fluorescence changes shown in (E) normalized to GCaMP (473 nm) fluorescence change. mBeRFP fluorescence was largely unaffected by

neuronal activity. In comparison, GCaMP fluorescence was reduced when excited at 405 nm (!7.4% ± 0.8%).

(G) Correlation of GCaMP and mBeRFP fluorescence in Vip+ cells after injection of AAV DIO-GCaMP-P2A-mBeRFP into ACx of Vip-IRES-Cre mice (linear

regression and correlation coefficient in cyan). n = 335 cells from 3 injection sites.

(H) GCaMP fluorescence changes measured in ACx VIP cells around presentation of conditioned (CS+, blue) and unconditioned sounds (CS!, gray) and shocks

(dashed pink lines) early (trials 1–4) and late (trials 12–15) on the conditioning (top) or retrieval (bottom) day. n = 11 mice.

(I) GCaMP fluorescence changes measured around presentation of CS+ (blue) and CS! (gray) and shocks (dashed pink lines) before (top) and following (bottom)

infusion of GRP (pink) or control solution (NRR, black). n = 8 (GRP) and 7 (NRR) mice.

Data in (A) and (F)–(I): mean ± SEM.

See also Figure S5.
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(Figure 2E), activated reliably during shocks (and during sounds

in the case of thalamic projections) (Figures 7E, 7F, S7H, and S7I)

consistent with context-dependent activation of GRP+ neurons.

DISCUSSION

GRPergic signaling for cortex-wide communication

Neuropeptidergic signaling has been suggested to interconnect

cortical neurons and provide control over cortical homeostasis

and plasticity (Smith et al., 2019). This hypothesis is supported

by the cellular specificity of receptor-ligand expression patterns

but has largely not been tested functionally. Here, we provide

direct evidence that distinct peptidergic cell-to-cell communica-

tion channels, consistent with those predicted bymRNA expres-

sion patterns, exist and regulate cortex-dependent behaviors.

Unlike synaptic communication channels that have the ability

to modulate individual cells through point-to-point communica-

tion, our data support that GRP acts on a larger scale through

A

B

D

F
G H

E

C

Figure 6. GRPR signaling in the ACx enhances fear memories

(A) Design of the plasmid for CRIPSR/Cas9-mediated KO of Grpr (abbreviated here as SaCas9-sgRNA) (Tervo et al., 2016).

(B) GCaMP fluorescence changes measured in acute slices upon GRP application for VIP cells expressing GCaMP-P2A-mBeRFP and SaCas9-sgRNA targeting

either Grpr (KO, Grpr1) or lacZ (ctrl). Mann-Whitney U test: U = 25,956; p < 0.0001; n = 602 and 298 cells in 10 (ctrl) and 9 (KO) slices.

(C) Quantification of bilateral SaCas9-HA expression after injection of SaCas9-sgRNA targeting lacZ (ctrl, gray) orGrpr (KO, turquoise). See Figure S6 for analysis

of expression in the whole brain. Color code: % of mice with SaCas9-HA expression.

(D) Auditory fear acquisition, measured as the percentage of time spent freezing during presentation of 15 CS+ and CS! on conditioning day (histology shown in

C). 2-way ANOVA, main effect of genotypes: CS+: p = 0.90, F = 0.01; CS!: p = 0.78, F = 0.08, no significant interaction of genotype and stimulus number. n = 15

mice per group.

(E) Auditory fear memory retrieval, measured as the percentage of time spent freezing averaged across 15 presentations of CS+ and CS! on the retrieval day.

2-way ANOVA: main effect of genotype: p = 0.01, F = 6.41, no significant interaction of genotype and stimulus (CS+ versus CS!).

(F) Time courses of average freezing probability across all CS+ and CS! during fear memory retrieval.

(G) Sound discrimination indices measured during retrieval. t test for unequal variance: t(20.13) = 0.53, p = 0.60.

(H) Auditory fear memory retrieval in CRISPR-Cas9-expressing Grp!/! KO mice, measured as the percentage of time spent freezing averaged across 15 pre-

sentations of CS+ andCS! on the retrieval day. 2-way ANOVA:main effect of genotype: p = 0.28, F = 1.21, no significant interaction of genotype and stimulus (CS+

versus CS!), n = 14 mice per group.

All summary data in (B) and (D–H) shown as mean ± SEM.

See also Figure S6.
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extrasynaptic diffusion (however, see ‘‘Limitations of study’’

below). This mode of transmission for neuropeptides was pro-

posed several decades ago (Agnati et al., 1986) and is thought

to be a major communication mode for neuromodulators (Taber

and Hurley, 2014).

Cortical GRPR signaling enhances fear memories

Neuromodulators are thought to mediate context-dependent

control over functional cortical circuits (Marlin et al., 2015;

Nakajima et al., 2014; Polack et al., 2013; Smith et al.,

2019). Here, we provide evidence for a previously unknown

peptidergic control mechanism of behaviorally-relevant

cortical circuits. Our data suggest that GRP is released in a

context-dependent manner to increase plasticity as needed

to strengthen memories in the presence of aversive or threat-

ening cues. Interestingly, although our tracing studies reveal

that TeA receives strong direct synaptic drive from GRP+

amygdala projection neurons, inputs to primary ACx are

non-synaptic, suggesting two distinct modes of action in

these brain areas. We predict that the non-synaptic mode

supports slower and longer-lasting modulation through activa-

tion of neuromodulatory receptors like GRPR, whereas the

fast synaptic inputs to the TeA support stimulus-specific infor-

mation transfer. State- or context-dependent release of GRP

in the primary ACx cortex is thus optimal to broadly increase

responses to and plasticity evoked by environmental stimuli

without altering stimulus discriminability. Our behavioral re-

sults showing impaired fear memory, but unchanged sound

discrimination, support such a scenario.

VIP cells are recruited by novel sounds and shocks

Although it is generally accepted that VIP cells are important reg-

ulators of cortical disinhibition and plasticity (Fu et al., 2014,

2015; Karnani et al., 2016; Pfeffer et al., 2013; Pi et al., 2013),

evidence for memory and learning enhancement by VIP cells is

surprisingly scarce (Adler et al., 2019; Fu et al., 2015). VIP cell re-

sponses to sounds and aversive cues (air puffs) were observed

previously in head-fixed animals (Pi et al., 2013), but it was

unknown how VIP cells encode the changing valence of condi-

tioned and unconditioned cues during fear conditioning. Inter-

estingly, similar to amygdala VIP cells (Krabbe et al., 2019), we

observed strong activation of VIP cells by unexpected shocks

and habituation of VIP cell responses to shocks with learning

of the sound-shock association. In contrast to amygdala VIP

cells, however, we also observed strong responses to novel

sounds, which later habituated, suggesting that the responses

to unexpected sounds and shocks may facilitate association

learning by releasing inhibition and thereby increasing plasticity

in distal dendrites of glutamatergic neurons. Interestingly, a

distinct type of disinhibitory neurons in L1 of the ACx also ex-

hibits strong activation to shocks (Letzkus et al., 2011), suggest-

ing that both cells act synergistically to disinhibit Pyr neurons

(Letzkus et al., 2011). Furthermore, our data show that GRPR

activation increases excitability of VIP cells in vitro and induction

of IEG transcription in vivo. These data suggest that GRP-GRPR

signaling leads to the observed memory enhancement by

increasing non-discriminatory VIP cell responses, and thereby

inducing plasticity in VIP cells that regulate disinhibition in a sub-

set of glutamatergic neurons.

A

C

E F

D

B Figure 7. Impaired fear memory in mice

with conditional KO of GRPR in the ACx

(A) GCaMP fluorescence changes in VIP cells

following GRP application in acute ACx slices from

ctrl mice (Vip-IRES-Cre;Grprwt/y) or mice lacking

GRPR in VIP cells (Vip-IRES-Cre;Grprfl/y). Two-

sample t test: t(1178) = 26.97, p < 0.0001, n = 655

cells in 14 slices (ctrl) and 525 cells in 11 slices (KO).

(B) Injection of AAV hSyn-Cre-mCherry into ACx of

Grprwt/y or Grprfl/y mice to locally KO Grpr. Right:

epifluorescent image of exemplary injection sites.

Quantification of expression levels across all mice:

Figure S7.

(C) Time spent freezing during fear memory

retrieval in Grprwt/y (ctrl) and Grprfl/y (KO) mice in-

jected into ACx with AAV encoding Cre-mCherry.

2-way ANOVA: main effect of genotype: p = 0.004,

F = 8.99, no significant interaction of genotype and

stimulus (CS+ versus CS!). n = 14 mice per group.

(D) Time course of average freezing probability

across all CS+ and CS! presentations during fear

memory retrieval.

(E) Photometric recordings from LA/BLA projec-

tion neurons, retrogradely tagged with AAVretro-

Cre injections into the ACx. GCaMP fluorescence

changes measured during CS+ (blue), CS! (gray),

and shocks (dashed pink lines) during early con-

ditioning trials (trials 1–4). n = 10 mice.

(F) Photometric recordings from thalamic SG/MGM projection neurons, retrogradely tagged with AAVretro-Cre injections into the ventral ACx and TeA. GCaMP

fluorescence changes measured during early conditioning trials (trials 1–4). n = 5 mice.

All summary data in (A) and (C–F) shown as mean ± SEM.

See also Figure S7.
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Toward a complete picture of neuromodulatory control

of cortical circuits

The daunting task of unraveling the multitude of neuromodula-

tory effects on signal transmission and plasticity across all

cortical cell types may be essential to understand how cortical

function is modulated in different emotional/physiological states

by the plethora of neuropeptide receptors (Smith et al., 2019;

Tasic et al., 2016, 2018). The heterogeneity of expression pat-

terns and the diversity of receptors per cell type (Smith et al.,

2019; Tasic et al., 2016, 2018) offer a glimpse into how intricate

and versatile neuromodulator effects in the cortex can be.

Together with previous studies (Li et al., 2016a; Marlin et al.,

2015; Nakajima et al., 2014), our work underlines the importance

for future studies to investigate additional cell-type-specific neu-

romodulatory communication channels and their impact on

network activity and behavior.

Limitations of study

Although our experiments support a non-synaptic mode of

transmission for GRP, we cannot exclude that point-to-point

synaptic signaling byGRP also occurs. Thus, although our rabies

virus experiments suggest only rare synaptic connectivity be-

tween GRP and VIP cells, these negative results might arise

due to low efficiency of trans-synaptic transfer of rabies viruses

at GRPergic synapses. In addition, we were not able to identify

when GRP is released to modulate fear memories. This reflects

a general gap in our understanding of neuropeptide signaling

that results from two technical limitations: (1) a lack of under-

standing of the activity patterns that efficiently drive peptide

release; and (2) a lack of sensors with sufficient sensitivity to

detect released peptide. Improved GRP sensors will be benefi-

cial to identify detailed spatial and temporal release dynamics

also under physiological conditions in vivo.

Our photometric recordings of VIP cells in vivo did not reveal

significant changes following ablation of GRPR. However, the

significantly reduced Fos expression in VIP cells lacking GRPR

following fear conditioning suggests that more sensitive tech-

niques, such as 2-photon Ca2+ imaging and opto-tagged extra-

cellular recordings, might reveal how GRPR modulates VIP cell

activity patterns in vivo and identify the network mechanisms

through which GRP-induced VIP cell plasticity and activity

modulate behavioral outcomes.
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