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SUMMARY

Oxytocin (OT) release by axonal terminals onto the

central nucleus of the amygdala exerts anxiolysis. To

investigate which subpopulation of OT neurons con-

tributes to this effect, we developed a novel method:

virus-delivered genetic activity-induced tagging of

cell ensembles (vGATE). With the vGATE method,

we identified and permanently tagged a small sub-

population ofOT cells, which, by optogenetic stimula-

tion, strongly attenuated contextual fear-induced

freezing, and pharmacogenetic silencing of tagged

OT neurons impaired context-specific fear extinction,

demonstrating that the tagged OT neurons are

sufficient and necessary, respectively, to control

contextual fear. Intriguingly, OT cell terminals of

fear-experienced rats displayed enhanced glutamate

release in the amygdala. Furthermore, rats exposed to

another round of fear conditioning displayed 5-fold

more activated magnocellular OT neurons in a novel

environment than a familiar one, possibly for a gener-

alized fear response. Thus, our results provide first

evidence that hypothalamic OT neurons represent a

fear memory engram.

INTRODUCTION

Emotional memory representations (also called memory en-

grams), such as for fear, are pivotal for animal survival. Fear-

associated behaviors have evolved over millions of years in living

systems, from lower to higher animals, so that they can sense,

evaluate, respond, and adapt to adequately deal with dangerous

situations (Mobbs et al., 2015). Fear-related disorders, such as

specific phobias and post-traumatic stress disorder (PTSD),

are among the most prevalent human psychiatric conditions

and pose debilitating health burdens to affected individuals

and immense costs to society (Kessler and Bromet, 2013).

Understanding the neural basis of fear learning, expression,
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and extinction is of paramount importance for PTSD treatment;

for example, by targeted circuit-specific therapeutics.

The hypothalamus is an evolutionary old and deeply located

brain structure that relays fear-related emotional behavior in

mammals. Fear memory engrams are thought to be distributed

between the different brain regions in the nervous system; for

example, the amygdala, hippocampus, and medial prefrontal

cortex (mPFC) (Kitamura et al., 2017). Notably, the hypothalamus

is reciprocally connected to different brain regions, including the

amygdala (Knobloch et al., 2012) and themPFC (Heidbreder and

Groenewegen, 2003), which, in turn, interact with various other

brain regions when organizing fear memories (Tovote et al.,

2015). These findings support the view that brain networks,

composed of distributed cell assemblies, generate behavior,

including the formation of memory representations or engrams.

We thus hypothesized that the hypothalamus, being the oldest

brain structure, which evolved over time alongside the newer

higher brain structures, might be equipped with mechanisms

to encode engram-like features and capable of plasticity.

The central nucleus (CeA), a subregion of the amygdala, par-

ticipates in the acquisition, consolidation, storage, expression,

and extinction of fear memories (Ciocchi et al., 2010; Herry

et al., 2010; Letzkus et al., 2011) and the subsequent physiolog-

ical response: freezing behavior (Viviani et al., 2011). Hypotha-

lamic oxytocin (OT) neurons precisely project to the lateral part

of the CeA (CeL), where axonal OT release activates CeL neu-

rons (Knobloch et al., 2012), which, in turn, inhibit GABAergic

neurons in the medial part of the CeA (CeM), attenuating the

fear-related freezing response in rodents. However, the precise

role of OT neurons and their projections to the CeA during fear

learning is still not well understood. It is unknown which fraction

of OT neurons contributes to the anxiolytic effect, how OT neu-

rons are recruited during different fear episodes, and whether

the hypothalamus-amygdala circuit is subject to fear-dependent

plasticity and contextual specificity.

To tackle these questions, we developed a novel genetic

method, virus-delivered genetic activity-induced tagging of cell

ensembles (vGATE), to tag fear-experience-activated OT neu-

rons in rats during contextual fear conditioning (FC) (Ehrlich

et al., 2009; LeDoux, 2007). Here we provide first evidence that

establishes the role of OT neuronal ensembles in fear expression

and extinction. We discovered that optogenetic activation of a

small subset of fear exposure-activated OT neurons drastically

reversed freezing behavior (‘‘unfreezing’’) and their silencing

impaired context-specific fear extinction. Importantly, fear expo-

sure-taggedOT neurons display an enormous capacity for expe-

rience-dependent plasticity by enhancing glutamatergic over

OT-ergic transmission in the hypothalamic-amygdalar circuitry.

These results clearly demonstrate that fear exposure-tagged

OT neurons are both sufficient and necessary for attenuation

of fear expression. Altogether, these results satisfy the key

criteria of the synaptic plasticity memory hypothesis (Martin

et al., 2000) in identifying and validating a fear memory engram

in hypothalamic OT circuits. Thus, we conclude that memory en-

grams are not only restricted to higher brain regions, such as the

hippocampus and cortex, but also present in a lower brain re-

gion, such as the hypothalamus. This study is a shift in paradigm,

revealing the anatomical and functional connectivity organiza-

tion of fear memory engrams as network-wide distributed cell

assemblies that include both higher and lower brain regions.

RESULTS

Activity-Dependent Tagging of OT Neurons

To specifically label activated OT neurons, we developed and

describe here a genetic method called vGATE (Figure 1A). In

the vGATE system, a c-fos promoter (Pfos) fragment (Schilling

et al., 1991) drives the expression of the reverse tetracycline-

sensitive (tet) transactivator (rtTA) (Dogbevia et al., 2015,

2016). In activated neurons, stimulation of the c-fos promoter

rapidly induces rtTA expression. To obtain sustained rtTA

expression for permanent tagging of c-fos activated neurons,

we designed an autoregulatory expression loop by introducing

rtTA-binding DNA sequences (tet operator sequences [(tetO)7])

upstream of Pfos to drive rtTA expression (the full genetic module

is (tetO)7-Pfos-rtTA). In the presence of doxycycline (Dox), tran-

sient Pfos activity drives rtTA expression, which, upon binding

to (tetO)7, takes over the transient c-fos promoter activity by

establishing a Dox-controlled rtTA-dependent and self-sustain-

ing autoregulatory loop (Figure 1A) for persistent rtTA expres-

sion. A second virus (virus 2) is equipped with a bidirectional

tet promoter (Ptetbi) that drives the expression of genes encoding

for the Cre recombinase and fluorescent proteins (Figure 1A).

Finally, a third virus (virus 3) is equipped with a cell-type-specific

promoter (OT in our case) that drives Cre-dependent expression

of any gene(s) (Figure 1A).

vGATE-Assisted, Dox-Dependent rtTA Expression

In Vivo

As a proof of principle, we first validated the vGATE method

in vitro (Figures S1A–S1D) and, subsequently, in vivo. For in vivo

validation, we injected the vGATE construct rAAV-(tetO)7-Pfos-

rtTA into the supraoptic nucleus (SON) of the hypothalamus.

Three weeks later, rats were treated under four different

Figure 1. Operating Principle of the vGATE System and Activity-Dependent Tagging of OT Neurons

(A) Scheme of the vGATE system: virus 1 (rAAV-(tetO)7-Pfos-rtTA), virus 2 (rAAV-Ptetbi-Cre/YC3.60), and virus 3 (rAAV-POT-FLEX-hChR2-mCherry).

(B) Rats were injected with vGATE viral cocktail (3 viruses) into the hypothalamic SON and treated with Dox in combination with osmotic stimulation (salt loading).

(C) Dox-dependent rtTA expression is only detected in the stimulus + Dox group. To verify correct viral targeting of the SON, the rAAV-(tetO)7-Pfos-rtTA virus was

mixed 1:1 with an rAAV expressing Venus under control of the oxytocin promoter (rAAV-POT-Venus; Knobloch et al., 2012).

(D) In euhydrated rats (basal, top panel), Dox injection induces rtTA-dependent YC3.60 (via virus 2, green) and Cre-dependent ChR2-mCherry (via virus 3, red)

signals in a few scattered neurons. In contrast, both signals were detected in the majority of SON OT neurons (blue) after Dox injection to osmotically challenged,

salt-loaded rats (stimulated, bottom panel).

(E) Expression of the endogenous c-fos signal (visualized via immunohistochemistry, green) overlays vGATE-assisted the ChR2-mCherry signal (red) in virtually all

SON OT neurons of Dox-treated, osmotically challenged rats.
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conditions: ± Dox and with or without salt loading (SL), which

induced robust c-fos expression in OT neurons (Katoh et al.,

2010; Figures 1B and 1C; Table S1). Only under the +Dox/+SL

condition, robust rtTA expression under a synthetic c-fos

promoter was detected (red) within 24 h in roughly all of the OT

neurons (Hamamura et al., 1991; Figure 1C). This result shows

that the vGATE method is compatible with endogenous c-fos

expression. With rAAV-POT-Venus as a tracer, it was possible

to verify proper virus targeting and spread of infection after

injection.

In a different set of experiments, we injected a cocktail of three

viruses called OTvGATE: (virus 1, rAAV-(tetO)7-Pfos-rtTA; virus 2,

rAAV-Ptetbi-Cre/YC3.60; virus 3, rAAV-POT-FLEX-humanized

channel rhodopsin (hChR2)-mCherry) and analyzed for YC3.60

(virus 2) and hChR2-mCherry (virus 3). Under +SL/+Dox robust

YC3.60 (Ptetbi-Cre/YC3.60) and hChR2-mCherry (Cre-depen-

dent,POT-FLEX-hChR2-mCherry) immunosignals were co-local-

ized in the majority of OT neurons (96.30% ± 1.88% SON,

97.22% ± 2.66% paraventricular nucleus (PVN); Figure 1D). In

these animals, we found that 2.4% ± 1.1% (48 of 2,011) of the

YC3.60/hChR2-mCherry-expressing cells in the PVN and

5.7%± 1.4% (132 of 2,320) of cells in the SONwere non-OTergic

(n = 6 animals). Under the +Dox /�SL (Figure 1D) condition, we

found that 7.3% ± 2.2% YC3.60/hChR2-mCherry-positive cells

around the SON were non-OTergic (179 of 2,450 neurons) and

that 0.8% ± 0.5%YC3.60/hChR2-mCherry-positive cells around

the PVNwere non-OTergic (22 of 2,450 neurons, n = 6; n = animal

number, 6 sections per animal). These unidentified YC3.60/

hChR2-mCherry-positive cells were within a radius of 400 mm

from the border of the respective nucleus. Under �SL/�Dox

conditions (Figure S1E), we observed virtually no YC3.60 and

mCherry labeling (0.1% ± 0.03%, 5 of 540 for the PVN; 0.3% ±

0.09%, 22 of 722 for the SON; n = 6, 6 sections per animal), a

result of minimal leakiness of the Ptetbi. Furthermore, we

observed more than 93% (94.74% ± 1.75% for the SON and

93.56%± 2.46% for the PVN; Table S1) co-localization of endog-

enous c-fos and mCherry in vGATE animals subjected to SL for

5 consecutive days (Figure 1E).

Optogenetic Stimulation of Tagged OT Neurons

Reverses Freezing Behavior in Fear-Conditioned Rats

We investigated what fraction of the entire OT population actu-

ally contributes to the anxiolytic effect and how OT neurons

are recruited during the expression of fear using contextual FC

in rats (Figure 2A). We found that only a small number of OT neu-

rons in the SON and PVN expressed c-fos during fear exposure

(Figures S2A and S2B). Next we generated OTvGATE rats with

bilateral injections of the vGATE viral cocktail to permanently

tag activated OT neurons in the SON and PVN for activity manip-

ulation by hChR2 (virus 1, rAAV-(tetO)7-Pfos-rtTA; virus 2, rAAV-

Ptetbi-Cre/YC3.60; virus 3, rAAV-POT-FLEX-hChR2-mCherry)

(OTvGATE). We specifically chose day 3 for the Dox injection

because we wanted to exclusively label fear-activated OT neu-

rons but not pain-sensitive OT neurons. As a control, we gener-

ated rats that constitutively expressed rAAV-delivered hChR2 in

all OT neurons (OTConstitutive) in the SON and PVN. Although the

OTConstitutive group displayed viral expression in virtually all OT

neurons (99.4%± 0.8%, n = 4; Figure 2B1), in the OTvGATE group,

only a small fraction of the OT neurons was tagged during fear

expression (341 of 2,470, 13.8% ± 0.7% of OT neurons in

the SON and 331 of 2,666, 12.4% ± 1.6% of OT neurons in the

PVN) of �6,600 cells comprising the PVN and SON in rats

(Althammer and Grinevich, 2017; Figure 2B2; Table S2). We

found that only 1.2%of non-OTergic cells were labeled non-spe-

cifically (57 cells of 2,051 cells in total labeled via vGATE,

PVN/SON combined, n = 4, 6 sections per animal) in the fear-

conditioned animals (Figure S2C). To determine whether

OTvGATE neurons project axons terminating within the CeA sub-

region of the amygdala, we analyzed brain slices containing the

CeL and found mCherry-positive fibers in the CeL that were also

OT-immuno-positive (Figure 2B2). Optogenetic stimulation of

these OT axons in the CeL with blue light (BL) induced a promi-

nent decrease in the freezing response (unfreezing) in both

groups. Surprisingly, the BL-evoked unfreezing effect in the

OTvGATE group was much stronger (freezing time, 6.9 ± 1.1 s

versus 38.1 ± 7.6 s, p < 0.0001; Figure 2C2) and occurred faster

(onset, 3.8 ± 0.7 s versus 25.9 ± 10.8 s, p < 0.0001; Figure 2D)

than in the OTConstitutive group (Figures 2C1 and 2D). To rule

out that the observed behavioral changes were mediated by

brain regions other than the CeA, we injected 4 animals with

rAAV-(tetO)7-Pfos-rtTA, rAAV-Ptetbi-Cre/YC3.60, and rAAV-POT-

FLEX-GFP. Four animals injected with rAAV-POT-Venus served

as a control. We analyzed the brains of the vGATE-injected ani-

mals and did not find any GFP-positive fibers outside of the CeA,

whereas control animals showed prominent labeling of OT fibers

in various brain regions, as reported previously (Figure S2D;

Knobloch et al., 2012). This indicates that fear-activated,

vGATE-labeled OT neurons project exclusively to the CeA. In

addition, we did not find a single mCherry-positive fiber in the

CeA that was negative for OT immunoreactivity (n = 6 animals,

6 sections per animal, in which more than 15 mm of total

axon length was analyzed), indicating that axonal projections

from vGATE-labeled axons exclusively represent OT fibers.

Conversely, we found no difference between OTConstitutive

(98.2% ± 1.4%, n = 6) and OTvGATE (96.9% ± 2.1%, n = 6) groups

regarding the labeling of OT-positive fibers in the CeL, indicating

that all OT neurons projecting to the CeL are fear-sensitive. Next,

to provide additional proof that OTvGATE neurons precisely proj-

ect to the CeA, we injected green Retrobeads into the CeA of rats

with OTvGATE neurons labeled by mCherry. The anatomical

analysis revealed that 94.6% ± 3.1% of mCherry-positive OT

neurons (1,337 OTvGATE neurons, PVN/SON combined, n = 4)

contained green Retrobeads (Figure S2E), indicating that the

vast majority of OTvGATE neurons project to the CeA.

Because our FC paradigm comprised an additional shock ses-

sion (day 14, memory reinforcement) to achieve higher basal

freezing rates, we wanted to rule out the possibility that this

session leads to recruitment of new OT cells. Therefore, we per-

formed another experiment in which animals were injected with

rAAV-(tetO)7-Pfos-rtTA and rAAV-Ptetbi-Cre/YC3.60 and sub-

jected to our FC paradigm (day 3 Dox injection, day 4 shock;

Figure S2F). On day 14, animals received an injection of rAAV-

POT-FLEX-hChr2-mCherry and were subjected to another round

of FC 2 weeks later. Then one group received another Dox injec-

tion, and the control group was injected with saline one day prior

to the additional shock session on day 29 (Figure S2F). Although
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Figure 2. Fear Learning and Optogenetic Control of Fear Behavior

(A) Scheme of the fear condition setup, Dox administration, and blue light stimulation of the CeA.

(B) The vastmajority of OT neurons (99.4%± 0.8%, green) of the PVN and SONwere labeled via a constitutive OT promoter driving hChR2-mCherry (B1, red). (B2)

Fear expression induced tagging (ChR2-mCherry, red) of a small population of OT neurons (green). (B1 and B2) Vertical panels depict ChR2-mCherry-containing

axons (red) with OT-immunopositive puncta (green, appearing in yellow) in the CeL of both groups.

(C) The freezing time before and after blue light illumination of the CeA (C1, top graph: constitutive hChR2 expression, OTConstitutive group; C2, bottom graph:

OTvGATE group). The black bars (control) show the freezing time immediately prior to BL stimulation, whereas the blue bars (BL) indicate the freezing time after BL

stimulation. ***p < 0.001, t test.

(D) The onset and duration of the BL-induced unfreezing effect. Data are presented as mean ± SEM.

Neuron 103, 133–146, July 3, 2019 137



the group that was injected with Dox twice displayed normal

labeling (224 of 2,033, 11% ± 1.4% for the PVN; 260 of 1,940,

13.4% ± 1.7% for the SON; n = 5; Figure S2G) of OT neurons,

we only found a total of 11 mCherry-positive cells in the PVN

(11 of 2,020, 0.5%, n = 5) and 17 mCherry-positive cells in the

SON (17 of 2,177, 0.8%, n = 5) in the group receiving saline in

the first round (Figure S2G). Thus, this experiment demonstrates

that, after Dox has been cleared from the brain, only few addi-

tional OT cells get labeled. To verify that the comparable labeling

of cells also held true on the axonal level, we compared OT-pos-

itive fibers within the CeA of animals perfused after 14 days with

animals perfused after 43 days (2 weeks after the day 29 shock

session; Figure S2F) and found no difference in vGATE-mediated

labeling (day 14: 96.9% ± 2.1%, n = 6; day 43: 95.3% ± 3.1%,

n = 6).

Because a recent study highlighted the existence of freezing-

promoting (somatostatin-ergic) and flight-promoting (cortico-

tropin-releasing hormone-ergic) neurons (Fadok et al., 2017),

we sought to find out which cell types within the CeL are

activated upon BL stimulation. Therefore, we injected rats with

our vGATE viruses (rAAV-(tetO)7-Pfos-rtTA and rAAV-Ptetbi-Cre/

YC3.60) and either rAAV-POT-FLEX-Venus (n = 4) or rAAV-POT-

FLEX-hChr2-mCherry (n = 4) and subjected them to our FC

protocol (Figure 2A). On day 15, we illuminated the CeL for

2 min and sacrificed animals 90 min later. We found that fear

exposure itself did not cause c-fos expression in the CeL,

whereas BL stimulation robustly induced c-fos in this structure.

In the BL-stimulated animals, we counted 888 corticotropin-

releasing hormone (CRH)-positive neurons and 290 SOM-

positive neurons, whereas 104 neurons expressed both

markers. 84% ± 3.6% of exclusively SOM-positive neurons,

11% ± 0.9% of exclusively CRH-positive neurons, and 58% ±

4.3% of the mixed population expressed c-fos (Figure S2H).

Thus, these findings suggest that OT release in the CeL predom-

inantly activates SOM-positive interneurons.

Fear-Experience-Dependent Anatomical and Functional

Plasticity of Hypothalamic OT Neurons Projecting to

the CeA

To investigate potential anatomical and molecular changes

following fear experience, we generated OTvGATE rats (virus 3,

rAAV-POT-FLEX-GFP) and quantitatively analyzed OT axons

within the CeL. In parallel, we analyzed fear-naive rats express-

ing POT-Venus for constitutive labeling of all OT neurons

(OTConstitutive; Figure 3A1). Although the total length of axonal

segments was similar in both groups (Figure 3A3), there was a

substantial increase (�3-fold) in the numbers of GFP-positive

axonal varicosities containing immunosignals of vesicular gluta-

mate transporter 2 (vGluT2) in the OTvGATE group (Figure 3A3;

Table S3). Furthermore, we found that the detectable OT levels

in vGATE fibers were at least 3-fold lower compared with the

fear-naive animals injected with POT-Venus, potentially resulting

from the enhanced glutamate expression (fear-naı̈ve, 58.0% ±

8.4%; fear-experienced, 15.3% ± 3.1%; signal intensity, n = 4;

6 sections per animal; Figure S3A).

To elucidate the seemingly counter-intuitive observation that

activation of a small subset of OT neurons resulted in a stronger

behavioral response than activation of axons originating from

virtually all OT neurons (OTConstitutive group) in the CeL, we next

aimed to investigate the underlying circuitry within the CeA by

ex vivo electrophysiology in acute brain slices from fear-naive

OTConstitutive and fear-experienced OTvGATE groups (Figure 2D).

In the naive group, all OT neurons constitutively expressed

hChR2 (OTConstitutive), whereas in the OTvGATE group, a small

fraction of OT neurons was labeled with the vGATE virus cocktail

(virus 3, POT-FLEX-hChr2-mCherry). In both groups, BL stimula-

tion of OT axons in the CeL (Figure 3B) induced an increase in

inhibitory postsynaptic current (IPSC) frequencies in neurons of

the CeM, which receive direct synaptic input from GABAergic

neurons of the CeL (Figure 3C1). Interestingly, the BL-induced in-

crease in CeM IPSC frequencies in the OTvGATE group was

almost entirely blocked by the glutamate AMPA receptor antag-

onist NBQX, whereas it only had a minor effect on the control

group (Figure 3C2). On the other hand, the application of

the OT receptor antagonist dOVT diminished the BL-induced

increase in CeM IPSCs in the OTvGATE group by only 50%,

whereas it prevented the increase in CeM IPSCs in the control

OTConstitutive group entirely (Figure 3C2).

To rule out that the observed differences were not a result of

the fear experience, we injected an additional group of animals

with rAAV-POT-hChR2-mCherry (OTConstitutive) and subjected

them to the same paradigm as theOTvGATE group (Figure 2A; Fig-

ure S3B1). Analysis of the fear-conditioned OTConstitutive group

revealed that the BL-induced unfreezing effect, onset, and dura-

tion ofmobility time (Figures S3B2–S3B4) aswell as the effects of

NBQX and dOVT on IPSC frequencies in CeM neurons (Figures

S3B5–S3B7) were comparable with those observed in the

OTvGATE group (Figures 2C, 2D, 3C1, and 3C2). These findings

suggest that the initial exposure to FC induced plastic changes

in OT neurons, resulting in prevalent release of glutamate from

their axonal terminals within the CeL. Because of the similarity

of behavioral and amygdala responses to OT axon stimulation

in fear-experienced OTConstitutive and OTvGATE groups, the

observed effects might stem from the same population of OT

neurons naturally activated in both groups of rats during fear

expression (Figure 2B).

To test whether the ex vivo findings have a functional rele-

vance in vivo, we blocked the OT receptor specifically with an

antagonist (OTA, L-368,899, 1 mg/kg intraperitoneally [i.p.])

that crosses the blood-brain barrier (Eliava et al., 2016). First,

we injected rats bilaterally in the SON and PVN with

POT-hChR2-mCherry (OTConstitutive) for optogenetic tagging and

implanted optic fibers into the CeA (Figure 3D1). Next we sub-

jected the animals to the FC paradigm. On day 3, treatment of

the animals with OTA 40 min prior to BL stimulation (session 1,

OTA + BL1) completely prevented the BL-induced unfreezing ef-

fect (Figure 3D2). However, 2 weeks later, when we exposed the

very same animals to the second session of FC (session 2, OTA +

BL2), the animals displayed a rapid BL-induced unfreezing

response despite prior application of OTA (Figure 3D3). Interest-

ingly, the onset of BL-induced unfreezing occurred much faster

(6 ± 0.8 s versus 25.9 ± 10.8 s, p < 0.0001; Figure 3D4) than in

the fear-naive OTConstitutive group (Figure 2D). To exclude that

the observed unfreezing effects were a result of OTA-induced

changes in plasticity originating from the first round of FC,

we processed an additional group of animals constitutively
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Figure 3. Functional Plasticity of the OT System upon Fear Learning

(A) GFP-labeled axons of OT neurons in the CeL of naive OTConstitutive (A1) and OTvGATE (A2) rats. Shown are an overview and enlarged fragments, showing

co-localization of GFP (green) with OT (blue) and vGluT2 (red). (A3) Quantification of total axonal lengths and vGluT2-immunoreactive puncta. Green, OT axons

containing no vGluT2; yellow, co-localization of OT and vGluT2; st, stria terminalis. *p < 0.05, ***p < 0.001, t test.

(B) Scheme of the ex vivo recording setup.

(C) Effect of optical stimulation of OT-ergic axons present in the CeL (BL) on IPSC frequencies recorded in CeM neurons in both fear-naive and fear-

experienced vGATE animals (C1). Pie charts depict the proportion of CeM neurons responding to BL (naive OTConstitutive, n = 27 of 56; OTvGATE, n = 23 of 78,

not significant).The bar plot shows the change in CeM current frequencies (hertz) in response to BL. Data are expressed as means across slices plus SEM.

Individual values are indicated as white circles. **p < 0.01, ***p < 0.001, two-way ANOVA followed by Sidak post hoc test. (C2) Pharmacological dissection of

BL effects. Left: quantification of the effect of NBQX (green; naive OTConstitutive, n = 7; OTvGATE, n = 5) or dOVT (red; OTConstitutive, n = 7; OTvGATE, n = 6)

application on the initial BL effect on IPSC frequencies recorded in the same CeM neurons. Data are expressed as means across slices plus SEM. Individual

values are indicated as white circles. ***p < 0.001, Mann-Whitney test. Right: Z scores illustrating the time course and modulation of BL effects by NBQX

or dOVT.

(D) Scheme of BL stimulation of the CeL in OTConsitutive animals pretreatedwith OTA (D1). (D2 and D3) The bar charts display the freezing time in the corresponding

group and after blue light stimulation of the CeA after OTA administration. Top graph: the first conditioning session (D2, OTA-BL1). Bottom graph: the second

conditioning session (D3, OTA-BL2). The black bars (control) show the freezing time immediately prior to BL stimulation, whereas the blue bars (BL) indicate the

freezing time after BL stimulation. ***p < 0.001, t test. (D4) Graph displaying the onset and duration of the BL-induced unfreezing effect.
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expressing hChR2 in OT neurons, which received saline (instead

of OTA) in the first session and OTA in the second session, and

obtained similar results (Figures S3C1–S3C3) as in the initial

group, which was treated with OTA in both sessions (Figure 3D).

Thus, our data indicate that fear experience drives a shift from

OT to glutamate release from OT axons in the CeL of fear-

experienced groups. Moreover, the enhanced responsiveness

of CeL neurons to glutamate and its correlated effect, which

could be abolished by application of NBQX (Figure 3C2), may

indicate a transient, fear-experience-induced upregulation of

AMPA receptors in these cells.

Inhibition of Fear-Activated OT Neurons Impairs Fear

Extinction in a Context-Dependent Manner

To provide further evidence that OT neurons activated by fear

exposure attenuate fear expression, we hypothesized that

silencing of OTvGATE neurons inhibits fear extinction specifically

in the context where these neurons had originally been activated.

Therefore, rats (n = 6) were injected with a virus expressing the

Figure 4. Pharmacogenetic Inhibition of OT

Neurons Impairs Fear Extinction

(A) Scheme of the FC setup in contexts A and B

(context A, green wall; context B, red wall). Virally

injected animals were subjected to contextual

FC. After two shock sessions (day 1 and day 2),

animals received an i.p. injection of Dox on day 3,

followed by another session on day 4 without

shocks. Ten days later, animals were subjected to

an additional shock day to reinforce the fear

memory and then underwent a 4-day fear extinc-

tion protocol. During the extinction session, ani-

mals received a daily injection of CNO 40 min prior

to the experiment. After exposure to context B,

animals were subjected to 2 days of shock,

followed by another 4-day extinction session,

where they again received CNO daily prior to the

experiment.

(B) Bar charts showing the average freezing time of

animals over the course of a 4-day fear extinction

paradigm as well as the total increase in mobility;

e1–e4 indicate extinction days. (B1) Although

control animals underwent normal fear extinction,

CNO-mediated silencing of all OT neurons equally

impaired fear extinction in both contexts. **p <

0.01, ***p < 0.0001, t test. (B2) CNO-mediated

silencing of vGATE-tagged OT neurons in context

A impaired fear extinction in context A but not in

context B. **p < 0.01, ***p < 0.0001, one-way

ANOVA.

(C) Schematic depiction of the local CNO infusion

onto the CeA (C1). (C2) Confocal image showing

the site-specific infusion of Retrobeads following

CNO infusion to verify proper targeting of the CeA.

(C3) Local infusion of CNO into the CeA impaired

fear extinction in context A but not context B. *p <

0.05, **p < 0.01.

modified human muscarinic receptor

hM4D(Gi) under control of the OT pro-

moter exposed to contextual FC and

extinction paradigms (Figure 4A). All four

groups of animals (OTvGATE A-A, OTvGATE A-B, OTConstitutive

A-A, and OTConstitutive A-B) were subjected to FC in context A

(day 1 shock, day 2 shock, day 3 Dox injection, day 4 exposure).

To induce fear extinction, the two groups (OTvGATE A-A and

OTConstitutive A-A) were exposed to the same context A for four

consecutive days (40 min each session) without any electrical

shock, receiving a daily i.p. injection of clozapine-N-oxide

(CNO) 40 min prior to testing (control groups received saline).

In parallel, we processed two additional groups of animals

(OTvGATE A-B and OTConstitutive A-B, n = 6) in analogy to the first

groups that were submitted to a first round of FC (in context A)

and then transferred to a novel context (context B; Figure 4,

blue star) prior to being submitted to the extinction protocol.

We introduced the novel context (context B) to specifically inves-

tigate the potential role of OT in context-dependent fear extinc-

tion. This context represented a novel environment that was

distinct in terms of visual, tactile, and olfactory cues (Figure S4A).

Importantly, rats conditioned in context A did not display contex-

tual FC in context B (Figure S4B), clearly demonstrating that
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animals are able to discriminate between the two boxes (the

complete dataset on freezing behavior is provided in Table S4).

Silencing of all OT neurons by constitutively expressed hM4D(Gi)

and application of its agonist CNO resulted in impaired fear

extinction in both contexts A and B (Figure 4B1; Table S4). We

next applied the vGATE technique to express hM4D(Gi) specif-

ically in OT neurons (virus 3, rAAV-POT-hM4D-Gi). We discov-

ered that the silencing of OT fear neurons that were tagged in

context A impaired fear extinction in context A but not in the

novel context B (Figure 4B2). Because CNO has been reported

to potentially activate certain neurons (Gomez et al., 2017), we

performed control experiments (without virus injection, n = 6),

where CNO alone had no effect on context-specific fear extinc-

tion (Figure S4C). To further rule out that the observed differ-

ences in fear extinction dynamics were a result of the two

different contexts, we subjected naive, non-injected animals to

fear extinction sessions in both contexts and found comparable

freezing times throughout the extinction sessions (n = 6;

Figure S4D).

To demonstrate that the observed impairments in fear extinc-

tion stem from inhibition of local OT release onto the CeA, we

injected rats (n = 8) with the vGATE cocktail (virus 3, rAAV-POT-

hM4D-Gi) and implanted bilateral guide cannulas above the

CeA for local infusion of CNO (Figures 4C1–4C2). CeA local infu-

sion of 1 mM CNO (Stachniak et al., 2014) 15 min prior to each

session impaired fear extinction in context A but not context B

(Figure 4C3), confirming our previous results. To verify proper

targeting of the CeA, we infused Retrobeads immediately after

the last extinction session and killed the animals 10 min later to

avoid spreading of the tracer (Figure 4C2). The control group

(n = 8) injected with vGATE-GFP viruses displayed normal fear

extinction in both contexts, indicating that local infusion of

CNO per se does not impair fear extinction (Figure 4C3).

Activity of OT Neurons in the SON Is Context Dependent

To shed light on the cellular mechanisms underlying the context-

dependent effect of neuronal inhibition (Figure 4B2), we labeled

the OTvGATE neurons green with the rAAV-POT-FLEX-GFP

(virus 3) and co-stained sections for endogenous c-fos red to

identify the fraction of OT cells that was active during re-expo-

sure to the same context (Figure 5A). In line with previous results

(Figure 2B2), the first round of context A FC induced tagging of

10.8% of OT neurons in the PVN and 11.9% in the SON, visual-

ized by intrinsic GFP (Figure 5A). The second round of context A

FC induced c-fos signal in 9.5% of OT neurons in the PVN and

16.2% in the SON (Figure 5A). The overlap of virally expressed

GFP and c-fos was 18% in the PVN and 89% in the SON, sug-

gesting context-dependent activity of OT neurons specifically

in the SON as well as a functional difference between the two

nuclei. The difference in re-activation of OT cells in context

A/A versus context A/B was significant for the SON (context

A-A, 89% ± 5.5%; context A-B, 22% ± 3.6%; n = 6, p < 0.0001)

but not the PVN (context A-A, 18% ± 2.7%; context A-B, 31% ±

3.7%; n = 6, p = 0.2805; Table S5). It is important to note that the

group of animals that was first exposed to context A displayed

�5 times more activated neurons in both the PVN and SON after

further exposure to context B (PVN: context A vGATE-GFP,

9.6%; context B c-fos, 47.1%; SON: context A vGATE-GFP,

11.7%; context B c-fos, 56.4%; Figure 5B; Table S5). This

5-fold difference in neuronal OT activity in context B correlated

with the dramatically increased OT concentration in the blood

(27.64% ± 5.4% pmol/mL versus 86.7% ± 12.9% pmol/mL; Fig-

ure S5A). However, despite themassive recruitment of new cells,

the overlap of GFP-positive and c-fos-expressing OT neurons in

the SON in context B amounted to only 22%. Taken together,

these results indicate that re-exposure to a familiar FC context

reactivates the same fraction of OT neurons, whereas exposure

to a novel context recruits an entirely different population of cells.

Therefore, it is plausible that OT neurons participate in a long-

lasting fear memory engram that coordinates the OT-ergic

response to different contextual fear episodes.

Finally, to investigate whether OT engram cells display basic

electrophysiological properties distinct from non-engram OT

cells, we performed an additional experiment where we injected

animals (n = 12) with vGATE (virus 3, POT-FLEX-GFP) and POT-

mCherryChr2 into the SON only. Animals were fear-conditioned,

received an injection of Dox on day 3, and were processed for

ex vivo patch-clamp recordings. In these animals, non-engram

OT cells expressed red fluorescence, whereas vGATE-labeled

engram cells appeared in yellow (green + red) (Figure 5C1). We

analyzed access resistance, membrane capacitance, mem-

brane potential, spontaneous excitatory postsynaptic current

(EPSC) amplitudes and frequencies, and discharge profile

upon current steps. Interestingly, we found significant differ-

ences in membrane capacitance (OT non-engram: 20.81 ±

1.25 pF, n = 16; OT engram: 26.13 ± 1.52 pF, n = 24; p < 0.05;

Figure 5C2) and frequency of spontaneous EPSCs (OT non-

engram, 1.87 ± 0.51; OT engram, 3.18 ± 0.54 Hz; p < 0.05;

Figure 5C2). All other parameters did not significantly differ be-

tween OTConstitutive and OTvGATE cells (Figure S5B). Thus, these

findings suggest that vGATE-labeled OT engram cells have a

larger membrane surface and receive more excitatory inputs, a

feature of engram cells that has already been described for the

hippocampus (Kitamura et al., 2017; Ryan et al., 2015).

To investigate whether increased glutamatergic input onto

OTvGATE could potentially underlie the observed differences in

membrane capacitance and increased spontaneous EPSCs,

we stained brain slices of vGATE-injected rats with the vesicular

glutamate transporter vGluT2 and compared the number of

vGluT2-positive puncta in the immediate surroundings (surface

of soma and 5-mm radius around each OT-positive neuron).

We found that the number of vGluT2 puncta encompassing the

OT engram (OTvGATE) cells (18.6 ± 1.2, 130 cells, n = 3) was signif-

icantly higher (p < 0.001) compared with non-engram OT neu-

rons (8.3 ± 0.9, 1,044 cells, n = 3) (Figure 5C3). These results

suggest that OT engram cells receive more prominent glutama-

tergic input than OT non-engram cells, potentially explaining the

unique electrophysiological properties of engram OT neurons

(Figure 5C2).

Parvocellular OT Neurons Activate Magnocellular OT

Neurons in a Novel Context

Because the OT system is composed of two types of neurons,

magnocellular (magnOT) and parvocellular (parvOT) neurons

(Rhodes et al., 1981; Swanson and Kuypers, 1980; Swanson

and Sawchenko, 1983), we next aimed to investigate which
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hypothalamic OT cell types are reactivated during the two fear

episodes. To distinguish betweenmagnOT and parvOT neurons,

we used the retrograde marker Fluorogold (FG), which labels

magnOT but not parvOT cells (Naumann et al., 2000). Injecting

the cocktail of vGATE viruses (virus 3, rAAV-POT-FLEX-GFP),

we found that virtually all FG-negative parvOT neurons of the

PVN (parvOT neurons are not present in the SON) were labeled

with GFP in context A and contained c-fos in context B, whereas

Figure 5. Context-Dependent Tagging of OT

Neurons

(A and B) Percentage of OT neurons tagged in

context A and reactivated after exposure to a

familiar (A) or a novel (B) context. Shown are

representative confocal images of the PVN and

SON with an intrinsic GFP signal (green, vGATE-

based tagged neurons in context A) co-stained for

OT (blue) and c-fos (red, indicates neurons acti-

vated in context B). Pie charts show the relative

numbers and percentages of GFP-positive and

c-fos-expressing OT neurons in each hypothalamic

nucleus. In the PVN, the initial exposure to context

A resulted in GFP-based tagging of 10.8% of all

counted OT neurons (Table S5), whereas re-

exposure to the same context led to c-fos

expression in 9.5% of OT neurons with 18% of

reactivated cells (i.e., OT cells expressing GFP and

c-fos). In the SON, exposure to context A activated

11.9%of OT neurons, and re-exposure to the same

context induced c-fos in 16.2% of OT cells, dis-

playing an 89% overlap in GFP and c-fos signals.

For context B, the initial exposure activated 9.6%

of OT cells in the PVN, visualized by intrinsic GFP

expression, and the second exposure recruited a

massive 47.1% of OT cells with a reactivated GFP-

expressing fraction of 31%. In the SON, first

exposure to novel context B activated 11.7% of OT

neurons, whereas re-exposure to the same context

resulted in drastically increased activation of

56.4% of cells but reflecting only a 22% overlap of

GFP and c-fos.

(C) Electrophysiological properties of OTvGATE

versus OTConstitutive neurons. (C1) Experimental

scheme showing OTvGATE in yellow (co-localization

of green and red signals) and OTConstitutive in red in

the SON. (C2) Bar plots and individual data (dots) of

spontaneous excitatory postsynaptic current

(sEPSC) frequency (left) and membrane capaci-

tance (right) recorded in OTvGATE (yellow, n = 24)

and OTConstitutive (red, n = 16). *p < 0.05, t test. (C3)

VGluT2-immunoreactive puncta (green) in close

vicinity of OT neurons (blue) labeled by vGATE

viruses (FLEX-mCherry, red) and non-labeled OT

cells of the SON. The number of vGLuT2-positive

puncta in the vicinity of OT vGATE neurons is

significantly higher compared with non-labeled OT

neurons (p < 0.001).

only a small fraction (14%–20%) of FG-

positive magnOT neurons of the PVN

and SON labeled with GFP in context A

were c-fospositive in context B (Figure 6A;

Table S6).

Following previous findings that PVN parvOT neurons provide

synaptic inputs onto OT neurons in the SON to activate magnOT

neurons (Eliava et al., 2016), we aimed to silence parvOT neurons

to elucidate their functional relevance in the novel context B

during repeated fear exposure. To achieve this, we expressed

hM4D(Gi) in a Cre-dependent manner in the PVN via a CAV2-

Cre virus injected into the SON (Figure 6B) to silence parvOT in-

puts onto magnOT neurons. We found that silencing of parvOT
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neurons in context B prevented the massive induction of c-fos

expression in the SON (Figures 6C–6G; Table S6), indicating a

critical role of parvOT neurons during repeated fear exposure.

Similar results were obtained in the PVN (Figures S6A–S6E), sug-

gesting that parvOT neuronsmight also directly or indirectly con-

trol magnOT activity within PVN neurons. To exclude that the

prevented rise in c-fos expression was a result of CNO treat-

ment, we subjected animals to the same paradigm, where they

received CNO but were not injected with Cre-dependent

hM4D(Gi) rAAV, and found no differences in c-fos expression

in OT neurons of the SON and PVN (Figure S6F).

DISCUSSION

Here we provide first evidence that vGATE-assisted OT-tagged

neurons during fear expression are sufficient for controlling

fear behavior and necessary for fear extinction. Furthermore,

fear experience drives enormous plasticity, mediating a shift

from OT to glutamate signaling in the CeL. We propose that

repeated fear exposure activates OT-ergic fear engram cells

for rapid adaptive behavioral responses.

The Context-Dependent Fear Memory Engram and Its

Plasticity in the Hypothalamic OT System

The hypothesis that learning-activated cell ensembles form

memory engrams has received substantial attention (Kitamura

et al., 2017; Liu et al., 2012; Reijmers et al., 2007). Although

memory engrams have been discovered in higher brain re-

gions such as the cortex, hippocampus, or basolateral amyg-

dala (Kitamura et al., 2017; Liu et al., 2012), no study, to

our knowledge, has addressed the potential role of the

lower brain regions, such as the hypothalamus, in the

modulation of fear memory. In a number of studies, the OT

system has been highlighted as a key structure modulating

various aspects of fear, such as acquisition, expression, and

extinction.

To investigate whether OT neurons encode for context-

specificity, we applied the vGATE method to identify and manip-

ulate potential OT engram cells and labeled a small fraction

(�11%–14%) of hypothalamic OT neurons by contextual FC.

Remarkably, the majority of OTvGATE neurons project to the

CeA, and optogenetic activation of the OT neuronal axonal fibers

in the CeA elicited rapid onset of unfreezing. We further found

that, upon fear exposure, OT neurons show enhanced glutama-

tergic over OT-ergic transmission in the CeM (Figure 3D1) with

increased membrane capacitance (Figure 5C2) and elevated

vGluT2-levels in OT axons terminating in the CeA (Figure 5C3),

consistent with previous studies (Ciocchi et al., 2010; Li et al.,

2013; Penzo et al., 2015). Thus, our results provide the first

evidence for fear-induced long-term plasticity (15 days) of the

OT-CeL circuit. It seems indeed possible that a single episode

of fear conditioning permanently alters the OT and glutamate

balance, perhaps to strengthen synaptic connections for rapid

response and memory maintenance. These findings support

the general notion that coordinated release of slow-acting neuro-

modulator peptides and fast-acting amino acid transmitters

could be a likely mechanism to modulate cognitive, emotional,

and metabolic processes (van den Pol, 2012).

Figure 6. Pharmacogenetic Silencing of

Parvocellular OT Neurons

(A) Percentage of parvOT and magnOT, tagged in

context A byGFP and reactivated after exposure to

context B, and representative confocal images of

FG-positive (magnOT neurons, red) and FG-nega-

tive (parvOT neurons) containing intrinsic GFP and

c-fos (white). Green arrows indicate OT neurons

activated in context A (GFP), red arrows indicate

magnocellular OT neurons, and white arrows indi-

cate OT cells containing c-fos. Pie charts between

confocal images display the distribution of c-fos

labeling in parvOT and magnOT neurons.

(B) Experimental setup for exclusive silencing of

ParvOT neurons. Animals received an injection of

CAV2-Cre into the SON and Cre-dependent rAAV

expressing hM4Di-mCherry under the control of

the OT promoter into the PVN to specifically label

parvocellular OT neurons in the PVN. The confocal

image shows parvocellular OT cells (blue) ex-

pressing hM4Di-mCherry (red).

(C–F) Images of the SON of naive animals (C), rats

conditioned in context A (D), and rats conditioned

in context A followed by context B and treatedwith

vehicle (E) or CNO (F).

(G) CNO treatment drastically reduced the number

of c-fos-expressing OT neurons in the SON of rats

exposed to context B. Black, control; green,

exposure to context A; red, exposure to context

B plus saline injection; blue, exposure to context

B plus CNO injection. ***p < 0.0001, one-

way ANOVA.
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Based on our findings, we hypothesized that OTvGATE engram

neurons might also be involved in fear extinction. Given the key

role of CeA in fear extinction, we next investigated whether

context-specific OT neuronal circuits would control context-

specific fear extinction. Although inhibition of virtually all OT

neurons resulted in context-independent impairment of fear

extinction, inhibition of OTvGATE neurons exclusively affected

fear extinction in the context in which the cells had originally

been labeled. These OTvGATE neurons might be required for sup-

pression of memory expression, safety cues, and priming for

extinction. This could explain the unaffected fear extinction of

animals in context B after silencing of OTvGATE neurons that

were tagged in context A, where inhibition of these fibers might

no longer be relevant, because newly recruited OT neurons in

a different context could compensate for the reduced release

of OT in the CeA by release of this neuropeptide in other brain re-

gions (Figures 4B2 and 4C3). Therefore, we concluded that

silencing of OTvGATE engram cells impaired fear extinction,

demonstrating necessity, a likely result of blocking OT and gluta-

mate-mediated neural modulation in the CeA. We propose that

OTvGATE cells represent a ‘‘neuromodulatory’’ engram that

Figure 7. Context-Dependent Changes in

OT Neuron Activity Following Contextual

Fear Experience

The scheme represents a working hypothesis of

plasticity and contextual specificity of the central

OT system. At the level of OT terminals in the

amygdala (top panel), the fear learning process

induces drastic changes in the transmitter and

neuromodulator balance: although in naive rats,

OT axons predominantly release OT, in fear-

experienced rats, the same axons release

glutamate instead of OT. At the level of the hypo-

thalamus (center panel), the majority of magnOT

neurons in the SON exhibit context specificity and

are not reactivated in a novel context. In contrast,

parvOT neurons of the PVN, synapsing on SON

magnOT neurons, are reactivated in a novel

context and drive massive recruitment of new

magnOT neurons. The massive activation of new

SONOT neurons correlated with OT release to the

blood, serving homeostatic adaptation to exces-

sive stress caused by exposure to a novel fearful

environment (bottom).

plays a vital role in controlling simple

‘‘contextual memory’’ representations

for context-specific behavioral expres-

sion and the extinction phenotype.

Context-Independent Control by

Parvocellular OT Neurons of the

Hypothalamic OT System

OT neurons are divided into two types:

magnOT and parvOT neurons. Despite

their relatively low numbers (�70 neurons

per rat), parvOT neuronsmodulate impor-

tant physiological processes, such as

cardiovascular functions, hunger, and

pain (Althammer and Grinevich, 2017). The present study high-

lights the functional relevance of parvOT neurons in contextual

FC because virtually all parvOT neurons that were activated in

context A were also reactivated in context B, and silencing of

parvOT neurons almost entirely blocked the recruitment of novel

magnOT neurons in an unfamiliar context. Therefore, we hypoth-

esize that parvOT neurons operate as a class of ‘‘master cells,’’

orchestrating magnOT neuron activity and subsequent OT

release into the blood. Although the precise role of OT neurons

during fear conditioning remains to be determined, it is plausible

that the coordinated activity of parvOT neurons may facilitate

global priming effects and/or induce plasticity of magnOT neu-

rons in various physiological demands (Theodosis et al., 1986;

Tobin et al., 2012). In line with this, global activation of the OT

system, driven by parvOT neurons, can be crucial for metabolic,

autonomic, and behavioral adaption to exacerbated fear-

induced stress. In our current study, the 5-fold increase in

c-fos expression quite accurately matches the 5-fold elevation

of OT levels in the blood (Figure S6A). This indicates that newly

activated OT neurons in context B are magnOT cells that release

the neuropeptide from the neurohypophysis into the blood.
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Thus, the newly recruited OT neurons in both hypothalamic

nuclei provide a massive release of OT into the peripheral circu-

lation to regulate various physiological demands to cope with an

exacerbated stress response (Yang et al., 2013).

Conclusion

We identified and validated a neuromodulatory engram

composed specifically of OT cells that fulfills the key criteria of

the synaptic plasticity memory hypothesis (Martin et al., 2000):

sufficiency, necessity, and plasticity. We demonstrated that OT

neurons of the SON participate in a fear memory engram (Fig-

ure 7), whereas parvOT neurons coordinate OT release in a

context-independent manner. Our findings will facilitate the

investigation of pathophysiological mechanisms underlying

emotion-associated mental disorders, especially PTSD symp-

toms, their potential treatment by exogenous OT (Althammer

et al., 2018; Frijling et al., 2014), and virus-delivered genetically

based targeted therapeutic agents.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP primary antibody Abcam ab13970

Mouse NeuN primary antibody Chemicon A60

Rabbit vGluT2 primary antibody Synaptic systems 135 103

Rabbit anti-dsRed primary antibody Clontech 632496

Rabbit anti-Fluorogold primary antibody Milipore AB153

Guinea-pig anti-Fluorogold primary antibody Protos Biotech Corp NM-101

Rabbit c-fos polyclonal primary antibody Santa-Cruz sc-7202

Mouse monoclonal anti-OT primary antibody Provided by Dr. Harold Gainer PS 38

Rabbit polyclonal anti-CRH primary antibody Peninsula Labs T-4035.0500

Rat monoclonal anti-Somatostatin primary antibody Chemicon MAB345

Rabbit polyclonal anti-vGluT2 primary antibody SYSY 135403

Bacterial and Virus strains

(tetO)7-Pc-fos-rtTA AAV 1/2 This paper N/A

YC3.60-Ptetbi-Cre AAV 1/2 This paper N/A

POT-FLEX-hChr2-mCherry AAV 1/2 Eliava et al., 2016 N/A

CAV2-Cre Bru et al., 2010 N/A

POT-Venus AAV 1/2 Knobloch et al., 2012 N/A

POT-FLEX-GFP AAV 1/2 Eliava et al., 2016 N/A

POT-FLEX-hM4D(Gi)-mCherry AAV 1/2 Eliava et al., 2016 N/A

Chemicals, Peptides, and Recombinant Proteins

Fluorogold Santa-Cruz sc-358883

Oxytocin Receptor Antagonist Santa-Cruz L-368,899

Doxycycline Cayman Chemical Company 14422

Clozapine-N-Oxide Tocris Bioscience 4936

NBQX Abcam Ab120018

dOVT Bachem H2908

Retrobeads Lumaflour N/A

Experimental Models: Organisms/Strains

Rattus Norvegicus (Wistar) Janvier N/A

Recombinant DNA

(tetO)7-Pc-fos-rtTA This paper N/A

YC3.60-Ptetbi-Cre This paper N/A

POT-FLEX-hChr2-mCherry Eliava et al., 2016 N/A

POT-Venus Knobloch et al., 2012 N/A

POT-FLEX-GFP Eliava et al., 2016 N/A

POT-FLEX-hM4D(Gi)-mCherry Eliava et al., 2016 N/A

Software and Algorithms

Graphpad prism 7.0 https://www.graphpad.com/ N/A

Fiji http://www.imagej.net/Fiji N/A

Adobe Photoshop CS5 https://www.adobe.com/ N/A

Adobe Illustrator 16.05 https://www.adobe.com/ N/A

Panlab Fear conditioning software https://www.panlab.com/ N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for vGATE tools should be directed to mazahir.t.hasan@gmail.com. For other tools and reagents, contact v.grinevich@

dkfz-heidelberg.de.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Anatomical, electrophysiological, optogenetic and behavioral studies were performed with female Wistar rats purchased from

Janvier, France (8-10 weeks old on arrival at our facility). All rats were housed under standard conditions with ad libitum access

to food andwater. All experiments have been approved by theGerman Animal Ethics Committee of the BadenW€urttemberg (licenses

numbers 35-9185.81/G-24/12, 35-9185.81/G-26/15 and 35-9185.81G-102/17) and the French Ministry of Research (APAFIS#3668-

2016011815445431 v2).

METHOD DETAILS

The vGATE system

Generation and cloning

We engineered a synthetic c-fos promoter linked to its first exon (Exon 1; (Schilling et al., 1991) with ATGs in the Exon 1 converted to

TTGs by site directedmutagenesis and heptamerized tetracycline (tet) operators, (tetO)7, added upstreamof it. These operators drive

the expression of a humanized reverse tet transactivator (rtTA) (Dogbevia et al., 2015) named (tetO)7-Pfos-rtTA. The entire cassette

was subsequently cloned in a plasmid to produce recombinant adeno-associated viruses (rAAVs) packaged with serotype 1 and 2

(Dogbevia et al., 2015) to generate Virus1 (rAAV-(tetO)7-Pfos-rtTA). Next, an AAV equipped with bidirectional tet promoter (Ptetbi) ex-

pressing the Cre-recombinase was linked to a genetically-encoded calcium indicator (YC3.60) (Virus 2, rAAV-Ptetbi-Cre/YC3.60,

(L€utcke et al., 2010)). As the last component of our viral technique (Virus 3), we generated rAAVs under the OT promoter to drive

expression of hChR2-mCherry, GFP or hM4D(Gi)-mCherry (Eliava et al., 2016; Grund et al., 2017) in a Cre-dependent manner.

The entire system comprising rAAV-(tetO)7-Pfos-rtTA (Virus 1), as the key element of the system, combined with rAAV-Ptetbi-

Cre/YC3.60 (Virus 2) and the Cre-dependent ‘FLEX’ viruses (Virus 3, see Key Resources Table) for ‘virus-delivered, Genetic

Activity-dependent Tagging of cell Ensembles’ or vGATE. In the vGATE method, the c-fos promoter drives rtTA expression only

when neurons are activated. The rtTA generated by transient c-fos promoter activity binds to the upstream (tetO)7 only in the pres-

ence of Dox. This way, the rtTA drives its own expression, thus establishing an autoregulatory loop, even when the induced c-fos

promoter activity declines to baseline levels as neuronal activity subsides. Therefore, only in the presence of Dox, the rtTA can

activate the expression of the bidirectional tet promoter (Ptetbi) to express any gene of choice, for example, the Cre recombinase,

for permanent tagging of activated cells via a Cre-dependent FLEX cassette.

Validating in cultured neurons

Dissociated rat hippocampal cultured neurons were treated with two viruses (rAAV-(tetO)7-Pfos-rtTA + rAAV-Ptetbi-Cre/tdTOM) for

two weeks. Afterward, cells were treated with bicuculline (bic) for 20 min and replaced with fresh medium supplemented with Dox

(1 mg/ml) for 24 h. Only in the presence of bic andDox, a strong rtTA signal was detected by immunohistochemistry (Figure S1, bottom

panel). By live fluorescence imaging of fixed cells, rtTA-dependent tdTOM expression was also clearly detected in +bic/+Dox treated

cells. In a few neurons, however, tdTOM expression was also detected under condition of –bic/+Dox. This is likely a result of

spontaneous activity in some neurons. Western blot analyses validated tdTOM expression (Figure S1).

Novelty of the method

We describe here a genetic method (vGATE) that uses c-fos promoter elements to drive expression of a reverse tetracycline trans-

activator (rtTA). The key novelty of our method is that the ‘recording period’ can be rapidly opened within a few hours by a single

Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER

Other

Optic fiber implants https://www.thorlabs.com/ CFMLC52L02

Laser cables for optogenetics https://www.thorlabs.com/ M106L01

Guide cannula 5.8mm http://www.bilaney.com/plastics-one/ C313G/spc

Cannula dummy cap http://www.bilaney.com/plastics-one/ C313DC/1/spc

Internal cannula http://www.bilaney.com/plastics-one/ C313I/spc

473nm Blue Laser Generator http://www.dreamlasers.com SDL-473-XXXT

Programmable Pulse Stimulator (A.M.P.I.) http://www.ampi.co.il Master-9
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intraperitoneal Dox injection before the tagging of activated neurons. In previous methodological studies, we carefully characterized,

both ex vivo and in vivo, the regulation of Dox-controlled gene expression by rtTA expressed under a human synapsin promoter (Dog-

bevia et al., 2015; Dogbevia et al., 2016). We determined an optimal Dox concentration for in vivo application, and the time course of

gene activation and inactivation by a single intraperitoneal Dox injection. In our previous studies, we found that the bidirectional Tet

promoter (Ptetbi) has highly reduced leakiness (Dogbevia et al., 2016) compared to the uni-directional Tet promoter (Ptet) (Dogbevia

et al., 2015). Indeed, Ptet is very leaky (Dogbevia et al., 2015), due to its close proximity close to an inverted terminal repeat (ITR) of

AAV, which appears to have intrinsic enhancer-like activity (Dogbevia et al., 2015). This raises potential concerns that AAVs equipped

with a uni-directional tet promoter (Ptet) might be leaky enough to non-specifically tag non-engram cells. With these considerations,

we characterized the vGATEmethod both ex vivo and in vivo. The vGATEmethod is very tightly controlled and highly flexible; different

combination of gene modules in rAAVs can be simultaneously delivered to the targeted brain region(s). With this approach, we per-

formed selective and cell-type-specific tagging of OT neurons activated during contextual fear learning and expressed in the tagged

neurons gene(s)-of-interest for pharmacogenetic and optogenetic manipulations, while others might easily target different neuronal

populations.

Different methods exist to induce time-dependent conditional protein expression, namely the TetTag (Reijmers et al., 2007) and the

TRAP (Guenthner et al., 2013) methods. The TetTag method drives tTA expression under c-fos and animals have to be fed Dox to

keep the system inactive. However, to open the recording period, TeTag animals have to be switched to diet without Dox for a

few days before performing learning-dependent neuronal labeling. However, this non-recording period of a few days is sensitive

for non-specific labeling of neurons. In the case of vGATE, the presence of Dox is requested to activate detectable gene expression

within a few hours and achieved themaximumexpression after 24 h (Dogbevia et al., 2015, 2016) and gene expression is switched-off

in 6 days (Dogbevia et al., 2016). In a previous systematic study (Dogbevia et al., 2016), we found similar time course of 6 days to

‘‘re-activate’’ (with the tTA system) by Dox removal and ‘‘activate’’ (with the rtTA system) gene expression by Dox addition. The

discrepancy for 3 days for Dox clearance by others using the tTA system is likely due to the sensitivity of the detection method;

we used a highly sensitive reporter, the firefly luciferase, for gene expression assay as a proxy for Dox clearance from the brain (Dog-

bevia et al., 2016), while other labs use GFP (Liu et al., 2012), which are much less sensitive.

In the TRAP method, the inducer, tamoxifen, is needed to facilitate release cytoplasmic ER-Cre for transport to the nucleus to

permanently tag neurons by Cre/loxP dependent gene modules. However, TRAP is in itself leaking, since it is known that a fraction

of ER-Cre can already move to the nucleus even without tamoxifen treatment. There is even a bigger concern that tamoxifen as a

selective estrogenmodulator might interfere with various estrogen-sensitive cell types in the brain. The use of tamoxifen is especially

critical for OT neurons, which are sensitive for estrogens (Somponpun and Sladek, 2003) and tamoxifen itself triggers the activity of

the OT gene promoter (Koohi et al., 2005). Finally, tamoxifen induces c-fos expression in OT neurons (F.A. and V.G., unpublished

data), thereby precluding the use of the ER-Cre method for this particular neuron type. With our novel vGATE technique, we achieved

highly specific labeling of OT neurons and precise temporal control, whichwe believe to be superior to other comparable, c-fos based

tagging methods. Therefore, the development of the vGATE method should be able to overcomes the key inherent concerns of the

previous two main strategies to induce time-dependent conditional protein expression.

Infecting rat hypothalamic neurons in vivo with rAAVs

Cloning of the OT promoter, as well as the production and purification of rAAVs, has been previously described (Knobloch et al.,

2012). rAAV genomic titers were determined with QuickTiter AAV Quantitation Kit (Cell Biolabs, San Diego, California, USA) and

RT-PCR using the ABI 7700 cycler (Applied Biosystems, California, USA). rAAVs titers were between 1010 - 1011 genomic copies

per 1 ml. Infection of OT neurons was achieved by complementing the two viruses indicated above by an rAAV, driving genes of in-

terest (Venus, hChR2-mCherry, FLEX-GFP, FLEX-hM4D and hM4D(Gi). A cocktail of the three rAAVs (i.e., rAAV-(tetO)7-Pfos-rtTA,

rAAV-Ptetbi-Cre/YC3.60, and rAAV-POT-Venus) was injected bilaterally into the hypothalamic nuclei, the PVN and SON, using a

previously described protocol (Knobloch et al., 2012).

Neuroanatomy

To trace, label and manipulate the hypothalamus-amygdala connections, rAAVs expressing vGATE viruses were injected into the

PVN and SON. Alternatively, CAV2-Cre was injected into the SON, while the Cre-dependent ‘’FLEX’’ POT-hM4D(Gi) rAAV was in-

jected into the PVN to specifically label and manipulate parvOT neurons. After transcardial perfusion with 4% PFA, brains were

sectioned and stained with antibodies against OT, vGluT2, GFP, FG and dsRed. Images for qualitative and quantitative analyses

were taken on the confocal microscope Leica SP5.

BEHAVIOR

Salt loading

To validate the vGATE system in vivo, we performed salt-loading (SL) as a stimulus to activate c-fos expression in OT neurons (Katoh

et al., 2010). Here, we used a mixture of two rAAVs (rAAV-(tetO)7-Pfos-rtTA and rAAV-POT-Venus) and co-injected them unilaterally

into the SON of rats. The animals were divided into four groups (n = 3/group): Group 1 (Untreated control animals (-Dox/-SL)), Group 2

(-Dox/+SL, 7 days with SL (2%NaCl in drinking water), Group 3 (+Dox/-SL, normally hydrated animals, which received single Dox i.p.
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injection) and Group 4 (+Dox/+SL, animals received a single i.p. injection of Dox on the 5th day of SL and were kept under SL for 2

more days before being sacrificed). Expression patterns of the individual groups are depicted in Figure 1D.

Contextual fear conditioning and optogenetics

We used a mixture of three vGATE viruses as depicted (Figure 1A). Two weeks after the viral infection, adult female rats were sub-

jected to either a 3-day (single fear) or 15-day (double fear) contextual fear conditioning protocol, comprising a conditioning session

on the first 2 days and a recall session on the 3rd day (Figure 2A). All sessions lasted for 20min with 7 random foot shocks (1.6mA, 1 s)

dispersed between the 10th and 17th min of protocol during the fear conditioning session.

As shown in Figure 2A, animals were treated with Dox (5mg/kg b.w., i.p.) 24 h after the 2nd day of fear acquisition to tag OT neurons

activated during fear expression. The experimental group (animals injected with the vGATE system: rAAV-(tetO)7-Pfos-rtTA + rAAV-

Ptetbi-Cre/YC3.60 + rAAV-POT-FLEX-hChR2-mCherry) received another re-conditioning session (double fear), two weeks after Dox

injection and recovery, for one day, to achieve a higher level of freezing (above 50 s/min) and 24 h later were tested for the recall of fear

behavior with blue light (BL) illumination of the CeA. The CeA was illuminated bilaterally with BL (473 nm, 10 ms pulse, 20 s duration,

30 Hz) via 200 mm optical fibers from Thorlabs (BFL37 200) at the 10th min of the recall session. The rats were evaluated for freezing

responses and freezing durations were measured through freezing software (Panlab) and manually through an offline video in addi-

tion. In Figure 2C, the 2 different graphs display the average freezing time per minute in the corresponding groups (OTConstitutive and

OTvGATE) before and after BL illumination. The black bars (control) show the average freezing times inminutes immediately prior to the

BL illumination, whereas the gray bars (BL) indicate the average freezing times per minute during the minute in which the BL-induced

onset of the unfreezing effect (i.e., where the first signs of mobility appear). All groups of animals were sacrificed 90min after the start

of the optogenetic session.

Estimation of the estrous cycle

To monitor ovarian cycle, we performed vaginal smear collections. Animals in metestus, proestrus and estrus phases were excluded

from experiments and reintroduced once they reached diestrus.

Pharmacogenetics (DREADD) and fear extinction in Contexts A and B

In this experiment, animals were subjected to a series of fear conditioning and fear extinction paradigms that we performed in two

different contexts (A and B). For this purpose, two visually distinct contextual fear conditioning chambers were used, which were

comparable in size, shape of the grid and power of the electrical shocks (1.6 mA). The chambers were located in two different insti-

tutes (chamber A, Max Planck Institute of Medical Research (MPI), Heidelberg, Panlab; chamber B, Interdisciplinary Neurobehavioral

Core (INBC), Heidelberg, Med Associates) and the animals were exposed to them for the first time in both cases. Animals were in-

jected with POT-hM4D(Gi) (OTConstitutive) or rAAV-(tetO)7-Pfos-rtTA, rAAV-Ptetbi-Cre/YC3.60 + rAAV-POT-FLEX-hM4D(Gi) (OTvGATE)

and subjected to the experimental procedure after recovery and handling. For the contextual fear conditioning, animals were placed

in a fear conditioning chamber (Panlab, Harvard Apparatus) with a metal grid for application of electrical foot shocks (1.6 mA). We

used a 3-day fear conditioning protocol (2 days shock, 1 day testing, each 20 min) to fear condition the animals. On the first two

days, the animals, after a 10 min habituation period, received 7 electrical foot shocks within 7 min (randomly distributed, on average

1 shock per min), followed again by 3 min without shocks. For activation of the viral system, animals received Dox (5 mg/kg b.w., i.p.)

on day 3 of the fear conditioning (24 h after the 2nd shock day of the first round of fear conditioning). On the fourth day (24 h after

injection), animals were placed in the same box for 20 min without any shocks. The experiment was recorded with a video camera

and sensors in the grid measured the total movement of the animals during the procedure. After a 2-week break (Dox clearance and

viral expression) animals were exposed to the box in a second session. Here, we used a 5-day fear extinction protocol with one re-

conditioning day (in order tomaintain a high level of freezing (above 50 s/min) and identical in all groups) and 4 testing days. Due to the

2-week interval in between the two rounds, animals received electrical shocks on the first day (recall session), followed by 4 days on

which the animals were placed in the box for 40 min each without any shocks (extinction sessions). Animals expressing the

hMD4D(Gi) receptor in all OT neurons (OTConstitutive) or tagged OT neurons (OTvGATE) received a daily injection of Clozapine (3 mg/

kg bw i.p., Tocris Bioscience, Bristol, UK, dissolved in 1xPBS) 30 min prior to placing them into the Context A chamber. The control

groups (OTConstitutive and OTvGATE) received the same volume of 0.9% NaCl solution. After the first round of fear extinction in Context

A, animals were transferred to Context B. Here, an additional round of fear extinction was performed, which comprised two shock

sessions followed by 4 consecutive daily extinction sessions, 40min prior to which the animals received a daily injection of CNO (Fig-

ure 4A), whereas the control group received the same volume of 0.9%NaCl solution 40min prior to the start of the session. All animals

were sacrificed and perfused 90 mins after the fear conditioning session in Context B. In the two control groups, the time of freezing

in both contexts was almost identical (Figure S4B). Therefore, for the sake of simplicity, only the freezing time of OTConstitutive and

OTvGATE control groups in Context A is depicted in Figures 4B1 and 4B2.

Context A versus Context A - mapping of OT neuronal activity via GFP followed by immunostaining for c-fos

Animals were injected in all nuclei with the vGATE system (rAAV-(tetO)7-Pfos-rtTA + rAAV-Ptetbi-Cre/YC3.60 + rAAV-POT-FLEX-GFP)

and subjected to the 3-day contextual fear conditioning paradigm after recovery and handling. Following the first two shock sessions,

animals received Dox (5mg/kg b.w., i.p.) on the 3rd day of the fear conditioning paradigm. On the 4th day, animals were exposed to the

fear conditioning chamber, this time without electrical shocks. Two weeks after the 1st round of fear conditioning in Context A (1), the

animals were exposed to Context A(2) for a second time, where they underwent an additional session of fear conditioning. All animals

were sacrificed 90 min after the beginning of the test session in Context A (2).
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Context A versus Context B - mapping of OT neuronal activity via GFP followed by immunostaining for c-fos

Animals were injected with the vGATE system into all nuclei (rAAV-(tetO)7-Pfos-rtTA + rAAV-Ptetbi-Cre/YC3.60 + rAAV-POT-FLEX-

GFP) and subjected to the 3-day contextual fear conditioning paradigm after recovery and handling. Following the first two shock

sessions, animals received Dox (5 mg/kg b.w., i.p.) on the 3rd day of the fear conditioning paradigm. On the 4th day, animals were

exposed to the fear conditioning chamber, this time without electrical shocks. After the 1st round of fear conditioning in Context

A, the animals were transferred to Context B, there they underwent an additional session of fear conditioning in analogy to that in

Context A, one week later. All animals were sacrificed 90 min after the beginning of the test session in Context B. This point in

time was chosen as it is well established that the c-fos protein has its peak expression at around 90 min after the initial activation

of OT neurons. To label all neuroendocrine cells protruding beyond the blood brain barrier (most importantly, magnOT neurons),

animals received a single injection of Fluorogold, Santa Cruz Biotechnology, Dallas, 15 mg/kg bw i.p. dissolved in 1xPBS, 7 days

prior to perfusion (Eliava et al., 2016).

DREADD-based inhibition of parvocellular OT neurons of the PVN in Context B

For this experiment, rats were injected with the retrogradely spreading rAAV-CAV2-Cre into the SON and rAAV-POT-FLEX-hM4D into

the PVN to specifically express hM4D in parvOT neurons of the PVN, in analogy to our previous study (Eliava et al., 2016). After one

week of recovery, animals were handled 10 min per day for 1 week. In the 3rd week after injection, animals were subjected to fear

conditioning in Context A in analogy to Figure 2A. Following the successful fear conditioning in Context A, animals were transferred

to Context B, where another round of fear conditioning was performed (see Figure 4A). Thirty minutes prior to the experiment of day 3

(exposure day), the three experimental animals received an i.p. injection of clozapine-N-oxide CNO (3mg/kg bw i.p., Tocris Biosci-

ence, Bristol, UK, dissolved in 1xPBS) to inhibit the activity of parvOT neurons. The control animals received the same volume of

vehicle (0.9%NaCl). Ninety minutes after the start of the session, the animals were euthanized with isoflurane and perfused to collect

the brains. Brain sections containing SON were used for immunohistochemical staining for OT and c-fos. Quantitative analysis of OT

versus c-fos expressing cells was performed and the results are demonstrated (in Table S4). Naive animals and animals that were

only subjected to Context A served as controls.

Stereotaxic injection of viral vectors and implantation of optic fibers

Injection of viral vectors into the rat brain was performed in analogy to Knobloch et al., 2012. If not indicated otherwise, all hypotha-

lamic nuclei were injected bilaterally using the following coordinates: SON (M-L ± 1.6mm, A-P �1.4mm, D-V �9.0mm), PVN (M-L ±

0.3mm, A-P �1.8mm, D-V �8.0mm) and AN (M-L ± 1.2mm, A-P �2.0mm, D-V �8.5mm). Point of origin for the coordinates was

Bregma and the Z level difference of Bregma and Bambda did not exceed 0.1mm (Cetin et al., 2006). Injection volume per injection

site was 300 nL (either single virus or cocktail), while all viruses used were in the range of 1012 �1013 genomic copies per ml. For the

implantation of optic fibers into the CeA, we used the following coordinates:M-L ± 3.9, A-P�2.5, D-V�8.0while the optic fibers had a

length of 8.5 mm.

Ex Vivo Electrophysiology

Amygdala

Horizontal slices preparation. Animals were anaesthetized with an intraperitoneally administered mixture ketamine/xylazine (Imal-

gene 90 mg/kg, Rompun, 10 mg/kg). Transcardial perfusion was then performed using one of the following artificial cerebro-spinal

fluids (ACSFs) dissection solutions. For rats between 10 and 11 weeks old, an ice-cold NMDG based ACSF was used containing

(in mM): NMDG (93), KCl (2.5), NaH2PO4 (1.25), NaHCO3 (30), MgSO4 (10), CaCl2 (0.5), HEPES (20), D-Glucose (25), L-ascorbic

acid (5), Thiourea (2), Sodium pyruvate (3), N-acetyl-L-cysteine (10), Kynurenic acid (2). The pH was adjusted to 7.4 using HCl

37%, after bubbling in 95% O2 and 5% CO2 gas; bubbling was maintained throughout the duration of use of the various ACSFs.

Following decapitation, the brain was swiftly transferred into the same ice-cold ACSFs dissection solution as for transcardial perfu-

sion, and 350 mm thick horizontal slices containing the CeAwere obtained using a Leica VT1000s vibratome. After slicing, brain slices

were hemidissected and placed in a room-temperature holding chamber with normal ACSF, for a minimum of 1 h before the conduc-

tion of any experiments. Slices of 10-11 weeks old rats were placed in 35�C NMDG ACSF for 10 min before transferring them to the

holding chamber at room temperature. Normal ACSF, also used during experiments, was composed of (in mM): NaCl (124), KCl (2.5),

NaH2PO4 (1.25), NaHCO3 (26), MgSO4 (2), CaCl2 (2), D-Glucose (15), adjusted for pH values of 7.4 with HCl 37% and continuously

bubbled in 95% O2 and 5% CO2 gas. All ACSFs were checked for osmolarity and kept for values between 305-312 mOsm/L. For

electrophysiology experiments, slices were transferred from the holding chamber to an immersion recording chamber and super-

fused at a rate of 2 mL/min with normal ACSF unless indicated otherwise.

CeM Neurons recordings. Pipettes were filled with an intracellular solution containing (in mM): KCl (150), HEPES (10), MgCl2 (4),

CaCl2 (0.1), BAPTA (0.1), ATP Na salt (2), GTP Na salt (0.3). pH was adjusted to 7.3 with KOH and osmolality checked to be between

290-295 mOsm/L, adjusted with sucrose if needed. All cells were hold at a membrane potential of�70 mV. Series capacitances and

resistances were compensated electronically throughout the experiments using the main amplifier. Average IPSC frequencies were

calculated in 20 s windows, chosen for light stimulation at maximal effect, as determined by the maximal slope of the cumulative plot

of the number of currents using SigmaPlot 11.0. Baselines and recovery IPSC frequencies weremeasured at the beginning and end of

each recording. Z-score values were calculated by subtracting the average baseline IPSC frequency established over 70 s at the

recording beginning from individual raw values and by dividing the difference by the baseline standard deviation. Optical BL illumi-

nation of CeL OT axons expressing hChR2 was performed using light source X-Cite� 110LED from Excelitas Technologies through a
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GFP filter, controlled with a Clampex-driven TTL pulse for 20 s at 30Hz with 10ms pulses. To quantify the pharmacological blockade

(NBQX or dOVT) of the BL illumination on the CeM IPSC frequencies, a ratio was first calculated between basal and BLmodified IPSC

frequencies minus one and that for each recording neuron, in order to obtain the BL effect. Second, the percentage of the remaining

BL illumination after pharmacological blockade was obtained by dividing the BL effect after and before drug perfusion. This is re-

ported as DBL/BL0 (%) in Figure 3B2.

SONOT neurons recordings. For this experiment, rats received viral injections of 300 nL vGATEwith rAAV-POT-FLEX-GFP as virus 3

or rAAV-POT-mCherry bilaterally into the SON. Thus, OT engram cells were labeled in green, while OT non-engram cells in red.

Recording pipettes were filled with an intracellular solution containing (in mM): KMeSO4 (125), CaCl2 (2), EGTA (1), HEPES (10),

ATPNa2 (2), GTPNa (0.3). pH was adjusted to 7.3 with KOH and osmolality checked to be between 290-295 mOsm/L, adjusted

with sucrose if needed. After whole-cell patch-clamp of identified OT neuron, the following parameters were recorded: access resis-

tance, membrane capacitance, resting potential, spontaneous EPSC amplitude and frequency, response to current injection (0 to

150 pA for 500ms, with steps of 25 pA).

Optical stimulations. Optical BL illumination of CeL OT-ergic axons expressing hChR2 was performed using light source X-Cite�

110LED from Excelitas Technologies through a GFP filter, controlled with a Clampex-driven TTL pulse for 20 s at 30Hz with 10ms

pulses.

Analysis of effect of blue light. Average IPSC frequencies were calculated in 20 s windows, chosen for light stimulation at maximal

effect, as determined by the maximal slope of the cumulative plot of the number of currents using SigmaPlot 11.0. Baselines and

recovery IPSC frequencies were measured at the beginning and end of each recording. Z-score values were calculated by subtract-

ing the average baseline IPSC frequency established over 70 s at the recording beginning from individual raw values and by dividing

the difference by the baseline standard deviation.

Pharmacological assays. To quantify the pharmacological blockade (NBQX or dOVT) of the BL illumination on the CeM IPSC fre-

quencies, a ratio was first calculated between basal andBLmodified IPSC frequenciesminus one and that for each recording neuron,

in order to obtain the BL effect. Second, the percentage of the remaining BL illumination after pharmacological blockade was

obtained by dividing the BL effect after and before drug perfusion. This is reported as DBL/BL0 (%) in Figure 3B2.

Histology

Animals were perfused through the heart with 1x PBS, followed by 4% paraformaldehyde to fixate the tissue and extracted brains

were post-fixed overnight.

The hypothalamus

Brain sections (50 mm) were collected by vibratome slicing and immunohistochemistry was performed with the following antibodies:

chicken anti-GFP (Abcam; 1:10000), anti-OT (PS38, 1:1000; mouse; kindly provided by Harold Gainer); anti-c-fos (1:1000; rabbit;

Santa Cruz Biotechnology), anti-Fluorogold (1:1000, guinea pig, Protos Biotech) and anti-DsRed (1:1000; rabbit; Clontech). GFP

signal was enhanced by FITC-conjugated IgGs, hChR2-mCherry signals by CY3-conjugated antibodies and, for different experi-

ments, other markers were visualized by FITC-conjugated; CY3-conjugated or CY5-conjugated antibodies (1:500; Jackson

Immuno-Research Laboratories). Nuclei of cells were visualized with DAPI (1:1000; Roche). All images were acquired on a confocal

Leica TCS SP5 and Zeiss LSM5microscopes; digitized images were analyzed using Adobe Photoshop. To quantify vGATE-assisted

labeling of cells, we counted all OT-, hChR2-immunoreactive neurons in the SON and PVN (8-150 neurons/section dependent on the

anterior-posterior Bregma level) in 5 animals (3 sections for SON and PVN) with the stereotactic rostro-caudal Bregma coordinates

(PVN: �1.5, �1.8, and �2.0 mm; SON: �1.1, �1.4, and �1.7 mm). Statistical significance was determined by Student’s test for

colocalization experiments, OT axon morphology and statistical analysis was performed with Prism 5 (Mac OS X). Results are

presented as mean ± SEM.

The amygdala

Staining for the vesicular glutamate transporter vGluT2. Selected sections containing the CeA were then immunolabeled for dark-

field and brightfield microscopy. For darkfield fluorescent staining, the cocktail containing different combinations of primary anti-

bodies: anti-vGluT2 (1:2000; rabbit; SySy), anti-OT (1:2000, mouse), anti-DsRed (1:1000; rabbit; Clontech), anti-GFP (1:10,000,

chicken, Abcam) were used. The named antigens were detected using appropriate secondary antibodies conjugated with fluoro-

pores of various excitation ranges (Alexa488, Alexa459, Alexa680, Thermofisher). All tissue samples, labeled with fluorescent

markers were imaged using Leica SP5 CLSM, and digitized using Adobe Photoshop software. To evaluate the CeL vGluT2 expres-

sion level, we processed the tissue for triple GFP, OT and vGluT2 immunolabeling in rats of OTConstitutive and OTvGATE groups. In total,

2000 varicosities per animal group were counted and visually examined to detect the presence of double GFP-vGluT2 signals. The

final numbers were computed as a proportion (percentage). For brightfield immunostainings, secondary antibodies conjugated to

biotin were used. Final visualization of labeling was carried out with standard ABC HRP Kit (Vector) using DAB as a chromogene.

The bright microscopic images were captured using a Nikon Eclipse microscope E200 (Software: Nikon NIS-Elements Version

4.30). We analyzed the number of varicosities and the mean length of OT fiber segments residing in the CeL to trace possible struc-

tural changes. Altogether, 72 coronal planes of 6 rats in theOTvGATE group (and 7 in control) were used for this type of analysis. Length

of GFP-positive fibers and number of axonal varicosities were measured and counted using free hand tracing and touch-count

options in the latest version of ImageJ software (NIH). All statistics were processed in group-specific comparisons between two

groups (t-Test, p < 0,05, one-tailed), always in one and the same plane of CeL (Bregma: �2,4 to �2,8).
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Staining for Somatostatin, Corticotropin-Releasing-Hormone and c-fos. For triple labeling of c-Fos, (Abcam, 1: 1 000), CRH (Penin-

sula Labs., 1: 10 000), and SOM (Chemicon, 1:500), combination of DAB technique (c-Fos detection) and fluorescent labeling (for

CRH and SOM) was applied. First, the sections were incubated with c-Fos antibody and developed using biotinylated secondary

antibody, ABC kit (Vector) and conventional DAB detection protocol. Second, the c-Fos DAB-developed tissue was processed

for anti-gene retrieval procedure via ‘‘boiling’’ sections in Tris Buffer Saline pH10 at 95�C for 1h for optimal detection of CRH and

SOM in the somas of CeA neurons. Afterward all primary and secondary labeling steps for CRF and SOM detection were performed

as described. The actual figures represent digital overlays of confocal bright-field scans of DAB-detected c-Fos and florescent-

labeled CRH and SOM. All images were obtained using Leica SP5 CLSM (Imaging Facility, DKFZ, Heidelberg).

Fluorogold treatment and visualization. To discriminate between magno- and parvocellular OT neurons, animals received a single

injection of Fluorogold (Santa Cruz Biotechnology, Dallas, 15mg/kg bw i.p.) 7 days prior to the perfusion. Brain sections were stained

with a primary antibody for Fluorogold (Guinea pig anti-FG, dilution 1:1000, Protos Biotech Corp, New York) and Fluorogold immu-

nosignal was visualized by secondary antibodies conjugated with CY3 (Donkey anti-rabbit, dilution 1:500, Jackson Immuno

Research, Newmarket Suffolk, UK) or Alexa 680 (Alexa 680: Goat anti-guinea-pig, 1:1000, ThermoFisher Scientific, Waltham, Mas-

sachusetts). The colocalization of Fluorogold, OT (or c-fos) and GFP signals was quantified in the PVN (SON contains only magnOT

neurons), (n = 10; 4 sections/brain). Quantitative analyses of parvo- and magnocelluar OT cells expressing GFP are presented in

Table S6.

Retrobeads infusion. For the retrograde labeling of vGATE projections terminating in the CeA we used retrobeads from LumaFluor.

We used the following coordinates for infusion in accordance with Bregma: (CeA left/right): ML: ± 4.0 mm, AP: 2.5 mm and

DV: �8 mm, without angle and an injection volume of 140 nl.

Cannula implantation. Animals were bilaterally implanted with guide cannulas for direct intra-central lateral amygdala infusions. We

used the C313G/Spc guide metallic cannulae (Plastics one, VA, USA) cut 5.8 mm below the pedestal. For this purpose, animals were

deeply anesthetized with 5% isoflurane and their heads were fixed in a stereotaxic fame. The skull was exposed and two holes were

drilled according to coordinates that were adapted from a rat brain atlas (2.3 mm rostro-caudal; 4 mm lateral; 7.5 mm dorso-ventral

relative to bregma) by comparing the typical bregma-lambda distance (9mm) with the onemeasured in the experimental animal. Two

screws were fixed to the caudal part of the skull in order to have an anchor point for the dental cement. Acrylic dental cement was

finally used to fix the cannula and the skin was sutured. CNO infusion (1 mm) occurred at 20 nl/s with a final infusion volume of 100nl

per CeA.

Measurement of Plasma ot Concentrations

Plasma preparation for LC-MS/MS analysis

50 pmol of D5-oxytocin internal standardwas added to 200 ml of lithium heparin plasma. Plasmawas acidifiedwith an equal volumeof

5% H3PO4 (v/v) and was centrifuged (14,000 x g, 5min). The resulting supernatants were collected and adjusted to 1% H3PO4 with

H2O prior to solid phase extraction (SPE). The SPE procedure was performed with a positive pressure manifold (Thermo Electron).

OASIS HLB SPE-cartridges (1cc, 30mg, Waters, Guyancourt France) were first activated with 1ml of acetonitrile (ACN) and then

washed with 1ml of H2O 99% / H3PO4 1% (v/v). The sample was loaded and the SPE-cartridge and the cartridge was washed

with 1ml of H2O 99% / H3PO4 1%. After a 1ml wash with H2O/formic acid 0.1% (v/v) and with 1 mL of ACN 5% / H2O 94.1% / formic

acid 0.1% (v/v/v), elution was performed with 500 ml of acetonitrile 60% / H2O 40% (v/v). Eluates were collected and dried under

vacuum prior to MS analysis (see below).

LC-MS/MS instrumentation and analytical conditions

LC-analyses were used to determine the presence of oxytocin in the selected reaction monitoring mode (SRM). Analyses were per-

formed on a Dionex Ultimate 3000 HPLC system (Thermo Scientific, San Jose, CA, USA) coupled with a triple quadrupole Endura

(Thermo Scientific). The system was controlled by Xcalibur v. 2.0 software (Thermo Scientific). Extracted plasma samples were

solubilized in 100 ml of H2O/formic acid 0.1% (v/v) and 20 ml of the solution were loaded into an Accucore RP-MS column (ref

17626-102130; 100 3 2.1 mm 2.6 mm, Thermo Electron) heated at 35�C. Oxytocin and D5-oxytocin elutions were performed by

applying a linear gradient of buffers A/B. Buffer A corresponded to H2O 98.9% / formic acid 0.1% (v/v), whereas buffer B was

ACN 99.9%/ formic acid 0.1% (v/v). A linear gradient of 20%–95% of solvent B at 400 mL/min over 2.5min was applied followed

by a washing step (0.5min at 95% of solvent B) and an equilibration step (1min of 20% of buffer B). Qualitative analysis and quan-

tification were performed in SRM using an Endura triple quadrupole mass spectrometer and deuterated internal standards. For

ionization (positive mode), 3500V of liquid junction voltage and 350�C capillary temperature was applied. The selectivity for both

Q1 and Q3 was set to 0.7Da (FWHM). The collision gas pressure of Q2 was set at 2mTorr of argon. For oxytocin and D5-oxytocin,

the selection of themonitored transitions and the optimization of the collision energywere preliminarily andmanually determined. The

transitions and the corresponding collision energies (CE) used for SRMwere the following:m/z 504.2/m/z 285.1 (CE = 15.9 eV), m/z

504.2 / m/z 487.2 (CE = 11.9 eV) and m/z 504.2 / m/z 495.7 (CE = 10.2 eV) for oxytocin with 2 charges; m/z 506.8 / m/z 290.2

(CE = 16.2 eV), m/z 506.8/ m/z 492.9 (CE = 12.9 eV) and m/z 506.8/ m/z 498.3 (CE = 10.7 eV) for D5-oxytocin (with 2 charges).

Identification of the compounds was based on precursor ion, selective fragment ions and retention times obtained for oxytocin and

D5-oxytocin internal standard. Quantification of oxytocin was done using the ratio of daughter ion response areas of the D5-oxytocin.
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Measuring of signal intensity via Fiji (ImageJ)

To compare the signal intensity of neurons or axonal terminals we used the Image Intensity Processing function of ImageJ. Following

the detailed description of the analysis (https://imagej.net/Image_Intensity_Processing), we converted the .lif files from the confocal

microscope into TIFF images and opened them with ImageJ. For the signal intensity analysis, we used the raw data with no contrast

modifications or gamma corrections. The freehand tool was used to delineate the axonal segments and the average signal intensity of

the region of interest (ROI) was calculated via the ‘Analyze-Measure’ function. For the analysis of signal intensity in axons, the entire

length per section was used for the quantifications. The numeric values presented in the manuscript represent the output values of

ImageJ obtained from the signal intensity measurements. To specifically identify OT-positive varicosities, we first calculated the

average signal intensity (via ‘Measure-Analyze’) and standard deviation of all images included in the data analysis. Next, we used

the freehand tool / line to delineate the ROI of the axonal segments and measured the signal intensity. We defined an axon to be

‘OT-positive’, if the signal intensity within the ROI exceeded the average signal intensity of the included images by at least 4-times

the standard deviation. Axonal terminals that could not fulfill this criterion, were considered OT-negative.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis (cell counting, c-fos expression and axon length) was performed in a double-blind manner using Fiji or Adobe

Photoshop and a superimposed grid feature. Statistical analysis was performed usingGraphPad Prism 7. p < 0.05was considered as

statistically significant (Tables S1–S6).
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Figure 3. OTR-expressing CeL astrocytes are positioned to recruit a CeL astrocyte 

network through gap junction. a
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Figure 4.  CeL astrocyte activity promotes excitatory transmission into CeL neurons.  
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Figure 5. CeL astrocyte activity promotes CeL neuron firing. a
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Figure 6. Astrocyte-driven CeL neuron activity modifies amygdala output. a
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Figure 7. CeL astrocytes modulate CeA behavioral correlates of comfort and are 

required for their OTR-mediated modulation. a, e
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Abstract 

Over the past decade studies start to focus on the involvement of the astrocytes as key 
modulator of the neuronal network activity. Importantly, the scientific community have now 
access to advanced tool to study the astrocyte contribution in the modulation of the neuronal 
network: genetically modified mice or engineered viral vectors. However, those tools remain 
expensive and difficult to afford for many labs. Taking advantage of a highly studied circuit, 
namely the modulation of central amygdala circuit by the neuropeptide oxytocin, in which the 
crucial involvement of astrocytes has recently been described, we aimed to provide evidence 
that pharmacological metabolic silencing of astrocyte can be of interest in modern science. 
Here, we demonstrate that fluorocitrate is an efficient inhibitor of OT-evoked astroglial calcium 
activity. We further found that metabolic silencing of astrocytes do disturb astro-neuronal 
communication without impairing the neuronal network basal activity.  Finally, we showed that 
in vivo local infusion of fluorocitrate efficiently and safely impaired the OT-induced modulation 
of CeA related behavior.  
 

Introduction 

 
The neuropeptide oxytocin (OT) is involved in the regulation of many neurophysiological 
functions, among which anxiety and pain modulation, notably through its action on central 
amygdala (CeA) microcircuits (Hasan et al., 2019; Knobloch et al., 2012a; Viviani et al., 2011; 
Wahis et al., 2020). Further, astrocytes seem to be key players in the etiology of chronic pain 
pathologies (Ji et al., 2013) as does the CeA (Neugebauer, 2015). However, the role of 
astrocytes in conveying neuromodulatory effects of oxytocin, and in a greater extend 
neuropeptides, in the central nervous system has rarely been explored (Di Scala-Guenot et 
al., 1994; Kuo et al., 2009; Wahis et al., 2020), despite numerous findings of their active 
involvement in the regulation of neural circuits (Araque et al., 2014; Khakh and Sofroniew, 
2015; Ma et al., 2016; Volterra and Meldolesi, 2005) with yet many controversies about the 
mechanisms involved (Bazargani and Attwell, 2016; Hamilton and Attwell, 2010). While the 
scientific community have now gained access to advanced tools to study astrocytes 
contribution in neuronal circuits modulation, mainly through genetically modified mice lines 
(Davila et al., 2013; Guttenplan et al., 2020; Han et al., 2012; Lee et al., 2008; Suzuki et al., 
2003) or engineered viral vectors (Pfrieger and Slezak, 2012), they remain expensive and 
difficult to manage for most of the labs. In the CeA, OT primarily acts on a specific population 
of OTR+ astrocytes in the central lateral (CeL) amygdala to induce an increase in excitability 
of CeL neurons, thereby leading to an increase in GABAergic inhibitory inputs in post-synaptic 
neurons of the central medial (CeM) amygdala (Wahis et al., 2020). Here, we took advantage 
of this OT-induced modulation of astrocytes and neuronal circuits to better validate the use of 
pharmacological metabolic silencing of astrocytes. 
 
Specific metabolic silencing of astrocytes using pharmacological compounds received 
attention as soon as  with the characterization of fluorocitrate (FC; (Fonnum et al., 
1997)). FC is the product of fluoroacetate, the toxic ingredient of the poison plant Dichapetalum 

chymosum (Peters, 1963). Fluoroacetate and its toxic metabolite fluorocitrate cause inhibition 
of aconitase. In brain tissue, both substances are preferentially taken up by glial cells and leads 
to inhibition of the glial  tricarboxylic acid cycle (Fonnum et al., 1997). One of the first issues 
with this compound was its irreversible action. Since fluoride ions are released in the reaction 
between fluorocitrate and aconitase (Tecle and Casida, 1989), fluorocitrate has been 



considered as a suicide substrate (Clarke, 1991)
that fluorocitrate bind closely but not covalently the aconitase (Lauble et al., 1996). Other 
experiments have shown that the enzyme inhibition is reversed by Sephadex filtration and 
ammonium sulphate precipitation (Villafranca and Platus, 1973) This is consistent with the 
recovery of glutamine level or of the glial cell function in the brain 12 24 h after fluorocitrate 
treatment (Paulsen et al., 1987). The second main concern about fluorocitrate is its putative 
toxicity. It has been demonstrated that systemic administration may induced cardiac 
arrhythmia, and central infusion of fluoroacetate or fluorocitrate generate somnolence, and 
lethargy, followed  by  the  development  of convulsions indicating increased neuronal 
excitability (Bosakowski and Levin, 1986; Goldberg et al., 1966). This primary data put toward 
the difficulty of using such a compound to inhibit astrocytic activity. Alternative like BAPTA 
loading into astrocytes exist ex vivo (Serrano et al., 2006; Wahis et al., 2020) but remains tricky 
to perform in vivo, moreover in freely behaving animals.  
 
We first test ex vivo if metabolic silencing using FC is efficient on CeL astrocytes alter 
astrocyte-neuron communication through gliotransmission suppression without altering the 
physiology of the neuronal network. Next, we assess the efficiency of local infusion of FC into 
the CeA to alter behavior without disturbing the animal physiology. Altogether this new data 
point toward the efficiency of using pharmacological metabolic silencing through FC as a 
possible alternative or complement to genetic model.   

  



Material and methods 

 

Surgeries 

 

Neuropathic Pain Model: Spared Nerve Injury (SNI) Procedure 

 

Male Wistar rats were randomly separated in two groups to undergo either posterior left 
hindpaw SNI or sham procedure, with right hindpaw untouched. Animals were anaesthetized 
using isoflurane at 1.5 2.5%. Incision was made at mid-thigh level using the femur as a 
landmark and a section was made through the biceps femoris. The three peripheral branches 
(sural, common peroneal and tibial nerves) of the sciatic nerve were exposed. Both tibial and 
common peroneal nerves were ligated using a 5.0 silk suture and transected. The sural nerve 
was carefully preserved by avoiding any nerve stretch or nerve contact (Decosterd and Woolf, 
2000). For animals undergoing sham surgery, same procedure was performed but nerves 
remained untouched. Animals were routinely observed daily for 7 days after surgery and daily 
tested by the experimenter. Besides observing weight, social and individual behavior, the 
operated hindpaw was examined for signs of injury or autotomy. In case of autotomy or 
suffering, the animal was euthanized in respect of the ethical recommendations of the EU. No 
analgesia was provided after the surgery in order to avoid interference with chronic pain 
mechanisms and this is in accordance with our veterinary authorization. Suffering was 
minimized by careful handling and increased bedding. 
 
Stereotaxic Surgery: intra-CeL Cannulae 

  

Cannulae Implantation. Animals were bilaterally implanted with guide cannulae for direct 
intra-CeL infusions. As guide cannulae we used C313G/Spc guide metallic cannulae (Plastics 
one, VA, USA) cut 5.8 mm below the pedestal. For this purpose, animals were deeply 
anesthetized with 4% isoflurane and their heads were fixed in a stereotaxic frame. The skull 
was exposed and two holes were drilled according to coordinates that were adapted from brain 
atlas (rat, 2.7 mm rostro-caudal; 4.2 mm lateral; 8 mm dorso-ventral relative to bregma) by 
comparing the typical bregma-lambda distance with the one measured in the experimental 
animal. Two screws were fixed to the caudal part of the skull in order to have an anchor point 
for the dental cement. Acrylic dental cement was finally used to fix the cannulae and the skin 
was sutured. In case of long-lasting experiments (neuropathy-induced anxiety) with a cannula 
implantation at distance of the behavioral assay (> 4 weeks), cannulae were sometimes lost 
or cloaked, and concerned animals therefore excluded from testing. 
 
Drugs Infusions. We used bilateral injec ning either vehicle (NaCl 0.9%) 
or 
to fit 5.8 mm guide cannulae protruding 2 to 2.5 mm beyond the lower end of the cannula in 
older animals and 1.8 mm in 3-4 week old rats) were bilaterally lowered into the guide cannula, 
connected via polytene tubing to two Hamilton syringes that were placed in an infusion pump 

-minute-period. After the injection 
procedure, the injectors were kept in place for an additional minute in order to allow a complete 
diffusion of liquid throughout the tissue. Rats were subsequently left in the home cage for 15 
minutes to recover from the stress of the injection and then handled for mechanical pain 
threshold or anxiety assessment. Animals that received TGOT injections for the first 



experiment (mechanical sensitivity assessment) were switched to the vehicle injected groups 
for the elevated plus maze experiment. 
 
Horizontal and Coronal Slices  

 

Slices Preparations. In all cases, animals were anaesthetized using ketamine (Imalgene 90 
mg/kg) and xylazine (Rompun, 10 mg / kg) administered intra-peritoneally. Transcardial 
perfusion was then performed using one of the following artificial cerebro-spinal fluids (aCSFs) 
dissection solutions. For animals between 18 and 25 days old, an ice-cold sucrose based 
dissection aCSFs was used containing (in mM): Sucrose (170), KCl (2.5), NaH2PO4 (1.25), 
NaHCO3 (15), MgSO4 (10), CaCl2 (0.5), HEPES (20), D-Glucose (20), L-ascorbic acid (5), 
Thiourea (2), Sodium pyruvate (3), N-acetyl-L-cysteine (5), Kynurenic acid (2). For animals 
between 2 and 6 months old, an ice-cold NMDG based ACSF was used containing (in mM): 
NMDG (93), KCl (2.5), NaH2PO4 (1.25), NaHCO3 (30), MgSO4 (10), CaCl2 (0.5), HEPES (20), 
D-Glucose (25), L-ascorbic acid (5), Thiourea (2), Sodium pyruvate (3), N-acetyl-L-cysteine 
(10), Kynurenic acid (2). In both cases, pH was adjusted to 7.4 using either NaOH or HCl, this 
after bubbling in 95% O2-5% CO2 gas, bubbling which was maintained throughout the duration 
of use of the various ACSFs. Those ACSFs formulae were based on the work of(Ikegaya et 
al., 2005). Following decapitation, brain was swiftly removed in the same ice-cold dissection 
aCSFs as for transcardial perfusion, and 350 µm thick horizontal slices containing the CeA 
obtained using a Leica VT1000s vibratome. Upon slicing, brain slices were hemisected and 
placed, for 1 hour minimum before any experiments were conducted, in a room tempered 
holding chamber, containing normal ACSFs. Normal ACSF, also used during all ex vivo 
experiments, is composed of (in mM): NaCl (124), KCl (2.5), NaH2PO4 (1.25), NaHCO3 (26), 
MgSO4 (2), CaCl2 (2), D-Glucose (15), adjusted for pH values of 7.4 with HCL or NaOH and 
continuously bubbled in 95% O2-5% CO2 gas.  aCSFs was checked for osmolality and kept for 
values between 305-310 mOsm/L. In electrophysiology or calcium imaging experiments, slices 
were transferred from the holding chamber to an immersion recording chamber and 
superfused at a rate of 2 ml/min with normal aCSFs unless indicated otherwise.  
 
Drug Application. OTR agonist [Thr4Gly7]-oxytocin (TGOT) and D-serine were bath applied 
through a 20s long pumping of agonist solution, corresponding to several times the volume of 
the recording chamber. Other drugs (fluorocitrate, DAAO) were applied for at least 20 minutes 
in the bath before performing any experiments.  
 
Calcium Imaging and Identification of Astrocytes 

 

incubated for 20 minutes at 35°C. The synthetics calcium indicators OGB1 was bulk loaded 
following an adapted version of the method described previously (Ikegaya et al., 2005) 

EL, 0.01 % Pluronic F- 127 and 0.5% DMSO in aCSF, and incubated for 45 to 60 minutes at 
38°C. Upon incubation time, slices were washed in aCSF for at least an hour before any 
recording was performed. Astrocytes recorded for this study were those co-labeled, in rats for 
SR101 and OGB1. The spinning disk confocal microscope used to perform astrocyte calcium 
imaging was composed of a Zeiss Axio examiner microscope with a 40x water immersion 
objective (numerical aperture of 1.0), mounted with a X-Light Confocal unit  CRESTOPT 
spinning disk. Images were acquired at 2Hz with either a Rolera em-c² emCCD or an optiMOS 



sCMOS camera (Qimaging, BC, Canada). Cells within a confocal plane were illuminated for 
100 to 150 ms for each wavelength (SR101: 575 nm, OGB1: 475 nm) using a Spectra 7 
LUMENCOR. The different hardware elements were synchronized through the MetaFluor 
software (Molecular Devices, LLC, Ca, USA) which was also used for online. Astrocytic calcium 
levels were measured in hand drawn ROIs comprising the cell body plus, when visible, 
proximal processes. In all recordings, the Fiji rolling ball algorithm was used to increase 
signal/noise ratio. Further offline data analysis was performed using a custom written python-
based script available on editorial website. Intracellular calcium variation was estimated as 
changes in fluorescence signals. To take into account micro-movements of the specimen on 
long duration recordings, the fluorescence values were also calculated for SR101 and 
subsequently subtracted to the ones of OGB1. On this last case, recordings in which 
movements / drifts were visible were discarded. Then, a linear regression and a median filter 
was applied to each trace. Calcium transients was detected using the find_peaks function of 
the SciPy library. More precisely, fluorescence variation was identified as a calcium peak if its 
prominence exceeds the standard deviation (or two times the standard deviation for recordings 
acquired with the sCMOS camera) and if the maximum peak value surpasses 50 fluorescence 
units (or 3 units for sCMOS recordings). The AUC was estimated as the sum of the local area 
of each peak to avoid biased AUC estimation due to baseline drift. All these data were 
normalized according to the duration of the recording and astrocytes was labelled as 

alcium transient frequency was increased by at least 
20% after drug application. Because the time post-stimulation is longer than the baseline (10 
min vs 5 min), the probability of observing a spontaneous calcium peak is stronger post-
stimulation. To avoid this bias, astrocytes with only one calcium peak during the whole 
recording were not considered as responsive. Finally, all data were averaged across 
astrocytes per slice, and this result was used as statistical unit. All data were expressed as 
ratio (baseline/drug effect), a ratio of 1 meaning neither an increase nor a decrease of the 
measured parameter. For inter-ratio comparison, parametric or non-parametric (depending on 
data distribution) unpaired statistical tests were used. Fiji software was also used on SR101 / 
OGB1 pictures to produce illustrative pictures. All calcium imaging experiments was conducted 
at controlled room temperature (26°C). 
 
Electrophysiology 

 

Whole cell patch-clamp recordings of CeM neurons were visually guided by infrared oblique 
light visualization of neurons. Patch-clamp recordings were obtained with an Axon MultiClamp 
700B amplifier coupled to a Digidata 1440A Digitizer (Molecular Devices, CA, USA). 
Borosilicate glass electrodes (R = 3.5 - ID 0.86 mm; 
Sutter Instrument, CA USA) were pulled using a horizontal flaming/brown micropipette puller 
(P97; Sutter Instrument, CA, USA). Recordings were filtered at 2 kHz, digitized at 40 kHz and 
stored with the pClamp 10 software suite (Molecular Devices; CA, USA). Analysis of patch-
clamp data were performed using Clampfit 10.7 (Molecular Devices; CA, USA) and Mini 
analysis 6 software (Synaptosoft, NJ, USA) in a semi-automated fashion (automatic detection 
of events with chosen parameters followed by a visual validation). 
 
Whole-cell Recording of CeM Neurons. Pipettes were filled with an intracellular solution 
containing (in mM): KCl (150), HEPES (10), MgCl2 (4), CaCl2 (0.1), BAPTA (0.1), ATP Na salt 
(2), GTP Na salt (0.3). pH was adjusted to 7.3 with KOH and osmolality checked to be between 
290-295 mOsm/L, adjusted with sucrose if needed. All cells were hold at a membrane potential 



of -70 mV. Series capacitances and resistances were compensated electronically throughout 
the experiments using the main amplifier. Average events frequencies per cell were calculated 
on 20s windows, chosen for TGOT or light stimulation during maximal effect, as determined 
by the visually identified maximal slope of the cumulative plot of the number of events. CeM 
neurons were classified as TGOT-responsive when the average IPSCs frequency was 
increased by at least 20% during at least 10s and up to 500s after TGOT application when 
compared to baseline average frequency. Onset and offset time of the evoked response were 
defined using respectively the start and end of the increased slope measured on a cumulative 
plot of the number of events, similarly to the method used in (Wahis et al., 2021). Baseline and 
recovery frequencies were measured respectively at the beginning and end of each recording. 
All patch-clamp experiments were conducted at room temperature. 
 

Behavior 

 

Mechanical Sensitivity Assessment. In experiments with rats, we used a calibrated forceps 
(Bioseb, Chaville, France) previously developed in our laboratory to test the animal mechanical 
sensitivity(Luis-Delgado et al., 2006). Briefly, the habituated rat was loosely restrained with a 
towel masking the eyes in order to limit stress by environmental stimulations. The tips of the 
forceps were placed at each side of the paw and a graduate force applied. The pressure 
producing a withdrawal of the paw, or in some rare cases vocalization, was considered as the 
nociceptive threshold value. This manipulation was performed three times for each hind paw 
and the values were averaged as being the final nociceptive threshold value.  
 

Elevated Plus Maze. Following protocol from (Walf and Frye, 2007), the arena is composed 
of four arms, two open (without walls) and two closed (with walls; rats 30 cm high; mice 15 cm 
high). Arms are 10 cm wide, 50 cm long and elevated 50 cm off the ground for rats and 5 cm 
wide. Two lamps with intensity adjustable up to 50 watts were positioned on the top of the 
maze, uniformly illuminating it.  Animals were video tracked using a video-tracking systems 
(Ethovision Pro 3.16 Noldus, Wageningen, Netherlands and Anymaze, Stoelting Europe, 
Ireland). After each trial, the maze was cleaned with 70% ethanol and dry with paper 
towel.  Twenty minutes after intracerebral injections or directly after optical stimulation, the 
animal was let free at the center of the plus maze, facing the open arm opposite to where the 
experimenter is, and was able to freely explore the entire apparatus for six minutes. Total time 
and time spend in closed and open arms were recorded in seconds and the percentage of time 
spent in closed arms was calculated as a measure of anxiety. As internal control, the total 
distance traveled during the test period was quantified and compared between all different 
groups. Animals falling from the apparatus during the test, freezing more than 50% of the total 
time, or with cannulae/optic fiber issues, were removed from the analysis. 
 
Conditioned Place Preference. The device is composed of two opaque conditioning boxes 
(rats: 30x32 cm; mice: 22x22 cm) and one clear neutral box (30x20 cm) Animals were video 
tracked using a video-tracking system (Anymaze, Stoelting Europe, Irland). After each trial, the 

 (King et al., 
2009), all rats underwent a 3 days habituation period during which they were able to freely 
explore the entire apparatus for 30 min. On the day 3, behavior was record for 15min to verify 
the absence of pre-conditioning chamber preference. The time spend in the different 
compartment were measured and paired compartment was chosen as the compartment in 
which rat spent the less time during the 3rd day of habituation. On day 4, animals were placed 



the morning in one compartment for 15 min with no stimulation (unpaired box).  Four hours 
after, the animal were placed 15min in the opposite box (paired box) and CeL astrocyte 
expressing C1V1 vector were optogenetically stimulated (3 min - 500ms light pulse at 0.5 Hz 
- -infused through intracerebral cannulae. On day 5, the animals were 
place in the CPP box and allowed to freely explore the entire apparatus during 15min. As 
internal control, the total distance traveled during the test period was quantified and compared 
between all different groups. Rats falling spending more than 80% of the total time in a single 
chamber before the conditioning, or with cannulae/optic fiber issues, were removed from the 
analysis. 
 
  



Results 

 

Astrocytes metabolic silencing efficiently decrease their passive and OTR-evoked 

calcium activity 

 

Oxytocin is a neuropeptide able to modulate neurophysiological function such as pain and 
several associate comorbidities such as anxiety. One of the major structures involved in pain 
and especially on the modulation of its emotional valence is the amygdala. Recent publications 
highlight the fact that astrocytes do express functional oxytocin receptor in several structures 
including the central lateral part of the amygdala, and that oxytocin signaling modulate the 
network activity of the CeA through its action on CeL astrocytes (Wahis et al.,2021). Base on 
previous study demonstrating that endogenous oxytocin release or bath application of 
[Thr4Gly7]-oxytocin (TGOT) a specific agonist to oxytocin receptor trigger calcium transient in 
CeL astrocyte we aim to demonstrate that FC is sufficient to alter this calcium response 
 
We first assessed calcium activity of CeL astrocytes in brain slices of rats using the calcium 
indicator Oregon Green® 488 BAPTA-1 (OGB1) and identified astrocytes through 
sulforhodamine 101 labelling (SR101) (Figure 1A). Bath application of TGOT (0.4 µM , 20s) 
evoked long-lasting calcium transients in astrocytes (Figure 1B) in approximatively 50% of the 
astrocytes of the CeL network. In presence of TTX, the percentage of responding astrocytes, 
AUC and calcium transient frequency was not altered (Figure 1C) reinforcing the proof that 
astrocytes are directly activated by TGOT without neuronal network activity implication. Prior 
incubation with fluorocitrate (100µM, 1h) does not alter basal calcium activity of CeL 
astrocytes, and was sufficient to diminish the proportion of responding astrocyte to 10% and 
those responding astrocyte display reduction in calcium transients magnitude and frequency 
(Figure 1C). 
 
This experience demonstrates the importance of the astrocytes for the conveyance of the OTR 
signaling in the CeA, at least for astrocyte activation by oxytocin. The fact basal activity 
remained unchanged and that still 10% of the astrocytes display calcium elevation prove that 
fluorocitrate at this concentration do not slew the cells in brain slice.  
 
Astrocytes metabolic silencing prevent the OT-induced modulation of CeA neuronal 

network activity 

 

The central amygdala is mainly composed of GABAergic neurons. The CeL display inhibitory 
projection to CeM GABAergique neurons. To access the recruitment of the CeA network, we 
recorded the post synaptic inhibitory current (IPSCs) in CeM neuron. Bath application of TGOT 
(0.4µM, 20s) elicits an increase of the IPSCs frequency in CeM neuron up to 4 Hz (0.61 Hz +-
0.18 Hz vs 3.88 Hz+-0.76 Hz, p=0.0156), demonstrating that OTR activation do recruit the CeA 
network (Figure 2A). Interestingly prior incubation of fluorocitrate (10-100 µM, 20min) does not 
alter the basal IPSCs frequency and do block the TGOT induced increase IPSCs frequency in 
CeM neurons (0.87 Hz +- 0.28 Hz vs 1.79 Hz+-0.33 Hz, p= >0.999) (Figure 2A).  
 
To assess the integrity of the neuronal circuit after FC incubation, we performed KCl (50µM, 
20s) bath application to depolarize CeL neurons and increase their firing and increase the 
IPSCs recorded in CeM neurons (0.80 Hz+-0.20 Hz vs 4.12 Hz +-0.90 Hz, p=0.0148, Figure 
2B) . Incubation of the highest FC used concentration in a significatively longer time (100µM, 



1h) did not alter the KCl effect on IPSCs frequency in CeM neurons (1.75 Hz+-0.56 Hz vs 7.14 
Hz+-1.79 Hz, p=0.0117, Figure 2B).  
 
In conclusion, these experiments demonstrate that the neuronal network in still active and 
mobilizable after FC incubation. This support that the lack of TGOT-induced response after FC 
incubation is due to the efficient inhibition of astrocytes calcium activity by FC without disturbing 
neuronal communication.  
 
Astrocytes metabolic silencing do alter NMDAR recruitement . 

 

One known ability of astrocyte is to perform gliotransmission, meaning the release of 
neuromodulator to modulate surrounding synapse activity. CeL neuron express numerous 
NMDA receptor sensitive to glutamate release coming from various afference. But to be 
activate this receptor, the glutamate sole is not enough, it needs a co-agonist: the D-serine or 
D-Glycine known to be release by the astrocytes. As previously demonstrate application of 
fluorocitrate prevent the IPSCs increase induced by TGOT (1.18 Hz +-0.23 Hz vs 1.57 Hz+-
0.27 Hz, p=0.21). Bath supplementation with the D-serine (100µM) rescue the TGOT 
signalization allowing the TGOT induced IPSCs frequency increase up to control condition 
(1.61 Hz+-0.63 Hz vs 4.81 Hz+-1.35 Hz, p=0.0089, Figure 3). This demonstrate that 
fluorocitrate impaired the gliotransmission of astrocyte and reinforce the idea that the neuronal 
network basal activity is not impacted by FC incubation.      
 
Astrocytic metabolic silencing prevent the OT-induced behavioral modulations 

 
Previous study has demonstrated that oxytocin modulate the CeA astro-neuronal network to 
exert an anxiolytic effect and promote positive reinforcement (Wahis et al.,2021). Here we 
performed local (CeA) infusion of FC to assess the efficiency of metabolic silencing to alter 
OTR-related behavioral modulation.  
 
Rats were submitted to a spare nerve injury (SNI) on rats, leading to the apparition of a 
hyperalgesia and an anxious state 4 weeks after the surgery. The SNI rat presented a 
significant hyperalgesia compared to sham animal (79.19 g+-1.64 g vs 209,72g+-1.91 g, figure 
4A). CeA local infusion of TGOT slightly but significantly induced a transitory analgesia (79.19 
g+-1.64 g vs 122.63 g +-2.61 g, p=0.023 figure 4A). This analgesic effect was fully abolished 
with prior CeA local infusion of FC (79.19 g+-1.64 vs 76.25 g +-4.92 g). We further access the 
involvement of the CeA astrocyte on anxiety. The neuropathic rat spent more time than sham 
one in the closed arm revealing their anxious state (214.78 s +-12.80s vs 173.90 s +-4.72 s, 
figure 4B). TGOT infusion directly in the CeA induce a reduction of the time spent in this closed 
arm to similar level as sham animal (177.77 s +-8.65 s vs 173.90 s +-4.72 s, figure 4B). This 
anxiolytic effect is however not observed in sham animals, meaning that OT have an effect on 
anxiety only when the CeA network was altered. Furthermore, the rescue effect of OT on 
anxiety is totally abolish if the metabolic activity of astrocytes is inhibited by fluorocitrate 
positioning the astrocytes in the central position for OT signaling (220.82 s+- 21.66 s. vs 177.77 
s +-8.65 s Figure 4B).  
 
An interesting fact is metabolic silencing of astrocytes leads to an increase in the time spent in 
closed arm for both neuropathic and control animal (173.90 s +-4.72 s vs 231.42 s +-20.31s 
for sham and 214.78 s +-12.80s vs 231.25 +-22.02 s for SNI) . This effect is probably not due 



to a sickness effect of fluorocitrate because the distance travelled by the animal do not differ 
between all the different groups.  
 
The last paradigm we access is the emotional valence of pain with the conditioned place 
preference test. We compare the time spend in the paired chamber between the day before 
the conditioning and the day after and express the result as a delta of time spent in the paired 
chamber (time habituation  time post conditioning). Rats who received TGOT in a chamber spent 
significatively more time in it no matter if there are neuropathic or not (-95.47 s +-56.206 vs 
267.43 s +- 74.85s for SNI and -35.64 s +-71.39 s vs 435 s +-112.89 s for Sham)  . This effect 
on place preference is clearly altered by the fluorocitrate (267.43 s +- 74.85s vs 0.1s +-118.64 
s for SNI and 435 s +-112.89 s vs 76.93 s +-90.15 s for Sham) , showing that the dual infusion 
of TGOT and FC do not induced a place preference. The locomotion activity of the rat was still 
not impaired by the FC effect, demonstrating that at this does FC do not trigger sickness on 
the animal.  
 
  



Discussion.   

 

Here, we demonstrate that metabolic silencing astrocytes using FC does not impact their basal 
calcium activity but efficiently decrease the OTR-induced calcium transients (Figure 1). In 
addition, it does not impact the basal level of CeM neuronal activity, nor their potential 
recruitment, but significantly preventing the OTR-induced increase in CeM IPSCs frequency 
(Figure 2). Further, the D-serine gliotransmitters seems to be involved in the astrocyte to 
neuron gliotransmission (Figure 3). Finally, local pharmacological compromising astrocytes 
activity does not impact basal behavior, but fully prevent the OTR-induced benefices in pain-
related and affective behaviors (Figure 4). In conclusion, using local pharmacological 
metabolic silencing of CeA astrocytes, we consolidate the idea that OTR signaling through 
astrocytes is necessary for the modulation of the local CeA microcircuit and its behavioral 
correlates. 
 
During the past decade interest of the astrocytes as key modulator for the neuronal network 
emerge (Corkrum et al., 2019; Papouin et al., 2017; Robin et al., 2018). Several studies 
describe astrocyte as key, if not primary, targets of neuromodulators, and those astrocytes 
might be the causal elements behind shifts in brain states, a function commonly attributed to 
neuromodulators direct action on neurons(Lee and Dan, 2012). Neuromodulators are already 
the target of numerous drugs use for clinical treatment (Monai and Hirase, 2018). Taken 
together this indicated that we should raise our attention and consideration of astrocytes role 
in brain circuits, notably regarding the effect of neuromodulators. However, despite the high 

consider less expensive, but nonetheless effective, methods to encourage further studies in 
this field.  
 
Using state-of-the-art genetic tools, transgenic mice and rAAV viral vectors, our lab previously 
demonstrated that astrocytes are critical player in the OT-
neuronal circuits. We found that CeL astrocytes do express functional OTR and convey the 
OT signal at least through gap junctions coupling. The recruitment of the CeL astrocytes 
syncytium then leads to a NMDAR mediated tuning of CeA neuronal circuits. Eventually, this 
oxytocin-modulated astro-neuronal amygdala circuit promotes the behavioral correlates of 
comfort, and modulate anxiolytic state (Wahis et al., 2021). . Here, we provide evidences that 
an affordable pharmacological agent allow to reproduce, and extent, the conclusions 
previously obtained using high-end genetic manipulations with minor side effect, if any.  As 
previously describe, fluorocitrate inhibit the metabolic activity of astrocytes and abolish mainly 
of its modulatory action on neuronal network. Fluorocitrate is taken up preferentially by glial 
cell. It has been shown that FC is a suicide inhibitor of the Krebs cycle enzyme aconitase 
(aconitase hydratase)(Clarke, 1991; Peters, 1957), and might also inhibit mitochondrial 
transport of citrate (Hertz, 1990). Furthermore, it has been proposed that FC could reduce 
glytamine synthesis (Balcar et al., 1977; Berg-Johnsen et al., 1993; Cheng et al., 1972), and 
reduce the K+ stimulated release of glutamine, glutamate and GABA (Paulsen and Fonnum, 
1989; Paulsen et al., 1988; Szerb and Issekutz, 1987). Since glutamine synthesis requires 
ATP and thid ATP production is mainly due to the Krebs cycle reaction  (Geuther, 1977) it has 
been suggested that the metabolic effects of FC might result from glial energy failure (Berg-
Johnsen et al., 1993). Some study also bring the hypothesis that metabolic effect of FC on 
astrocytes result from impairment of carbon flux through the Krebs cycle, and not from 
impairment of oxidative APT production (Swanson and Graham, 1994).  



  
Here we demonstrate that metabolic impairment of astrocyte activity with FC efficiently inhibit 
their intracellular calcium signaling. This suggests that voltage gated calcium channel or 
reticulum calcium channel depend on the metabolic activity and can be blocked by the 
inhibition of the tricarboxylic acid cycle (Vance et al., 2015; Wallace, 2014) . In addition, bath 
applied FC was sufficient to inhibit gliotransmission and communication between the 
astrocytes and the neuronal network without significantly altering any of the basal neuronal 
communication or functional connectivity. These are clear arguments pointing toward the 
pharmacological safety of FC toward neuronal networks, at least in our conditions, allowing 
further and broader use of such approach.  
 
One of the most debated issues about FC is it specificity to glial cell and side effect. But some 
studies demonstrate that 
possibly due to its more avid uptake by glial cell. And it has been shown within a certain range 
of concentration and exposure times, to produce selective damage to glial cells only (Fonnum 
et al., 1997; Hassel et al., 1992; Voloboueva et al., 2007). FC used in the correct range of 
concentration is a perfect tool do modulate astrocyte depending calcium activity. Several 
studies has now demonstrate that FC is efficient to alter calcium activity in astrocyte syncitum 
(Copeland et al., 2017; Guerra-Gomes et al., 2018; Padmashri et al., 2015; Vance et al., 2015; 
Wallace, 2014). 
Furthermore, even if some alternative technics exist to inhibit astrocytes activity such as 
loading calcium chelator into astrocytic cytoplasm (Jourdain et al., 2007), it remains difficult to 
apply for in vivo, and especially freely moving animals, studies. On of the alternative to 
silencing astrocyte activity is the use of genetic model but they remain expensive and difficult 
to manage for most laboratory. Genetic tools also could be an issue for silencing astrocyte 
activity. Molecular engineering of lentiviral vectors has been widely used to express genes of 
interest specifically in neurons or astrocytes. However, that these strategies are not suitable 
for astrocyte-specific gene silencing due to the processing of small hairpin RNA (shRNA) in a 
cell (Merienne et al., 2015). Adeno-associated vectors have been used for astrocyte-specific 
gene overexpression. This has involved the use of specific serotypes and astrocytic promoters. 
However, they have not yet been used for cell-type-specific silencing and the small packaging 
size of adeno-associated vectors limits the integration of complex and large expression 
cassettes in the astrocytes (Aschauer et al., 2013; Drinkut et al., 2012). Even the DREAD 
system link to Gi and Gq pathway is not efficient to inhibit astrocyte. Even if the expression of 
Gq-DREADD and Gi-DREADD under GFAP promoter has been developed (Agulhon et al., 
2013; Chen et al.) both pathway has been describe as trigger of calcium elevation in astrocytes 
and gliotransmission (Di Castro et al., 2011; Durkee et al., 2019; Panatier et al., 2011). 
Cell-type specific silencing is critical to understand cell functions in normal and pathological 
condition, FC remain one of the best candidates to perform astrocytic inhibition. Furthermore, 
during the past decade glial cell attracted the attention. Glial cell and more especially 
astrocytes and microglia, have been shown to contribute directly to the modulation of neuronal 
network and behaviors associate such as pain, anxiety, addiction (Di Benedetto and 
Rupprecht, 2013; Hutchinson et al., 2008, 2009; Ledeboer et al., 2007; Mika, 2008; Shavit et 
al., 2005; Song and Zhao, 2001; Wahis et al., 2020). Rising the importance of the validation of 
the pharmacological tool such as FC, or fluoroacetate for silencing the astrocyte and 
minocycline for the microglia. 
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Figures Legends. 

 

Figure 1: OTR activation evoked calcium transients in CeL astrocytes syncytium are 

inhibit by fluorocitrate. (A) images of CeL astrocytes identified through SR101 (red) and 
corresponding pseudo-color images of OGB1 fluorescence during baseline and after drugs 
application (stacks of 50images/25s of recording). (B) Example trace of astrocytes response 
after TGOT application (400nM). Left to right: TGOT (light blue), TGOT+TTX (100 µM; dark 
blue), TGOT + FC (100µM; red). (C) histogram displaying percentage of astrocyte response, 

tion and frequency of response. TGOT (400 
nM; ns = 4, na = 39; light blue), TGOT+TTX (100µM; ns = 22, na= 182; dark blue), TGOT+FC 
(100µM; ns= 5, na= 25). ** P < 0.01 Mann-Whitney U test. 
 
Figure 2: Fluorocitrate impaired the transmission of OT signaling through CeA neurons.  
(A) Effect of fluorocitrate on KCl (dark grey) increase of IPSCs frequencies (KCl 50mM; 

-clamp data are expressed as averaged currents 
frequency plus SEM across cells before, during (and after) drug effect; linked white circles 
indicate individual cell values. * P < 0.05Wilcoxon signed rank test. 
(B) (Left)Example trace of CeM neurons IPSCs; under ACSF, TOGT and fluorocitrate. (Right) 
Effect of TGOT on CeM neurons IPSCs frequency with or without fluorocitrate (TGOT 400 nM; 
n=7 ; fluorocitrate 100µM, 1h; n=6)   
 

Figure 3: Fluorocitrate impaired gliotransmission.  
(Left) Example trace of CeM neuron IPSCs under basal condition (ACSF), Fluorocitrate (TGOT 
400nM; FC 100µM, 1h) and D-Serine (TGOT 400 nM; FC 100µM 1h, D-Serine 100µM; 20 
min). (Right) Quantification of CeM neurons IPSCs under the previous condition. Patch-clamp 
data are expressed as averaged currents frequency plus SEM across cells before, during (and 
after) drug effect; circles indicate individual cell values. * P < 0.05, Wilcoxon signed rank test  
 
Figure 4: Fluorocitrate inhibit oxytocin modulation of amygdala-related behaviors.  
FC or vehicle were administered 1h before TGOT or vehicle, which were injected 20min before 
behavioral tests. (A) On day 30 post SNI surgery, mechanical pain threshold was assessed 
with a mechanical forceps, on the neuropathic paw and contra lateral paw before (Ctrl) and 
after drugs for sham and SNI animals. (B) On day 40 post-surgery, anxiety levels were 
assessed, with an elevated plus maze test through measurements of the time spent in the 
closed arms of the elevated plus maze after drugs injections for sham and SNI animals(C) 

in the paired chamber before and after pairing. Pairing was realized through drugs injections 
for SNI and sham animals. Data are expressed as averages across rats plus SEM. Pain 
threshold measures: **P<0.01, ***P<0.001; mixed-design ANOVA followed by posthoc 
Bonferroni tests. Elevated plus maze: *P<0.05, **P<0.01, comparisons to respective controls; 
#P<0.05, Sham control vs SNI control groups post-hoc comparison; 3-ways ANOVA followed 
by posthoc Fisher tests. 
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A Nonpeptide Oxytocin Receptor 
Agonist for a Durable Relief of 

Louis Hil ger , Qian Zhao Kerspern , Perrine Inqui bert  , Virginie Andry , 

Yannick Gou on , Pascal Darbon , Marcel Hibert  & Alexandre Charlet  

Oxytocin (OT) is a 9–amino acid neuropeptide that plays an important role in several physiological and social 
functions. It was discovered by Sir Henry Dale for its role in lactation and parturition1. In the brain, OT is mainly 
synthesized in the paraventricular and supraoptic nuclei of the hypothalamus and released into the bloodstream 
by the neurons of the pituitary gland2. OT binds mainly to its unique receptor (OTR), a member of the G-protein 
coupled receptor (GPCRs) family. Its amino acid sequence was elucidated in 19533 and its receptor gene was 
isolated in 19924.

OT has been shown to induce antinociception as well as analgesia5. �e antinociceptive and analgesic effects 
a�er intrathecal or systemic administration of OT are well-documented6–8. For instance, OT has a dose depend-
ent analgesic effect in a rat model of inflammatory pain8, and Petersson et al. have shown that OT was also able 
to reduce the size and volume of the inflammation7. In addition, one study proposed that OT can also bind OTR 
directly in the peripheral nociceptive terminal axon in the skin9.

Interestingly, in nociception and pain, OT has central and peripheral targets depending on the releasing path-
way: plasmatic released OT has in vivo antinociceptive action through reduction of C fiber excitability leading to a 
reduction of activity of wide dynamic range (WDR) spinal sensory neurons10 whereas OT released by fibers orig-
inating from PVN directly on WDR neurons inhibits sensory processing and produces analgesia in inflammatory 
pain model11,12. In these models, direct activation of parvocellular OT neuron by optogenetics, resulting in central 
and peripheral release of endogenous OT, also produced a significant OTR-dependent analgesia11.

In clinics, OT is used since many years in patients by the intravenous route for the initiation of labor and 
the final expulsion of the fetus13. It is also administered to women as a nasal spray to stimulate milk ejection. 
However, despite its interesting analgesic properties, OT is not used in pain treatment because it cannot efficiently 
penetrate the brain14 and is rapidly metabolized. OT half-life in the blood circulation is estimated at 5 minutes in 
humans and rats15 and around 20 minutes in rat cerebrospinal fluid (CSF)16. Moreover, OT suffers from several 
additional drawbacks: a lack of specificity, since this cyclic nonapeptide has very similar affinities for its receptor 
OTR, for the V1a vasopressin receptor (V1aR)17,18 and for the Transient Receptor Potential Vanilloid type-1 
(TRPV1) of the capsaicin (EC50 = 0.316 µM)19; an extremely poor oral absorption and distribution since its high 
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molecular weight prevents or strongly limits its absorption from the gastro intestinal tract to the blood or from 
the blood to the brain; and finally, a lack of patentability.

Recently, a first non-peptide full agonist of oxytocin (LIT-001) has been reported to improve social interac-
tions in a mouse model of autism a�er peripheral administration20. LIT-001 is a pyrazolobenzodiazepine deriva-
tive with a non-peptide chemical structure and a low molecular weight (MW) compared to oxytocin (MW = 531 
vs. 1007, respectively, Fig. 1a). Frantz et al. have shown that LIT-001 is a specific oxytocin receptor agonist with 
high affinity (EC50 = 25 nM and EC50 = 18 nM) and efficacy (Emax = 96% and 95%) for human and mouse recep-
tors, respectively. Furthermore, the compound poorly antagonized vasopressin induced calcium release on V1aR 
(IC50 = 5900 nM) and was devoid of agonist or antagonist effect on V1bR.

In the present study, we report that a single intraperitoneal administration of LIT-001 in a rat model induces a 
long-lasting reduction in inflammatory pain-induced hyperalgesia symptoms, paving the way to an original drug 
development strategy for pain treatment.

Results
�e thermodynamic water solubility (S) of 

LIT-001 was measured in PBS buffer at pH 7.4: S = 0.53 ± 0.03 mM (0.34 mg/mL). Its lipophilicity in the same 
conditions was experimentally determined: LogD7.4 = 2.0 ± 0.3 (Fig. 1a). �e selectivity of LIT-001 (at 5 µM) has 
been tested on classical off-targets: 24 G-protein-coupled receptors (GPCRs), 3 transporters, 10 enzymes and 6 
ion channels. No significant agonist or antagonist (Fig. 1b) activity was found at GPCRs levels or at the ionotropic 
TRPV1 receptor. Similarly, no significant uptake blockade is observed on noradrenaline, dopamine and serotonin 
transporters from rat brain synaptosomes (Fig. 1c). In addition, no enzyme inhibition activity was found on the 
human recombinant COX(1), PDE3A, Lck kinase, acetylcholinesterase and MAO-A from human placenta (6.4% 
to 9.5% inhibition, below significance) (Fig. 1c). Some inhibitory activity of COX(2) and PDE4D2 was however 
observed (24.6 and 23.1% at 5 µM, respectively) (Fig. 1c). On ion channels, no significant blockade activity was 
found on human hERG potassium, GABAA (alpha1/beta2/gamma2), Cav1.2 (L-type) calcium, Vav1.5 sodium, 
nAChR (alpha4/beta2) and KCNQ1/hminK potassium ion channels (Fig. S1). Finally, the lack of hERG inhibition 
was confirmed at two additional concentrations using patch clamp method (9.50% and 10.63% inhibition at 1 µM 
and 10 µM concentrations, respectively). In vitro, LIT-001 did not interact with CYP 2C9 and 2D6 cytochromes 
and weakly inhibited CYP 1A2, 2C19 and 3A4 (IC50 = 51, 21 and 11 µM, respectively). Interesting, tested at 1 µM, 
LIT-001 was very stable on human hepatocytes at 37 °C since no degradation was observed a�er 2 hours.

Altogether, these results indicates that LIT-001 is a very specific agonist for OTR, with limited off-targets 
and putative side-effects, and a long lasting (>2 h) half-life; all characteristics requested for a clinically-relevant 
compound.

Before testing the putative analgesic action of LIT-001, we started by characterizing the long-term mod-
ifications induced by a single subcutaneous injection of complete Freund adjuvant (CFA, 100 µl) in the right 
hindpaw (Fig. 2a). We first measured the hindpaw diameter and observed that CFA, but not NaCl 0.9%, injection 
induced a major edema, whose size was maximum 24 h a�er the injection (CFA: 9.69 ± 0.22 mm, n = 14 vs NaCl: 
5.73 ± 0.14 mm, n = 11; p < 0.01) and persistent for up to 10 days (Fig. 2b). On the other hand, the mechanical 
CFA-induced hyperalgesia was maximum 24 h a�er the injection (threshold pressure CFA: 122 ± 15 g, n = 14 vs 
NaCl: 520 ± 14 g, n = 18; p < 0.01) and, as the edema, was persistent up to 10 days (Fig. 2c1). Similarly, a thermal 
heat hyperalgesia was detected for up to 10 days and maximum 24 h a�er the CFA injection (withdrawal latency 
CFA: 2.5 ± 0.23 s, n = 14 vs NaCl: 10.31 ± 0.38 s, n = 18; p < 0.01; Fig. 2c2). Interestingly, the contralateral hind-
paw to the CFA-injected one did not present any mechanical nor thermal heat hypersensitivity (Fig. S2). Based on 
these results, we decided to test the putative analgesic properties of LIT-001 at 24 h (D1) a�er the CFA injection.

We next aimed to test 
the putative analgesic properties of LIT-001 in the CFA-induced inflammatory pain model. For this purpose, we 
first performed a dose-response of the analgesic action of LIT-001 injected intraperitoneally (i.p.) at day 1 (D1) 
a�er the CFA injection, when the inflammatory pain symptoms were at their maximum (Fig. 3). We found a first 
analgesic action of i.p. LIT-001 at 5 mg/kg, an effect rising to reach a plateau at 10 mg/kg, that for both mechani-
cal (Fig. 3a) and thermal heat (Fig. 3b) hypersensitivities. Importantly, none of the doses tested seem to exert an 
antinociceptive action, as measured on the contralateral hindpaw (Fig. S3).

�erefore, we performed a time-course of the analgesic effect of i.p. LIT-001 (10 mg/kg) injected at day 1 (D1) 
a�er the CFA injection (Fig. 4a). For that purpose, we analyzed the hindpaw size as well as the mechanical and 
thermal heat hypersensitivities for 24 h (Fig. 4b–d).

We first found that i.p. LIT-001, injected alone or with a specific oxytocin receptor antagonist, L-368,699 
(L-368), had no effect on the CFA-induced edema size (CFA + Vehicle, 9.44 ± 0.18 mm, n = 7; CFA + LIT-001, 
9.49 ± 0.23 mm, n = 8; CFA + LIT-001 + L-368, 10.32 ± 0.17 mm, n = 7; Fig. 4b). �is suggests that acute LIT-001 
injection, at this stage of the CFA-induced inflammation, may have no or limited anti-inflammatory effect per se.

However, we revealed that i.p. LIT-001 exerts an anti-hyperalgesic action on mechanical threshold (Fig. 4c1). 
�is effect was significant from 1 to 5 h a�er i.p. injection, with a maximal effect at 3 h (CFA + Vehicle, 126 ± 29 g, 
n = 7 vs CFA + LIT-001, 246 ± 22 g, n = 8; p < 0.001), as reflected by an increase of the area under the curve 
(AUC) of 152 ± 11%. We observed a similar anti-hyperalgesic action on thermal heat latency (Fig. 4c2), sig-
nificant from 1 to 5 h a�er i.p. injection, with a maximal effect at 3 h (CFA + Vehicle, 1.94 ± 0.18 s, n = 7 vs 
CFA + LIT-001, 5.83 ± 0.65 s, n = 8; p < 0.001), as reflected by an increase of the AUC of 135 ± 9%. �ese results 
indicate that i.p. LIT-001 exerts a strong significant and long-lasting anti-hyperalgesic action on both mechanical 
and thermal heat sensitivities.



3SCIENTIFIC REPORTS |         (2020) 10:3017  | 

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 1. Pharmacological functional profile of LIT-001 on off-targets. (a) LIT-001 structure, physico-chemical 
properties and potency on target receptors. (b) In vitro agonist and antagonist profiles of LIT-001 on 24 off-
target GPCRs. Cellular agonist and antagonist effects of LIT-001 were calculated as a % of control response to 
a known reference agonist for each target and cellular antagonist. Negative values are non significant in these 
assay setups. (c) Enzyme and transporter inhibition potency of LIT-001 on selected off-targets. Compound 
enzyme inhibition effect was calculated as a % inhibition of control enzyme activity. Compound uptake 
inhibition effect was calculated as a % inhibition of control uptake activity. Data are expressed as the mean value 
of 2 independent tests.
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Given that LIT-001 was built as a specific agonist for OTR, we thought to validate that these anti-hyperalgesic 
effects were mediated by OTR activation. For this purpose, we co-injected LIT-001 with a specific OTR antag-
onist, L-368,69911. As expected, the anti-hyperalgesic action of i.p. LIT-001 was fully prevented by L-368,699, 
as displayed by the mechanical threshold (CFA + LIT-001 + L-368, 119 ± 12 g, n = 7) and thermal heat latency 
(CFA + LIT-001 + L-368, 3.08 ± 0.29 s, n = 7) and their relative AUC (90 ± 7% and 92 ± 8%, respectively) values 
3 h post i.p. (Fig. 4c). �ese results indicate that i.p. LIT-001 likely exerts its anti-hyperalgesic action through OTR 
binding.

One important point in the development of a clinically-relevant anti-hyperalgesic compound is the limitation 
of its side effect, here the absence of anti-nociception. Noteworthy, we did not detect any alteration of contralat-
eral hindpaw sensitivities a�er i.p. LIT-001, being on mechanical threshold (cCFA + LIT-001, 531 ± 25 g, n = 8; 
Fig. S4a1) or thermal heat latency (cCFA + LIT-001, 11 ± 0.53 s, n = 8; Fig. S4a2). Interestingly, we made similar 
observation on control animals, receiving NaCl 0.9% hindpaw injection and thus not presenting inflammatory 
pain symptoms (Figs. 4d, S4b). Here, i.p. LIT-001, injected alone or co-injected with the specific oxytocin receptor 
antagonist L-368,699, had no effect on mechanical (NaCl + LIT-001, 526 ± 20 g, n = 7; Figs. 4d1, S4b1) or thermal 
heat (NaCl + LIT-001, 8.14 ± 0.48 s, n = 7; Figs. 4d2, S4b2) hindpaw sensitivities, as reflected by the absence of 
increase of the AUC (Figs. 4d, S4b). �ese results indicate that i.p. LIT-001, as an analgesic, is only effective in case 
of detectable hypersensitivities.

Because the anti-hyperalgesic effects of i.p. LIT-
001 10 mg/kg were long-lasting, up to 5 h, while oxytocin-induced analgesia usually only last for minutes, we 
analyzed its distribution at key time points in plasma, CSF, brain and urine (n = 5–6, Fig. 5) and performed a 
quantitative dosage by comparison to a dose-response curve, using Liquid Chromatography Mass Spectrometry 
(LC-MS/MS; Fig. S5). Interestingly, LIT-001 concentration was found in plasma at its highest 30 min a�er i.p. 
injection (650 ± 200 pmole/ml; Fig. 5b) then slowly decreased, but was still significantly present a�er 300 min 
(5 h; 95.2 ± 36.5 pmole/ml; Fig. 5b,c). In addition, LIT-001 was found in significant amount in both the brain and 
CSF 60 min a�er i.p. injection (1.6 ± 0.8 and 7.4 ± 4.4 pmole/ml, respectively; Fig. 5c) when its analgesic action 
is significantly observed. As expected according to its chemical structure and previous half-life evaluation, a�er 
5 h most of LIT-001 was found in urine (188951 ± 8475 pmole/ml; Fig. 5c) and was hardly detectable in both 
CSF (1.5 ± 1.1 pmole/ml) and brain (0.6 ± 0.4 pmole/ml; Fig. 5c). �ese results indicate that the long-lasting 

Figure 2. Ten days’ time course of long-term modifications induced by CFA subcutaneous injection. (a) 
Scheme of the CFA-induced inflammatory pain model (100 µl). (b) Time-course of the CFA-induced edema 
size (CFA, n = 14; NaCl, n = 18). (c) Time-course of the CFA-induced mechanical (c1) and thermal heat (c2) 
hyperalgesia (CFA, n = 14; NaCl, n = 18). Data are expressed as mean ± SEM. Asterisks indicate statistical 
significance (***p < 0.001) using two-way ANOVA followed by Tukey multiple comparisons post-hoc test.
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anti-hyperalgesic effect of i.p. LIT-001 is likely due to its prolonged presence in plasma, with putative central 
effects.

Discussion
In the present study, we show that LIT-001, a non-peptidergic specific agonist for OTR, exerts a significant 
long-lasting (>5 h) anti-hyperalgesic effect on both mechanical and thermal heat sensitivity.

Antinociceptive and analgesic action of OT is well documented21–23. It has been shown to act at both 
peripheric and central levels10 mainly through final reduction of spinal wide dynamic range (WDR) neurons and 
C fiber excitability11. However, the main limitations of OT, or OTR peptidergic agonists, are (i) the short duration 
of the effect, (ii) the lack of permeability through the blood brain barrier (BBB), and (iii) the lack of specificity, 
which all are not compatible with clinical use.

Here, we show that a low molecular weight, non-peptidergic agonist, LIT-001, exerts a long lasting antihy-
peralgesic effect, up to 5 h. Two points may explain the prolonged effect of LIT-001. First, it has a long half-life 
(>2 h), by comparison to OT or OTR peptidergic agonists, which all have a very short half-life of less than 15 min. 
Second, it may reach its central and/or peripheral targets and trigger here long lasting mechanisms involving 
OTR. At this point, it is important to highlight that, for clinical purpose and mainly in case of chronic pain, a 
strong analgesic candidate should not only focus on nociception but also positively modulate all pain-induced 
disorders, such as anxiety, depression, loss of social interaction, impaired food intake or stress. Indeed, to atten-
uate this large variety of pain-relative symptoms may significantly improve the patient quality of life, one of the 
main goals of modern medicine. In this regard, to target the oxytocinergic system, in particular with specific 
OTR agonist such as LIT-001, may be particularly relevant. Indeed, activation of OTR is known to induce a 
variety of molecular cascades24 resulting in an important modulation of nociception25, social recognition and 
interactions26,27, anxiety28, feeding behavior29, and stress30, all important comorbidity factors in painful patients. 

Figure 3. Dose-response of the analgesic properties of LIT-001 on CFA-induced inflammatory pain model. 
Effects of LIT-001 0.1 (n = 4), 1 (n = 6), 5 (n = 6), 10 (n = 8) and 15 mg/kg (n = 6) or its vehicule (n = 9) 
measured 1 hour a�er i.p. injection on mechanical (a) and thermal heat (b) CFA-induced hyperalgesia. Data 
are expressed as mean ± SEM. Asterisks indicate statistical significance (**p < 0.01; *p < 0.05) using paired 
Wilcoxon or T-test, depending on the data’s normal distribution.
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Interestingly, a previous study has also shown that LIT-001 improved social interaction in a mouse model of 
autism20, reinforcing its putative interest as an analgesic molecule.

Besides, we confirm the capability of LIT-001 to cross the blood brain barrier to exert its action in the cen-
tral nervous system20 (Fig. 5). In addition, we show that LIT-001 exerts long lasting anti-hyperalgesic effects. 
Importantly, LIT-001 does not accumulate in the body but is almost entirely excreted as such in the urine. While 
those data were obtained by intra-peritoneal injection, we hypothesize that similar results may be obtained 
using an oral administration of LIT-001. If true and transposable to human, it may lead to the development of 
a drug easy to take every few hours to limit pain symptoms. �ose aspects point toward LIT-001, and future 
non-peptidergic agonists, as key candidates for clinical use. Although it displays a low micromolar affinity for 
this receptor, LIT-001 is a potent V2R agonist in functional assays20. �e V2 receptor is peripheral and known to 
regulate water homeostasis. It is thus likely that LIT-001 will have some antidiuretic effect in vivo that will have to 
be studied and taken into account for a potential development toward clinical studies.

Because of its long half-life and its capability to cross the BBB, one may worried about the putative LIT-
001 side effects: to design drugs with limited side-effects is a major challenge in chemical and pharmaceutical 
industries. Importantly, LIT-001 does not interact significantly with any classical off targets (G protein coupled 

Figure 4. Time-course of the analgesic properties of LIT-001 on CFA-induced inflammatory pain model. (a) 
Scheme of the CFA-induced inflammatory pain model followed by i.p. LIT-001 injection. (b) Le�, time-course 
of the effects of i.p. LIT-001 10 mg/kg (n = 8), its vehicule (n = 7) or co-injection with L-368,699 (n = 7), on 
CFA-induced edema size (CFA, n = 14; NaCl, n = 18). Right, relative-to-baseline AUC (%) of the effects. (c) Le�, 
time-course of the effects of i.p. LIT-001 10 mg/kg (n = 7), its vehicule (n = 8) or co-injection with L-368,699 
(n = 6) on CFA-induced mechanical (c1) and thermal heat (c2) hyperalgesia. Right, relative-to-baseline AUC 
(%) of the effects. (d) Le�, time-course of the effects of i.p. LIT-001 10 mg/kg (n = 7), its vehicule (n = 8) or 
co-injection with L-368,699 (n = 6) on mechanical (d1) and thermal heat (d2) sensitivities of NaCl-injected 
hindpaw. Right, relative-to-baseline AUC (%) of the effects. Data are expressed as mean ± SEM. Asterisks 
indicate statistical significance (***p < 0.001; **p < 0.01; *p < 0.05) using two-way ANOVA followed by 
Tukey’s multiple comparisons test.
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receptors, transporters, enzymes, ion channels listed in Figs. 1, S1), neither as an agonist/activator nor an antago-
nist/inhibitor. Noteworthy, neither LIT-001 nor the OT antagonist L-368,699 displayed any significant agonist or 
antagonist activity at the TRPV1 receptor at 5 µM (Fig. 1b). �erefore, LIT-001 is a relatively specific OTR agonist 
likely exerting its analgesic effect via this receptor. �is conclusion is strengthened by our results showing that the 
LIT-001 antihyperalgesic action is fully prevented in presence of L-368,699, a specific OTR antagonist that is also 
devoid of significant activity at TRPV1 receptor at 5 µM. In addition, an interesting aspect of LIT-001 seems to 
be its specific action on nociception and pain. Indeed, while LIT-001 shows limited inhibitory activity of COX2, 
which in a model of inflammatory pain could be relevant, we observed no modification of the size of the edema 
induced by CFA injection (Fig. 4), indicating that the LIT-001-induced reduction of pain symptoms is not based 
on a reduction of inflammation. However, we did not rule specific protocols to tests its anti-inflammatory action 
per se, and this should be done before any clinical trial. In addition, it is important to note that LIT-001 did not 
modify the mechanical/thermal heat sensitivities in control animals or contralateral paws, indicating that LIT-
001 does not have antinociceptive effect, which, in a clinical perspective, is an important characteristic in order 
to limit undesired loss of sensitivities. At this stage, the only known drawback of LIT-001 is its action at the V2 
vasopressin receptor (V2R).

In conclusion, we found that LIT-001 is a very useful probe to validate the oxytocin receptor as a target for the 
treatment of pain and represents a promising drug-like lead compound for the development of novel treatments.

Methods
All the protocols, tests and use and living animals were performed in accordance with European committee 
council Direction, authorization from French Department of Agriculture and from the regional ethic committee 
(Comité Régional d’Ethique en Matière d’Expérimentation Animale de Strasbourg, CREMEAS).

LIT-001 was prepared as described in Frantz et al.20. For in vivo biological assays, it was dissolved in 
carboxymethyl cellulose (CMC, 1%) - NaCl (0.9%) and administered at the dose of 10 mg/kg. LIT-001 or vehicle 
were injected intraperitoneally (i.p.), in a volume of 10 ml/kg20, 24 h a�er the induction of the CFA-induced pain-
ful inflammatory sensitization. To confirm the implication of the OTR we injected (i.p.) also L-368,899 (Sigma, St. 
Louis, MO) (1 mg/kg), an OTR antagonist, in combination with LIT-001 in another group of rats11.

In vitro Solubility of LIT-001 was deter-
mined from solution of about 1 mg of compound in 500 µl of PBS at pH 7.4. (Figs. 1, S1) �e solution was stirred 
at room temperature for 24 h and centrifuged at 15.000 × g for 5 min. �e supernatant was diluted with a mix-
ture of acetonitrile and water and analyzed by HPLC with a diode detector (Gilson; Kinetex 2.6 µm C18 100 A 
50 × 4.6 mm column). No degradation of LIT-001 was observed a�er 24 h. �e lipophilicity (LogD7.4) of LIT-001 
was measured using 10 ml of a stock solution diluted with different concentrations of octanol and PBS to cover 
a LogP range from −2 to + 4.5 in a final volume of 1 ml. A�er stirring for 1 h at room temperature (≈ 20 °C), the 

Figure 5. LIT-001 distribution and clearance in the organism. (a) Scheme displaying the i.p. injection of 
LIT-001, 10 mg/kg in naïve animal. (b) Time course of the concentrations of LIT-001 present in the plasma of 
rats a�er an i.p. injection. (c) Concentrations of LIT-001 present at 60 and 300 min a�er i.p. injection, in the 
brain (60, n = 6; 300, n = 5), CSF (60, n = 4; 300, n = 4), plasma (60, n = 11; 300, n = 5) and urine (60, n = 6; 
300, n = 5) 60 min and 300 min a�er i.p. injection. Data are expressed as mean ± SEM. Data are expressed as 
mean ± SEM of 5 animals.
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samples were centrifuged and the different phases were analyzed by HPLC (Gilson; diode detector, Kinetex 2.6 µ 
C18 100 A 50 × 4.6 mm column).

Stability of LIT-001 was determined in human hepatocytes. Cells were unfrozen and their viability measured 
(Tryptan blue). Cells are suspended (2 × 106 cells/ml) and dispensed in 96 well microtiterplates (50 µl/well). LIT-
001 (50 µl of a 2 µM in the incubation media) was added. �e final concentration of the compound was 1 µM 
in 1 × 106 cells/ml. �e incubation volume was 100 µl/well. Incubations were stopped a�er 0, 4, 20, 40, 80 and 
120 min in mixing the well content with 100 µl acetonitrile at 0 °C. A positive control (testosterone) was prepared 
in same conditions. All samples were analyzed by LC-MS/MS (UHPLC coupled to a triple quadripole Shimadzu 
LC-MS 8030). Each measurement was performed in triplicate.

In vitro profiling of LIT-001 was performed by Eurofins as described in the Eurofins SafetyScreen-Functional 
panel, 201831. �e hepatotoxicity of LIT-001 was studied with cryo-preserved mouse hepatocytes. A�er unfreez-
ing (optiTHAW and optiINCUBATE media, Xenotech) and cell viability control, cells (2 × 106 cells/ml) were dis-
patched in 96 well microtiterplates. LIT-001 was added to reach a concentration 1 µM in the presence of 1 × 106 
cells/mL in a volume of 100 µl/well. �e incubation was stopped at 4, 20, 40, 80 and 120 min in adding 100 µl of 
acetonitrile at 0 °C. A positive control was treated in the same conditions. All samples were analyzed by UHPLC 
coupled to a mass spectrometer (Shimadzu LC-MS 8030).

Cytochrome inhibition by LIT-001 was studied as follows. A stock solution of LIT-001 at 10 mM in DMSO 
was prepared and stored at 4 °C. Solutions containing the cytochrome substrates and control inhibitors or LIT-
001 were prepared. 2 µl of substrate-inhibitor solutions were mixed with 176 µl of phosphate buffer containing 
human liver microsomes (0.2 mg/ml), 1 mM of NADPH and 3 mM of MgCl2. Height concentrations were tested: 
0.03; 0.1; 0.3; 1; 3; 10; 30 and 100 µM. �e reaction was initiated by addition of the co-factor a�er 5 min of incu-
bation at 37 °C. A�er one hour of incubation, 200 µl of acetonitrile were added to stop enzymatic reactions and 
solubilize the products. Different control inhibitors were used and supernatants were analyzed by LC-MS/MS 
(UHPLC separation; Shimadzu LC-MS 8030).

Furafylline (CYP 1A2 inhibitor): 0.03; 0.1; 0.3; 1; 3; 10; 30 and 100 µM
Sulfaphenazole (CYP 2C9 inhibitor): 0.03; 0.1; 0.3; 1; 3; 10; 30 and 100 µM
Tranylcypromine (CYP 2C19 inhibitor): 0.03; 0.1; 0.3; 1; 3; 10; 30 and 100 µM
Quinidine (CYP 2C19 inhibitor): 0.003; 0.01; 0.1; 0.5; 1; 5; 10 and 50 µM
Kétoconazole (CYP 3A4 inhibitor): 0.003; 0.01; 0.1; 0.5; 1; 5; 10 and 50 µM

Male Wistar rats (300 g; JANVIER LABS, Le Genest St. Isle, France) were used for this study. �ey 
were housed by groups of 3 or 4 under standard conditions (room temperature, 22 °C; 12/12 h light/dark cycle) 
with ad libitum access to food and water and behavioral enrichment. All animals were manipulated and habitu-
ated to the tests and to the room for at least 2 weeks. All behavioral tests were done during the light period (i.e., 
between 7:00 and 19:00). All the procedures were performed in accordance with European committee council 
Direction, authorization from French Department of Agriculture and from the regional ethic committee.

Mechanical allodynia. In all experimentations, to test the animal mechanical sensi-
tivity, we used a calibrated forceps (Bioseb, Chaville, France) previously developed in our laboratory (Figs. 2, 3 
and S2, S3)32. Briefly, the habituated rat is loosely restrained with a towel masking the eyes in order to limit stress 
by environmental stimulations. �e tips of the forceps are placed at each side of the paw and a graduate force is 
applied. �e pressure producing a withdrawal of the paw, or in some rare cases a vocalization of the animal, corre-
sponded to the nociceptive threshold value. �is manipulation was performed three times for each hindpaw and 
the values were averaged averaged.

�ermal allodynia/hyperalgesia. To test the animal heat sensitivity, we used the Plantar test with Hargreaves 
method (Ugo Basile, Comerio, Italy) to compare the response of each hindpaw33 when we tested healthy ani-
mals (unilateral intraplantar NaCl injection) and animals having received unilateral intraplantar CFA (Freund’s 
Complete Adjuvant) injection. �e habituated rat is placed in a small box and we wait until the animal is calmed 
then we exposed the hindpaw to a radiant heat, the latency time of paw withdrawal was measured.

CFA model of inflammatory pain. In order to induce a peripheral inflammation, 100 µl of complete Freund adju-
vant (CFA; Sigma, St. Louis, MO), was injected in the right hindpaw of the rat. All CFA injections were performed 
under light isoflurane anesthesia (3%). Animals were tested daily for 10 days a�er the paw injection, a period 
during which animals exhibited a clear mechanical allodynia and thermal heat hyperalgesia.

Preparation of brain, cerebrospinal fluid, plasma and urine extracts. Brains 
from rat injected with 10 mg/kg (18.8 µmol/kg) i.p. of LIT-001 were homogenized with an Ultra Turrax instru-
ment (Ika, Staufen, Germany) in 2 ml of H2O (Figs. 4, S4). �e homogenates were then sonicated (3 times 10 s, 
100 W) with a Vibra Cell apparatus (Sonics, Newtown, U.S.A.). Protein concentrations were determined using the 
Bradford method (Protein Assay, Bio-Rad, Marne-la-Coquette, France). 400 µl was mixed with 4 ml of ice cold 
acetonitrile (ACN) and let 30 min on ice. Samples were then centrifuged (20,000 × g, 30 min) at 4 °C. Supernatants 
were dried under vacuum and resuspended in 400 µl ACN 10%/H2O 89.9%/formic acid 0.1% (v/v/v) and a vol-
ume of 5 µl was injected on the LC-MS/MS. For CSF, plasma and urine, 200 µl of fluids were mixed with 1 ml of 
ice cold acetonitrile (ACN) and let 30 min on ice. Samples were then centrifuged (20,000 × g, 30 min) at 4 °C. 
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Supernatants were dried under vacuum and suspended in 200 µl ACN 10%/H2O 89.9%/formic acid 0.1% (v/v/v) 
and a volume of 5 µl was injected on the LC-MS/MS.

LC-MS/MS instrumentation and analytical conditions. Analyses were performed on a Dionex Ultimate 3000 
HPLC system (�ermo Scientific, San Jose, USA) coupled with a triple quadrupole Endura mass spectrome-
ter (�ermo Scientific). �e system was controlled by Xcalibur v.2.0 so�ware (�ermo Electron). Samples were 
loaded onto an Accucore C18 RP-MS column (ref 17126–151030; 150 × 1 mm 2.6 µm, �ermo Scientific) heated 
at 40 °C. �e presence of LIT-001 was studied using the multiple reaction monitoring mode (MRM). Elution 
was performed at a flow rate of 150 µl/min by applying a linear gradient of mobile phases A/B. Mobile phase A 
corresponded to ACN 1%/H2O 98.9%/formic acid 0.1% (v/v/v), whereas mobile phase B was ACN 99.9%/formic 
acid 0.1% (v/v). �e gradient used is detailed in Fig. S4. Electrospray ionization was achieved in the positive mode 
with the spray voltage set at 3,500 V. Nitrogen was used as the nebulizer gas and the ionization source was heated 
to 210 °C. Desolvation (nitrogen) sheath gas was set to 27 Arb and Aux gas was set to 9 Arb. �e ion transfer tube 
was heated at 312 °C. Q1 and Q2 resolutions were set at 0.7 FWHM, whereas collision gas (CID, argon) was set to 
2 mTorr. Identification of the compounds was based on precursor ion, selective fragment ions and retention times 
obtained for LIT-001. Selection of the monitored transitions and optimization of collision energy and RF Lens 
parameters were manually determined (see Fig. S4 for details). Qualification and quantification were performed 
in MRM mode. Quantification was obtained using Quan Browser so�ware (�ermo Scientific). For tissues and 
fluids, LIT-001 was quantified using calibration curves of external standards of LIT-001 (125 fmol to 100 pmol/
injection; Fig. S4) added to urine, plasma or brain extracts of naive rat and submitted to the same procedure 
described for respective fluids and tissue recovery. �e amounts of LIT-001 measured in samples fit within the 
standard curve limits, with typical analytical ranges (the range of amounts that can be accurately quantified) from 
150 fmol to 120 pmol.

Data are expressed as mean ± standard error of the mean (SEM). Statistical tests were 
performed with GraphPad Prism 7.05 (GraphPas So�ware, San Diego, California, USA) using repeated-measures 
two-way ANOVA, with the following factors: treatment (between), and time (within); when the ANOVA test was 
significant, the Tukey test was used for post-hoc multiple comparisons between individual groups. Results were 
considered to be statistically significant if p values were below 0.05 (*), 0.01 (**), and 0.001 (***). For the area 
under the curve (AUC) comparisons, we used the one-way ANOVA (factors: treatment); when the ANOVA test 
was significant, the Tukey test was used for post hoc multiple comparisons.
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Abstract 

Chronic pain is a significant burden for the lives of sufferers, and it is currently estimated 

that ~20% of the European population and ~15% of the United States population suffers from 

moderate-to-severe chronic pain. Chronic pain and its current therapeutic management 

strategies that rely heavily on opioid receptor modulation are also associated with major social 

and health-cost burdens, including opioid addiction and a large number of opioid overdose 

deaths, making ongoing research in this field a global scientific, economic and social necessity. 

Nociceptive signaling is modulated at multiple stages by a large range of neurochemicals, one 

of which is a broad array of neuropeptides, including opioids and non-opioids, most of which 

signal via specific G-protein-coupled receptors (GPCRs). Several non-opioid neuropeptides 

and their receptors represent attractive targets for further investigation in regard to nociceptive 

signal modulation and new therapeutic options for pain management. In this review, we 

summarize key past and more recent advances in this field, with a focus on data pertaining to 

non-opioid neuropeptide signalling systems; and highlight some key features of preclinical 

studies that influence progress in basic research on neuropeptides that play a role in 

nociception. In the context of this analysis, we discuss the relationship between chronic pain 

and co-morbid pathophysiological and emotional symptoms, the relationships between non-

opioid and opioid systems, and species and gender differences in nociception; as a better 

understanding of these complex issues should lead to improved outcomes from targeting non-

opioid peptide systems for the management of chronic pain. 

  



1. Introduction 

Pain is a complex biological phenomenon that is necessary for survival of animals. It 

serves beneficial purposes, warning about changes in the environment that could compromise 

proper functioning, and is thus a highly controlled process. However, continuous activation of 

this integrated signaling system results in maladaptive changes characterized by altered 

under these conditions that pain becomes a significant burden for the lives of individuals. It is 

estimated that ~20% of the European population suffers from moderate-to-severe chronic pain 

(Reid et al., 2011), whereas ~15% of the United States population suffers from some form of 

chronic pain (Hardt et al., 2008). Chronic pain is also accompanied by serious social and 

economic burdens (Smith and Torrance, 2012), making research in this field a prominent and 

ongoing necessity. 

When considering nociceptive signal transmission, the peripheral nervous system (PNS) 

can be viewed as both the messenger and effector, as it is responsible for receiving the 

nociceptive message, which it communicates to the spinal cord via low- rs, 

and executing actions necessary for survival, such as avoidance. In turn, the spinal cord acts 

as a second-order messenger, by transmitting information to the brain, and as a signal 

modulator, by processing the received information and filtering what is transmitted to the brain. 

The brain then acts as a control center, decoding pain for its sensory-discriminative and 

aversive components, i.e., deciphering the type of pain (pinch, burn, etc.) and its location in 

the body, and its associated hedonic value (pleasure vs displeasure), respectively. Once the 

information is decrypted, the brain, via the spinal cord, enables the PNS to act in accordance 

to the provided stimulus, based on current and past experiences, and stores any new 

information it has received. 

The nociceptive signal is modulated at every step of this process by a large range of 

neurochemicals, including neuropeptides. Neuropeptides consist of chains of amino acids that 

are expressed in neurons and signal to other neurons. They are usually expressed in prepro-

forms and undergo processing (e.g. enzymatic cleavage) to produce their mature form. 



The majority of currently known active neuropeptides were first described in the second 

half of the 20th century, as suitable biochemical and cellular assays were developed, and other 

neuropeptides have been discovered using modern techniques. Most neuropeptides signal 

with high specificity through G-protein-coupled receptors (GPCRs) linked to different types of 

G-proteins. The presence of various peptides and/or their receptors in the central nervous 

system (CNS) areas linked to nociceptive processing and transmission suggests putative roles 

for multiple neuropeptide systems in the control of nociception. 

One family of neuropeptides, the opioids, and drugs that activate opioid receptors, are 

widely known by both researchers and the broader community to affect pain transmission. This 

class of neuropeptides has been thoroughly investigated in the past for its potent anti-

nociceptive properties. However, opioid receptor drugs are not ideal options for long-term use, 

given their addictive properties, the development of tolerance, gastrointestinal discomfort, and 

other side-effects (Schuckit, 2016). Thus, signaling molecules that use similar or distinct 

mechanisms to produce analgesia, such as non-opioid neuropeptides, present attractive 

targets for basic research when investigating nociceptive signal modulation and seeking better 

therapeutic options for pain management. 

In this review, we briefly summarize key past findings and explore more recent advances 

in this field, with a focus on data pertaining to neuropeptide signalling systems. We also 

highlight some key features of preclinical studies that contribute to, or hinder, progress in basic 

research, in relation to non-opioid neuropeptides that play a role in nociception, with a focus 

on the effective assessment and development of pharmacological tools for the management 

of chronic pain. Given their aetiological importance, and the increased awareness of their 

existence, we also discuss the relevant co-morbid symptoms associated with different chronic 

pain conditions. 

2. Effects of neuropeptide systems on nociception 

The mechanisms by which different neuropeptide systems affect nociception, be it the 

sensory-discriminative or aversive components of pain, remain relatively elusive, but have 

been the focus of extensive research and have been reviewed earlier (Table 1). Therefore, a 



major goal of this article was to review some recent technical advances and scientific 

discoveries that have contributed to progress in the field. 

When investigating the role of neuropeptides in nociceptive transmission, most studies 

focus on either spinal or supraspinal modulation of pain. At the spinal level, the pro-nociceptive 

neuropeptides, substance P (SP) and calcitonin gene-related peptide (CGRP), are commonly 

used as predictive measures of pain outcomes, whether measured directly through 

immunohistochemistry (Chiba et al., 2016; Santos et al., 2018), or indirectly in the case of SP 

by measuring the amount of internalization of its cognate receptor, neurokinin 1 receptor (NK1) 

[see e.g. (Li et al., 2018; Nazarian et al., 2014)]. The role of SP as a pain-promoting 

neuropeptide in the spinal cord is well-accepted within the field, and strategies that seek to 

dampen SP signaling have been explored as potential pain treatments. This is supported by 

considerable past and newly emerging evidence. For example, a recent study found that 

deletion of NK1-expressing neurons in the dorsal horn increased pain thresholds in rats under 

normal and inflammatory pain conditions (Iadarola et al., 2017). 

In contrast, the mechanisms underlying peripheral oxytocin (OT)-mediated analgesia are 

only now becoming clear. The nonapeptides oxytocin (OT) and arginine-vasopressin (AVP) 

display a strong structural homology and differ in two amino acids (Gimpl and Fahrenholz, 

2001). In mammals, central OT and AVP are mainly synthetized in the paraventricular (PVN), 

supraoptic (SON) and accessory nuclei (AN) of hypothalamus (Burbach et al., 2001). Neurons 

synthetizing OT are parvocellular (parvOT) neurons, which release oxytocin exclusively within 

the CNS, and magnocellular (magnoOT) neurons, which release oxytocin in the CNS, and 

influence the pituitary gland (Knobloch et al., 2012), and release OT (and AVP) into the 

bloodstream. Importantly, parvOT neurons are only present in PVN, while magnoOT neurons 

are present in both PVN and SON (Knobloch et al., 2014). Recent studies have reported that 

afferent neurons of the dorsal root ganglia (DRG) express OT receptors (OTR), predominantly 

non-peptidergic C-fiber cell bodies (González-Hernández et al., 2017; Moreno-López et al., 

2013; Wrobel et al., 2011). ParvOT neurons send putative axonal projections to spinal cord 

laminae processing nociceptive and non-nociceptive somatic and visceral information (laminae 



I, II, V, X, spinal lateral nucleus). In addition, this innervation is particularly abundant around 

the thoracic and lumbar segments, in line with the high OT content in these particular spinal 

segments (Juif et al., 2013). A recent study demonstrated that activation of a small population 

of parvOT neurons induced anti-allodynia by controlling magnoOT neuron release of OT into 

the blood, and through direct OT release in deep laminae of the spinal cord (Eliava et al., 

2016). 

Electrophysiological recordings of spinal dorsal horn neurons are also a method 

commonly used for predicting pain outcomes, whereby decreased activity of nociceptive 

neurons correlates with decreased pain sensitivity. Oral co-administration of a 5-

hydroxytryptamine receptor-3 (5-HT3) antagonist and NK1 antagonist (palonosetron and 

netupitant, respectively) provides evidence of a synergistic effect of these receptors in the 

control of mechanical pain thresholds and action potential firing of lamina V/VI dorsal horn 

neurons in rats (Greenwood-Van Meerveld et al., 2014). Similarly, intraperitoneal (i.p.) 

administration of a somatostatin (SST) receptor-4 (SST4) agonist, J-2156, was shown to 

produce anti-nociception, and decrease the firing rate of primary afferent nerve fibers and 

mechanosensitive spinal dorsal horn neurons (Schuelert et al., 2015). 

Using behavioral assays and combined immunohistochemistry for the cellular activation 

protein marker, Fos, Fan and colleagues (2015) demonstrated that intraspinal injection of a 

corticotropin-releasing factor (CRF) receptor antagonist acting on CRF1 and CRF2 receptors 

alleviated thermal and mechanical pain in a rat model of bone cancer pain by suppressing 

neuronal activation in the dorsal horn of the spinal cord. 

Furthermore, intrathecal injection of the peptide, ghrelin, dose-dependently decreased 

mechanical and thermal allodynia, and expression of inflammatory markers [interleukin- -

-6, and tumor-necrosis factor-

constriction injury (CCI) of the sciatic nerve (Zhou et al., 2014). Similarly, activation of the 

neuropeptide Y (NPY) receptor Y1 by intrathecal injection of [Leu31,Pro34]- NPY, alleviated 

mechanical and cold allodynia in the CCI model (Malet et al., 2017), and decreased SP release 



from primary affer

adjuvant (CFA) models of inflammatory pain (Taylor et al., 2014). 

Brain processing of nociceptive transmission is a complex phenomenon. A multitude of 

brain areas/circuits collectively evaluate various aspects of the perceived stimulus, including 

its location in the body, the type of pain, and the level of discomfort it produces. As such, when 

studying the role of a particular neuropeptide system on nociception, preclinical studies often 

target a single brain area to dissect the functions that area and the neuropeptide system of 

interest have in pain processing. 

For example, galanin-induced antinociception is observed in neuropathic (Duan et al., 

2015; Li et al., 2017) and inflammatory (Yang et al., 2015; Zhang et al., 2017) pain models, 

with distinct contributions of galanin receptors 1-3 (GAL1/2/3). GAL1 contributes to anti-

nociceptive processes in the nucleus accumbens (NAc) and the central amygdala (CeA) (Duan 

et al., 2015; Li et al., 2017; Zhang et al., 2019b), by inhibiting protein kinase A (PKA) activation 

(Zhang et al., 2019a), whereas GAL2 is involved in the nociceptive effects mediated by the 

anterior cingulate cortex (ACC) (Zhang et al., 2019a, 2019b). 

Notably, while the source of peripheral oxytocin-mediated analgesia is currently thought 

to be the CNS (Eliava et al., 2016), it might be of interest to explore putative peripheral sources 

such as keratinocytes (Denda et al., 2012; Grinevich and Charlet, 2017). 

A test commonly used to distinguish between acute or more persistent actions of a given 

pain treatment is the formalin test. In this paradigm, an experimental animal is given an 

of nociception, due to direct activation of peripheral nociceptors. After 5-10 min, pain thresholds 

will rise again, during what i -10 min. Following 

this, central sensitization of nociceptive cells will trigger th

phase, which can last for several hours. This test allows researchers to discern whether 

treatments that seek to alter pain thresholds act at a peripheral (acute phase) or central (tonic 

phase) level, by measuring the number of nocifensive behaviors (biting, licking) displayed by 

the animal. 



In the rat striatum, SP release and NK1 internalization are increased after unilateral 

injection of formalin in the contralateral hind paw (Nakamura et al., 2013). In the same study, 

a continuous, but not an acute (single), injection of SP into the contralateral striatum decreased 

nocifensive behaviors in the tonic phase of the formalin test, increased paw withdrawal 

thresholds, and induced NK1 internalization, without affecting hindpaw edema. 

Similarly, intracerebroventricular (icv) injection of neuropeptide S (NPS) decreased 

formalin-induced licking and increased Fos-like immunoreactivity in the PAG (Peng et al., 

2010). Furthermore, injection of orexin-A into the nucleus paragigantocellularis lateralis 

induced anti-nociception in the acute and tonic phases of the formalin test (Erami et al., 2012); 

and McDonald and colleagues (2016) administered a series of single and dual orexin receptor 

antagonists (SORAs/DORAs) orally to mice, and found that DORAs produce antinociception 

in both phases of the formalin test. 

To investigate the hedonic value of a given stimuli, researchers often employ the condition 

place avoidance/preference (CPA/CPP) behavioral paradigm. In this test animals are 

repeatedly exposed to a specific context (compartment) while simultaneously being exposed 

to a stimulus (drug, footshock, etc.). In a test session, the animal will have the ability to move 

between the compartment where it received the stimulus and another compartment where no 

stimulation occurred. The choice to avoid or move to the compartment where the stimulus was 

provided is taken to mean that the stimulus produces negative or positive emotional effects, 

respectively. Separate studies by the Minami group provide an example of the use of this test 

to study the role neuropeptide signaling in the brain and negative emotional effects. Initially, 

Ide and colleagues (2013) reported that injection of CRF into the dorsolateral part of the bed 

nucleus of the stria terminalis (dlBNST) exacerbated formalin-induced CPA. Subsequently, 

they reported that pain- and CRF-induced CPA were abolished by intra-dlBNST injection of a 

PKA inhibitor (Kaneko et al., 2016), suggesting both forms of CPA require activation of PKA 

signaling pathways and likely involve the same mechanisms in the dlBNST. 

The trigeminal ganglion (TG) provides sensory innervation of the face and mouth, and this 

specific bundle of nerve fibers is targeted in experimental models of orofacial pain. It was 



recently reported that after infraorbital nerve injury, NPY expression was upregulated in the 

trigeminal ganglia (Lynds et al., 2017), and the same was observed after CCI of the mental 

nerve (Magnussen et al., 2015). Moreover, TG dysfunction is a key feature of headache 

syndromes, including migraine and cluster headache (Vollesen et al., 2018). CGRP modulates 

trigeminal pain, which is an important component of migraine (Edvinsson et al., 2018; Holland 

et al., 2018; Iyengar et al., 2016), and is likely involved in modulation of inflammatory and 

neuropathic pain (Iyengar et al., 2016). Indeed, intravenous administration of CGRP-

scavenging RNA, NOX-C89, decreased spontaneous firing and heat-induced spiking in the 

trigeminal nucleus caudalis (TNC, a brainstem area that receives sensory input from the TG) 

of rats in a dose-dependent manner (Fischer et al., 2018). Additionally, systemic administration 

of lacosamide reduced CGRP production and release in TG explants of rats that were pre-

sensitized by injection of nitroglycerin in the TG (a model of migraine pain) (Greco et al., 2016); 

and i.p. injection of MK-8825, a CGRP receptor antagonist, decreased nitroglycerin-induced 

flinching and shaking in the tonic phase of the formalin test (Greco et al., 2014). With regard 

to inflammatory pain, CGRP knockout (KO) mice displayed decreased nocifensive behaviors 

in the tonic phase of the formalin test and impaired excitatory synaptic potentiation of 

parabrachial nucleus (PBN)-laterocapsular central amygdala (CeLC) synapses 6 h after 

formalin injection (Shinohara et al., 2017). Another recent study observed increased levels of 

extracellular CGRP in the dorsal horn of the lumbar spinal cord in a model of cancer-induced 

bone pain (Hansen et al., 2016). In this model, intrathecal injection of the CGRP antagonist, 

8-37, alleviated mechanical allodynia and improved weight bearing (Hansen et al., 

2016). 

Many recent studies have focused on phenomena resulting from the manipulation of entire 

circuits, and/or employed transgenic mouse models to produce systemic changes in signaling 

within neuropeptide-expressing neurons. An example is studies examining the role of SST-

expressing interneurons. Ablation of SST-expressing excitatory interneurons in the dorsal horn 

of the spinal cord specifically abolished the expression of static and dynamic mechanical 

allodynia in inflammatory and neuropathic pain conditions (Duan et al., 2014). In addition, 



Cichon and colleagues (2017) reported that daily chemogenetic activation of SST-expressing 

inhibitory interneurons of the primary sensory cortex (S1) prevented expression of mechanical 

allodynia in a model of neuropathic pain; whereas others had earlier reported that optogenetic 

activation of these interneurons in the ACC did not alter mechanical pain thresholds (Kang et 

al., 2015). However, while these studies provide important insights into the hodological 

composition of circuits that influence pain transmission, they generally fail to identify the 

specific neurochemicals mediating such effects. 

An example of the use of a transgenic mouse model involving large-scale changes in 

neuropeptide signaling is a recent investigation of the role of the neurotensin (NTS) receptor 3 

(NTS3) on NTS-mediated analgesia. These authors used a NTS3-deficient mouse (NTS3-/-) to 

investigate the role of the receptor in NTS-elicited analgesia, and found that expression of 

NTS3 is required for NTS2-mediated analgesia in normal mice (Devader et al., 2016). Another 

study using in vivo recordings of CGRP-expressing neurons in the PBN discovered that these 

neurons are activated by noxious heat, pinching and itching, as well as exposure to novel foods 

and recall of conditioned fear memories (Campos et al., 2018), which provides evidence for 

the interrelationship between pain and other behaviors such as stress responsiveness (see 

Section 3.1  Stress  anxiety, depression, fear and PTSD for more details). 

In addition to the studies summarized, the reader is referred to reviews of the role of other 

less-studied, non-opioid neuropeptides in nociception, and articles on neuropeptides that have 

not been the focus of recent studies, including neuropeptides-B and -W (Dvorakova, 2018), 

and neuromedins-U, -B and -N (Gajjar and Patel, 2017). 

The rapid progress in the development of technical tools and methods for investigating 

cellular, molecular and hodological underpinnings of nociception has driven the advancement 

of our understanding of how various neuropeptides and their receptors influence the perception 

of sensory-discriminative and aversive aspects of pain. This topic remains at the core of the 

identification of therapeutic targets for pain management. 

 

 



3. Effects of neuropeptide systems on pain-related behaviors 

A major predicament concerning pain therapy is the long-term management of a painful 

disease/syndrome. Long-term pain leads to maladaptive changes in neural architecture and 

synaptic plasticity, which in turn contribute to the expression of comorbid disorders, such as 

anxiety, depression, and sleep disorders, as well as alterations in the reward system. Since 

the turn of the century, interest has been growing in identifying the mechanisms by which 

altered pain sensation leads to the development of comorbidities, and how the progression of 

these comorbid states can be halted (Nicholson and Verma, 2004; Park and Moon, 2010; Reid 

et al., 2011). Furthermore, currently available treatments prescribed to patients suffering from 

chronic pain target nociceptive signaling, and often disregard comorbid states that accompany 

long-lasting pain. These treatments per se also have significant side-effects (see Section 4  

Relation of non-opioid neuropeptide systems to opioid signaling), making them inadvisable for 

continuous use. There is, therefore, a need to investigate how new candidate therapies affect 

both nociceptive transmission and behaviors commonly associated with painful syndromes. 

 

3.1 Stress  anxiety, depression, fear and PTSD 

The most widely studied pain comorbidity is probably neurogenic stress, which can be 

classified according to its acute or chronic duration. Acute stress comprises the activation of 

the paraventricular nucleus of the hypothalamus (PVN) and the release of CRF onto the 

pituitary gland, which in turn releases adrenocorticotropic hormone (ACTH) onto the adrenal 

glands, which release cortisol (in humans) or corticosterone (CORT, in rodents) (Lariviere and 

Melzack, 2000). CORT then acts as a negative feedback modulator of this circuit, known as 

the hypothalamic-pituitary-adrenal (HPA) axis. Several neuropeptides have been reported to 

affect HPA axis activity at different levels to influence stress responsiveness, including CRF, 

galanin, OT, AVP, NPS, NPY, pituitary adenylate cyclase-activating peptide (PACAP), 

substance P, orexin, SST and NPFF [for reviews see (Kormos and Gaszner, 2013; Sargin, 

2018)]. This section focuses on recent studies revealing how non-opioid neuropeptides 



influence stress, stress-induced changes in pain responses, and pain-induced changes in 

stress responses. 

Acute stress is necessary for the survival of organisms and is known to alter nociception 

by reducing pain sensation, a phenomenon known as stress-induced analgesia (SIA) (Butler 

and Finn, 2009). One paradigm commonly used to induce acute stress in rodents is exposure 

to warm or cold water, which rodents prefer to avoid. Both forms of this stress induce analgesia, 

albeit through different mechanisms, with warm water swim SIA involving activation of opioid 

receptors, whilst cold water swim SIA requiring activation of N-methyl-D-aspartate receptors 

(NMDARs) (Marek et al., 1992). Indeed, icv injection of NPFF decreases warm but not cold 

water swim SIA, reinforcing the view that NPFF actions oppose opioid-mediated behaviors (Li 

et al., 2012) (for further details see Section 4  Relation of non-opioid neuropeptide systems 

to opioid signaling). In rats exposed to water avoidance stress, blocking CRF1 in the 

anterolateral part of the BNST (alBNST) decreased an anxiety-like phenotype and mechanical 

pain thresholds (Tran et al., 2014). In the CeA, both sustained inhibition of CRF-expressing 

neurons, as well as ablation of CRF-expressing neurons projecting to the locus coeruleus (LC), 

restored forced swim-induced SIA and increased mechanical pain thresholds in a mouse 

model of neuropathic pain (Andreoli et al., 2017). Consistent with this, in another model of 

acute stress, CRF knockdown in CeA rescued decreased visceral and somatic pain thresholds 

after water avoidance stress or colonic distension (Johnson et al., 2015). 

OT and AVP also affect anxiety levels through modulation of amygdalar networks. Evoked 

endogenous OT release in the amygdala was sufficient to increase firing of CeL neurons 

(Knobloch et al., 2012), and AVP infusion enhanced neuronal activation in the CeA and BLA 

(Hernández et al., 2016) to produce a strong anxiety or anxiolysis, respectively (Knobloch et 

al., 2012). 

While acute stress is crucial for survival, chronic stress comprises a series of maladaptive 

changes, resulting from overstimulation of the HPA axis, that culminate in decreased quality-

of-life and increased propensity for developing stress-related disorders, such as generalized 

anxiety disorder (GAD), major depressive disorder (MDD), and post-traumatic stress disorder 



(PTSD). These disorders themselves influence pain thresholds and several pain syndromes 

affect stress responses. One example of the latter is irritable bowel syndrome, a painful 

disorder characterized by abdominal pain, altered defecation and stress-induced changes in 

intestinal motility (Nozu and Okumura, 2015). Both central and peripheral CRF receptors, 

particularly CRF1, have been investigated as potential therapeutic targets for treating this 

disorder, due not only to their anti-nociceptive actions, but to their effects on alleviation of 

anxiety symptoms (Nozu and Okumura, 2015; Taché, 2015). Because of the prominent role of 

CRF in initiating the stress response, CRF1 has been investigated as a potential target for the 

treatment of stress-related conditions. In a rat model of monoarthritis, blocking CRF1 in the LC 

alleviated pain-induced anxiety-like behaviors, but not pain itself (Borges et al., 2015). In the 

CeA, disruption of NMDAR GluN1 subunit expression in CRF-positive neurons enhanced 

acquisition and retention of auditory fear conditioning (Gafford et al., 2014). In this same 

structure, in a predator scent stress (PSS) model of PTSD, blocking CRF1 abolished a 

hyperalgesic phenotype (Itoga et al., 2016). Together, this evidence suggests CRF receptors 

are highly relevant targets for the treatment of stress-related disorders, including pain-induced 

stress conditions and stress-induced pain syndromes. 

NPS has also been the subject of considerable research examining its anxiolytic properties 

per se and in the context of painful conditions. In the early 2000s, NPS was first described as 

a neuropeptide that could increase wakefulness and suppress anxiety-like behaviors (Xu et 

al., 2004). More recently, it has been shown that icv administration of NPS dose-dependently 

produced panicolytic effects (Pulga et al., 2012), and that intranasal delivery of NPS reduced 

anxiety-like behaviors (Ionescu et al., 2012), and decreased pain sensation and anxiety levels 

in a rat model of arthritis (Medina et al., 2014). In a CCI model, NPS mRNA and peptide content 

were reduced in the amygdala, and these data are concomitant with an anxiety-like phenotype 

which could be reversed by icv administration of exogenous NPS (Zhang et al., 2014). 

Moreover, administration of NPS into the medial amygdala (MeA) produced anxiolysis (Grund 

and Neumann, 2018), and injection into the basolateral amygdala (BLA), alleviated stress 

responses in the PSS model of PTSD (Hagit et al., 2018). 



In other recent studies, GAL1 activation was shown to be involved in the decreased 

motivation associated with chronic pain (Schwartz et al., 2014). Notably, such decreased 

motivation is a common feature of depression, and alterations in the galaninergic system have 

been reported in rat models of depressive-like behavior (Wang et al., 2016), and in patients 

with major depressive disorder (Barde et al., 2016), thus linking the galanin/galanin receptor 

system to depression and pain interactions. Both GAL1 and GAL3 are likely to be involved in 

this comorbidity (add refs, esp. GAL3). 

Overall, experimental evidence supports the involvement of various non-opioid 

neuropeptide systems in multiple aspects of stress-related disorders. In addition, several of 

these neuropeptide-receptor systems may be excellent targets for new therapies for treatment 

of stress-related disorders and comorbid pain syndromes. 

 

3.2 Feeding and drinking 

The idea that food-seeking behavior and/or water balance/drinking share a common 

thread with pain is a new concept. In a recent study, food-deprived mice had decreased 

nocifensive responses to inflammatory pain, through NPY signaling from arcuate nucleus 

(ARC) agouti-related peptide (AgRP)-expressing neurons to NPY Y1 receptors in the PBN, in 

a process that did not require the co-transmitters, GABA and AgRP (Alhadeff et al., 2018). 

Indeed, other neuropeptide systems that are known to play a role in nociception, are also 

involved in food-seeking and drinking behavior. Neurotensin (NTS is a well-known anorectic 

peptide (Boules et al., 2013), and a population of NTS-containing lateral hypothalamus 

neurons was recently identified as being able to drive drinking independently of palatability, 

with delayed suppression of feeding (Kurt et al., 2018; Woodworth et al., 2017). Additionally, 

SST-expressing neurons of the tuberal nucleus that impinge on the BNST and PVN promote 

food-seeking behavior (Luo et al., 2018), in line with earlier findings supporting a role for SST 

and SST-expressing neurons in feeding as well as drinking (Stengel et al., 2015). Lastly, intra-

amygdalar injection of RFRP-3, an endogenous ligand for NPFFR2, dose-dependently 

decreased food intake in rats (Kovács et al., 2014). 



The aforementioned neuropeptide systems and brain areas/circuits have also been shown 

to influence nociceptive transmission. Whether similar neurons and mechanisms are involved 

in both nociception and feeding/drinking remains to be clarified, and the physiological or 

pathological conditions required to initiate interplay between these behaviors need to be 

established. 

 

3.3 Addiction  reward and motivation 

Addiction and chronic pain interact on two separate levels. Firstly, chronic pain is 

accompanied by changes in brain reward circuitry, resulting in both reward deficiency and anti-

reward behavior, which exacerbate pain intensity and chronicity (Borsook et al., 2016). 

Secondly, the continuous use of opioid drugs that activate reward pathways (see also Section 

4  Relation of non-opioid neuropeptide systems to opioid signaling) to treat long-term pain, 

promotes the establishment of drug abuse disorders. Thus, knowledge of how emerging 

therapies affect reward and motivation per se and under chronic pain conditions is highly 

relevant. 

Indeed, some neuropeptide systems that play a role in nociception have been linked to 

reward-seeking behaviors. It was recently shown that injections of morphine systemically and 

locally into the ventral tegmental area (VTA) increased release of SP in the VTA (Sandweiss 

et al., 2018). In turn, intra-VTA administration of SP or morphine increased dopamine (DA) 

release in the NAc via NK1 activation, suggesting SP- and morphine-mediated mechanisms 

for facilitating DA release within the NAc share common pathways (Sandweiss et al., 2018). 

Additionally, genetic ablation of NK1 in the VTA prevented expression of morphine-induced 

conditioned place preference (CPP). Similarly, icv administration of NPS also decreased 

morphine-induced CPP (Li et al., 2009b). In contrast, injection of orexin-A into the dentate 

gyrus facilitated acquisition, expression, and reinstatement of morphine-induced CPP (Guo et 

al., 2016). 

CRF has also been a major focus of similar studies that examined its effects on pain and 

reward-seeking behaviors. One such study demonstrated that CCI-induced neuropathic pain 



facilitated the expression of morphine-induced CPP through sustained activation of medial 

prefrontal cortex (mPFC) CRF-expressing neurons projecting to the NAc, and involved 

activation of CRF1 (Kai et al., 2018). Chemogenetic inhibition of mPFC CRF neurons and 

optogenetic activation of mPFC-NAc CRF neurons prevented the expression of morphine-

induced CPP in CCI mice, whereas optogenetic activation of this pathway in sham mice 

recapitulated the effects of CCI on morphine-induced CPP (Kai et al., 2018). Interestingly, none 

of these chemo- or optogenetic manipulations resulted in changes in pain thresholds, 

suggesting this pathway is specifically involved in reward-seeking behavior. Increased CRF 

and CRF1 mRNA in the CeA is associated with decreased thermal pain thresholds in nicotine-

dependent rats, which is reversed by systemic and local blockade of CRF1 (Baiamonte et al., 

2014). Systemic CRF1 blockade also alleviated hyperalgesia in ethanol-dependent rats 

(Edwards et al., 2012). 

Several non-opioid neuropeptides that influence reward-seeking in preclinical models of 

pain and addiction have been discussed in recent reviews, including SP (Muñoz and Coveñas, 

2014; Sandweiss and Vanderah, 2015), NPY (Thorsell and Mathé, 2017), orexin (Tsujino and 

Sakurai, 2013), and CRF (Zorrilla et al., 2014). This topic is highly prominent within the fields 

of pain and addiction research, and future studies should consider the interactions between 

pain and reward circuitry as key to the expression of nociception as well as conditioned 

behaviors. 

 

3.4 Sleep and wakefulness 

Interactions between sleep and pain have been the focus of several studies over many 

years [see (Lautenbacher et al., 2006) for a review]. More recently, in a large human cohort 

study, it was revealed that several key features of sleep, including efficiency, and the frequency 

and severity of insomnia, were associated with pain sensitivity (Sivertsen et al., 2015). 

Moreover, these investigators found a synergistic effect regarding reduced pain thresholds in 

patients reporting both insomnia and chronic pain (Sivertsen et al., 2015). Indeed, 

understanding the bidirectional relationship between sleep and pain is crucial. Despite this, the 



role individual neuropeptide systems play in coordinating sleep and pain remains largely 

unstudied. 

Thus, administration of the NPSR antagonist [D-Cys(tBu)5]NPS decreased wakefulness 

and increased time spent in non-rapid eye movement (REM) sleep, without affecting REM 

sleep (Oishi et al., 2014). Additionally, icv administration of NPS attenuated an REM sleep 

deprivation-induced anxiety-like phenotype (Xie et al., 2018). These studies provide important 

insights into how the NPS/NPSR system affects both sleep and sleep-related behavior 

changes, but their relation to nociception was outside the scope of these investigations. 

Nevertheless, demonstrating that the NPS/NPSR and other systems, such as orexin [see 

(Nevárez and de Lecea, 2018) for a review] and neuropeptide B (Dvorakova, 2018) and their 

cognate receptors, influence the sleep/wake cycle, supports the idea that specific 

activation/inhibition of these systems could produce alleviation of comorbid sleep and pain 

disorders. 

 

4. Relation of non-opioid neuropeptide systems to opioid signaling 

Opiate alkaloids isolated from the opium poppy Papaver somniferum have been used by 

humans for thousands of years. In 1975, the first report emerged of the presence in pig brain 

of two forms of enkephalin, an endogenous opioid, with potent agonist activity at opioid 

receptors (Hughes et al., 1975). This supported the idea that there was a ligand-receptor 

system that could be exploited for the purpose of controlling pain thresholds. 

Opioid peptides are important effectors of nociceptive signaling that act via µ- - -

opioid receptors (MOR, DOR, and KOR, respectively). Notably, morphine, an agonist for all 

three 

though it is a highly potent painkiller, its use is accompanied by deleterious side-effects that 

limit its long-term use. These range from constipation, nausea and vomiting to addiction, 

respiratory depression and even death (Schuckit, 2016). As such, a goal of preclinical research 

is to understand if and how emerging neuropeptide candidates for therapeutic development 

affect opioid signaling. 



Indeed, evidence for interactions between opioid and non-opioid neuropeptide systems 

has been obtained in studies of the molecular, cellular, and/or behavioral components of the 

nociceptive network. A notable group of non-opioid neuropeptides with opioid-modulating 

properties is the RF-amide family of peptides. NPFF opposes opioid-induced changes in 

several behaviors, decreasing reward-seeking, locomotor activity, feeding and drinking, 

intestinal motility and nociception, when co-administered in supraspinal structures [see 

(Moulédous et al., 2010) for a review], despite having low affinity for opioid receptors (Yang et 

al., 2008). Other members of the RF-amide peptide family, including RFRP-3, 26RFa, PrRP-

20, and Kp-10 have been shown to elicit NPFF receptor (NPFFR)-dependent hyperalgesia in 

the tail immersion test, with the latter two peptides partly reversing morphine analgesia via the 

same receptors (Elhabazi et al., 2013). Additionally, subcutaneous injection of an NPFFR 

antagonist potentiates the analgesic effects of morphine, and ameliorates naltrexone-

precipitated signs of withdrawal in morphine-dependent mice (Elhabazi et al., 2012), 

suggesting NPFFR blockade ameliorates the side-effects of long-term use of opioid 

analgesics. 

Other non-opioid neuropeptide systems interact with opioid peptide signaling. For 

example, the SST4 receptor forms a heterodimeric complex with the DOR in the cortex, 

striatum and spinal cord, and simultaneous activation of both receptors leads to decreased 

cAMP and PKA activation in a cooperative manner (Somvanshi and Kumar, 2014). At the 

behavioral level, co-administration of orexin-A and morphine into the medial preoptic area 

produced potentiated analgesia, suggesting a synergy between OX1R and opioid receptors 

(Emam et al., 2016). Similarly, central activation of the ghrelin receptor, GHSR1a, produced 

DOR- and KOR-dependent analgesia, and icv administration of morphine and GHSR1a 

agonist GHRP-2 produced synergistic analgesia (Zeng et al., 2014). In contrast, another study 

reported that ghrelin and GHSR1a agonists attenuate analgesia after i.p. injection of morphine 

(Zeng et al., 2013), indicating complex signaling phenomena underlie the interaction between 

opioid and ghrelin systems. 



Furthermore, pharmacological and behavioral evidence suggests a possible crosstalk 

between the oxytocinergic and endogenous opioidergic signaling systems to produce OT-

mediated analgesia. For example, after icv co-administration of naloxone and OT, the anti-

hyperalgesic effect of OT was blocked/occluded (Russo et al., 2012). Fourth ventricle co-

administration of opioid antagonists (naloxone, naloxonazine, nor-binaltorphimine and 

naltrindole) and OT demonstrate that OT may be involved in the supraspinal modulation of 

inflammatory pain through MOR and KOR, but not DOR. (Erfanparast et al., 2018; Russo et 

al., 2012). 

Nevertheless, activation of some non-opioid neuropeptide systems produces opioid-

independent analgesia. For example, icv administration of NPS produced analgesia even after 

co-administration of the OR antagonist naloxone (Li et al., 2009a). Furthermore, when initially 

tested for its anti-nociceptive properties, orexin-A produced thermal analgesia even after i.p. 

injection of naloxone (Bingham et al., 2001). 

Interestingly, heteromerization of GAL1 with MOR is reported to determine 

pharmacodynamic differences between opioid-like compounds, such as morphine and 

methadone, consistent with the less addictive opioid profile of methadone (Cai et al., 2019). 

Therefore, a novel strategy for analgesia could be the co-administration of GAL1 agonists with 

opioids to produce a decrease in the effective analgesic doses of opioids, while counteracting 

their euphorigenic effects (Cai et al., 2019). 

Regardless of any lack of demonstrated interaction of some non-opioid neuropeptide 

systems with opioid systems, studying the relationship of OR signaling and the analgesic, 

anxiolytic, addictive and other properties of all new therapies is of the utmost importance, as it 

allows identification of cross-talk between these systems, furthering progress in the 

identification and development of potential targets for improved pain therapy. 

 

5. Interactions between non-opioid neuropeptide systems 

As mentioned, although opioid drugs are potent painkillers, their use is accompanied by a 

plethora of undesired side-effects that limits their long-term use. Thus, there is an increased 



interest in the discovery of other molecules that produce analgesia in a clinical setting, with 

reduced side-effects. In this regard, researchers have examined how non-opioid 

neuropeptides, which share signaling pathways with ORs, work in tandem to fine-tune 

nociceptive responses. Understanding how interplay between systems modulates pain 

sensation has become key for the development of therapeutic strategies. 

It has been postulated that galanin receptor subtypes can form heteromers with each other 

and with other GPCRs, such as NPY Y1 and Y2 (Fuxe et al., 2012), thus expanding their 

signaling diversity. Indeed, the Y1-mediated increase in food intake was reduced by icv co-

administration of galanin (Parrado et al., 2007), whereas the mixed GALR agonist, GAL(1-15), 

increased binding affinity of radiolabeled agonists for Y2 but not Y1 (Díaz-Cabiale et al., 2010). 

In the spinal cord, SP and CGRP, together with the classical neurotransmitter, glutamate, 

help regulate nocifensive responses in the tonic phase of the formalin test (Rogoz et al., 2014). 

Glutamate and SP, and glutamate and CGRP, released from DRG primary afferent neurons, 

help mediate cold and heat sensation, respectively (Rogoz et al., 2014), suggesting 

interactions between individual neuropeptides and classical neurotransmitter systems are 

involved in maintaining normal pain thresholds. Additionally, in inflammatory pain conditions, 

SP release from primary afferents onto layer I neurons of the dorsal horn is decreased by 

intrathecal injection of [Leu31,Pro34]-NPY, via activation of Y1 receptors (Taylor et al., 2014). 

On the other hand, CGRP expression in the spinal cord and DRG, usually associated with 

increased pain sensation, was increased in a mouse model of NPFFR2 overexpression, or 

after administration of a NPFFR2 agonist (Lin et al., 2017a), reflecting actions of RF-amide 

family peptides beyond modulating opioid receptor activity. 

In the dorsolateral BNST (dlBNST), CRF-induced CPA is attenuated by co-administration 

of NPY in a Y1 and Y5 receptor-dependent manner (Ide et al., 2013). Similarly, ghrelin has 

been shown to depolarize AgRP/NPY neurons in the ARC by activation of its cognate receptor 

GHSR1a (Chen et al., 2017), and, as mentioned (Section 3.2  Feeding and drinking), NPY 

signaling from the ARC to the PBN mediates hunger-elicited pain hyposensitivity (Alhadeff et 



al., 2018). The former data may in part explain the latter findings, as ghrelin is released into 

the bloodstream to induce hunger (Sato et al., 2012). 

Interactions between different neuropeptide systems are of interest for understanding pain 

biology, as well as other related behaviors. In the PVN, which is densely innervated by 

pericoerulear NPS-containing fibers, silencing of PVN OT-positive neurons blocks anxiolytic 

actions of icv administered NPS (Grund et al., 2017), and these neurons have also been shown 

to play a role in nociception (Eliava et al., 2016). Also, activation of NPFFR2 in the PVN 

increased serum corticosteroids in a CRFR-dependent manner, leading to cell activation, and 

increasing anxiety-like behaviors (Lin et al., 2017b). Additionally, in a model of PTSD, the 

anxiolytic effects of NPS administration into the BLA were dependent upon activation of NPY 

Y1 receptor (Hagit et al., 2018). 

From a general biological viewpoint, neural circuits are interconnected to ensure 

homeostasis and survival and no single manipulation of any particular central receptor system 

results in an isolated effect. Therefore, gaining insight into how different signaling components 

are linked and function together is of the utmost importance. 

 

6. Interspecies differences and sexual dimorphism of non-opioid neuropeptide 
systems 

Despite the development of numerous molecules targeting candidate non-opioid 

neuropeptide systems for the management of pain (Pérez de Vega et al., 2018), few reach the 

clinical trial stage and even fewer prove useful in the clinical setting. Two major issues hinder 

the transition of candidate drugs to viable pharmacological treatments. 

Firstly, preclinical studies for ethical reasons usually resort to the use of non-human 

mammals to explore how manipulations of neuropeptide systems influence nociception, to 

measure pain behaviors or estimate nociceptive thresholds in intact organisms. The difficulty 

is then determining how different species, especially humans, react to the same manipulations. 

Thus, reports often emerge of findings that differ from previous studies, and these differences 

are attributed to  



In a review of evidence concerning the effects of NTS receptor agonists on a variety of 

analgesic efficacy of NTS analogues varies with their selectivity for NTS1 and NTS2, the pain 

-based point, and is likely true 

for other non-opioid neuropeptide systems. For example, one study reported that 

pharmacological activation of NPFFR2 or inhibition of NPFFR1 produced analgesia in 

Sprague-Dawley (SD) rats (Lameh et al., 2010), while another study using Kunming mice 

reported no changes in nociception after activation or blockade of these receptors (Fang et al., 

2011). Additionally, other members of the RF-amide peptide family, such as RFRP-3, Kp-10, 

PrRP-20, and 26 RFa, have been shown to induce NPFFR-mediated hyperalgesia in C57Bl6/N 

mice in the tail-immersion test (Elhabazi et al., 2013). While these studies employed different 

compounds and routes of administration (i.e., Lameh and colleagues tested i.p. delivery of 

non-peptidomimetic analogues that cross the blood-brain barrier (BBB), whereas Fang and 

colleagues, and Elhabazi and colleagues, administered peptidergic compounds icv), it is 

noteworthy that the expression profile of NPFFR1 and NPFFR2 varies among rodent species 

(Gouardères et al., 2004), which may partly explain the observed differences. 

Moreover, in a model of pristane-induced arthritis, intraplantar administration of the SST 

analogue, octreotide, produced mechanical analgesia, and decreased C-fiber firing in DA, but 

not DA.1U rats (Yao et al., 2016); and these strains previously displayed different levels of pain 

sensitivity (Guo et al., 2015). The major genetic difference between these strains is the 

presence of different alleles for the major histocompatibility complex (MHC) (Stevenson et al., 

1997), and yet they present clearly distinct responses to nociceptive stimulation. As such, it is 

predictable that more evolutionarily distinct species will display more major differences. 

Another aspect that limits the validation of therapeutic targets suitable for use in the clinical 

setting is that most preclinical studies use male and not female subjects. Differences in 

nociception between the sexes are well documented, and of great interest, as the underlying 

mechanisms are still poorly understood (Mogil and Bailey, 2010). For example, migraine 

affects more women than men (Bigal and Lipton, 2009), but little is known about this 



phenomenon. Additionally, the variability of pain thresholds in females during the oestrus cycle, 

which leads to changes in circulating hormone levels, adds a layer of complexity and difficulty 

to study design. Notwithstanding, there are reports that document differences and similarities 

between males and females when a neuropeptide system is activated and/or inhibited. 

For example, male and female VIP-/- mice display increased microglial activation in the 

dorsal horn of the spinal cord and decreased bilateral paw withdrawal thresholds following 

unilateral spared nerve injury (SNI) (Gallo et al., 2017). Additionally, these mice develop 

bilateral sensitization after hindpaw incision, which persists for longer than unilateral 

sensitization observed in VIP+/+ mice (Gallo et al., 2017). This evidence suggests VIP plays a 

role in lateralization and chronification of pain and exemplifies similar responses of males and 

females to identical manipulations. 

In contrast, analysis of nocifensive behaviors in the formalin test revealed differences 

between male and female NTS1-/- mice in their dose-response relationships after morphine 

administration (Roussy et al., 2010), suggesting there is sexual dimorphism in the functional 

interaction of the neurotensinergic and opioidergic systems. In the tonic phase of the formalin 

test, SP release in layer III/IV and V/VI neurons of the dorsal horn of the spinal cord, measured 

as NK1 internalization, was higher in female than male rats (Nazarian et al., 2014). In the same 

study, ovariectomy reduced SP release, which was reinstated by administration of estradiol in 

ovariectomized rats, and gonadectomized male and female rats had similar levels of SP 

release after formalin injection (Nazarian et al., 2014). Furthermore, injection of the SST 

analogue, octreotide, in the ventrolateral orbital cortex inhibited the tail-flick reflex and formalin-

induced nocifensive behaviors in female, but not male rats (Qu et al., 2015). This supports the 

idea that males and females respond differently to pain, and specifically following 

manipulations of non-opioid neuropeptide systems. 

Indeed, while some studies report that OT can exert its analgesic action in both females 

(Eliava et al., 2016), and males (González-Hernández et al., 2019; Juif et al., 2013; Juif and 

Poisbeau, 2013), others report a male-specific action of these peptides (Chow et al., 2018). In 



contrast, human data suggest a female-specific analgesia induced by OT (Tracy et al., 2017) 

and AVP (Colloca et al., 2016). 

Moreover, the expression of other behaviors that can affect pain thresholds, such as 

anxiety, can differ between males and females. For example, the maternal separation (MS) 

model of anxiety was not associated with changes in anxiety-like behaviors in male mice (Tan 

et al., 2017), while it produced changes in anxiety-like behaviors in the same strain of female 

mice (Pierce et al., 2014). Additionally, females subject to MS displayed vaginal 

hypersensitivity (Pierce et al., 2014), a clear example of how anxiety and pain are connected 

and are differentially modulated in males and females. 

These lines of evidence highlight the need for preclinical studies to consider the use of 

different species, albeit while the need to replace animals with simpler models remains an 

imperative. Furthermore, expanding the scope of studies to include females will allow research 

to more easily identify biased and non-biased targets for pain management. 

 

7. Development of pharmacological tools 

The ultimate goal of experimental investigations into the biology of non-opioid 

neuropeptide signaling is to develop new therapeutic options for short- and long-term pain 

management. These treatments should preferably dampen nociceptive signaling and the 

expression of comorbid conditions, be safe for clinical use (reduced toxicity), have limited side-

effects, and be suitable for simple administration, with a reduced frequency of administration 

required to achieve therapeutic concentrations, reflecting good pharmacokinetic and 

pharmacodynamic profiles. 

In this regard, studies of non-opioid neuropeptide systems have led to the development of 

specific ligands and small molecule agonists/antagonists, some of which can cross the BBB. 

Recently, Elhabazi and colleagues (2017) demonstrated in rats that oral administration of 

RF313, a NPFFR antagonist first identified in 2015 (Bihel et al., 2015), potentiated morphine 

analgesia, whilst attenuating opioid-induced hyperalgesia (OIH) and tolerance. Demeule and 

co-workers (2014) combined the brain-penetrant properties of Angiopep-2 (An2) with NTS to 



develop the conjugate ANG2002, which they administered peripherally to produce analgesia 

in models of inflammatory, neuropathic, and bone cancer pain. Additionally, like NTS, this 

compound proved to be more potent than morphine at equimolar doses. Another study of the 

signaling properties of NK1 revealed that NK1 internalization into endosomes is required for 

sustained activation of dorsal horn lamina I neurons, and expression of allodynia and 

nocifensive behaviors in inflammatory pain conditions (Jensen et al., 2017). In this study, the 

authors reported that conjugation of the NK1 antagonist, spantide I (Span), with cholesterol 

(Chol) dampened endosomal NK1 signaling and produced analgesia in mice. Furthermore, 

Span-Chol was stable in human cerebrospinal fluid (CSF). In a separate study, the same group 

investigated the ability of the conjugate, CGRP8-37-Chol, to limit CGRPR signaling in 

endosomes, and reported that intrathecal injection of this hybrid antagonist alleviated 

mechanical allodynia in capsaicin-, formalin-, and CFA- models of inflammatory pain (Yarwood 

et al., 2017). 

CGRP monoclonal antibodies and CGRPR antagonists have been particularly successful 

in the treatment of various headache syndromes (Iyengar et al., 2016). CGRP is a known 

modulator of trigeminal pain, a key component of migraine, and antibodies against the peptide 

or its receptor are likely to act at this peripheral level, since their high molecular weight hinders 

BBB penetration (Edvinsson et al., 2018; Holland et al., 2018; Iyengar et al., 2016). 

Efforts have also been made to combine the analgesic properties of opioids with those of 

other neuropeptides. The opioid-NTS hybrid peptide PK20, as well as its metabolite PK20M, 

has been shown to produce thermal analgesia when administered both centrally and 

peripherally (Kleczkowska et al., 2013, 2010). Other studies assessed the analgesic properties 

of OR agonist/NK1 antagonist compounds in the CCI model of neuropathic pain after 

intrathecal administration (Guillemyn et al., 2015; Starnowska et al., 2017). Yamamoto and 

colleagues first described TY032, a DOR and MOR receptor agonist and NK1 antagonist 

(Yamamoto et al., 2011) and later used it to produce analgesia in a neuropathic pain model, 

without inducing CPP (Sandweiss et al., 2018). The latter observation is relevant to modern 

drug development when considering the use of opioid/non-opioid neuropeptide hybrids, as 



currently used opioids have addictive properties and produce CPP in preclinical animal 

models. In line with this, the CRF1 antagonist, E2508, was shown to alleviate visceral pain and 

reduce restraint stress-induced defecation without altering basal bowel patterns (Taguchi et 

al., 2017). 

Thus, the value of understanding how new compounds affect both pain and related 

behaviors is not to be underestimated. As research in the field progresses, the focus is 

-

at the center of a network of intertwined behaviors and comorbid disorders. 

Finally, the reader is referred to reviews on recent progress in the development of new 

treatments targeting non-opioid neuropeptide systems (Pérez de Vega et al., 2018), 

particularly SP (Hallberg and Sandstrom, 2018; Muñoz and Coveñas, 2014) and CRF (Zorrilla 

and Koob, 2010), as well as studies of novel ligands for the bradykinin receptor 2 (BK2) 

(Deekonda et al., 2015; Lee et al., 2014, 2015). 

 

8. Conclusions 

As only a small number of peptide receptors are currently targeted for therapeutic 

purposes in general and a high percentage of FDA-approved drugs target opioid receptors, 

further research is urgently required. 

Historically, class-A peptide GPCRs have been studied and pharmacologically targeted, 

as if they were small molecule-activated GPCRs (i.e. monoamine receptors). As a result, only 

94 of the 440 approved drugs that target class A GPCRs, target peptide GPCRs (21%) and 

nearly half of these drugs target opioid receptors (43% of peptide-GPCR targeting drugs; This, 

together with the fact that the majority of peptide GPCRs remain without selective drugs for 

their activation and/or inhibition, highlights the need for further research and innovation in this 

field, and specifically in relation to non-opioid drugs to treat acute and chronic pain.  
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s via la 

modulation de circuit neuronaux de différentes structures cérébrales. De récentes études ont mis en avant la 

, comme la peur, 

. La libération de ce peptide dans le système nerveux central est réalisée de manière 

des 

synapses est entourée par des astrocytes, formant la synapse tripartite et faisant des astrocytes des acteurs 

indispensables pour la modulation de activité neuronale. Lors de ce travail de thèse, nous avons pu mettre en 

évidence  induit une réponse astrocytaire à même de moduler 

les circuits neuronaux inhibiteurs et in fine les comportements amygdale-dépendant. Ainsi, ce travail renforce le 

rôle indispensable des astrocytes dans la modulation synaptique, au travers la démonstration de leur sensibilité à 

.  

The oxytocin is a neuropeptide involved in the modulation of several social and emotional behavior by 

modulating neural circuitry in different brain structures. Recent studies have highlighted the ability of this 

neuropeptide to modulate the amygdala circuit and its associated behavior, such as fear, anxiety, and pain. The 

release of this peptide in the central nervous system is carried out not only synaptically but also, and this is the 

case for the amygdala, via microvolumic transmission. Most synapses are surrounded by astrocytes, forming the 

tripartite synapse and making astrocytes essential players for the modulation of neuronal activity. During this 

thesis work, we were able to demonstrate that within the amygdala, the release of oxytocin induces an astrocytic 

response capable of modulating inhibitory neural circuits and ultimately amygdala-dependent behavior. Thus, 

this work reinforces the essential role of astrocytes in synaptic modulation, through the demonstration of their 

sensitivity to a neuropeptide, the oxytocin.    

Key words: Oxytocin, Pain, Anxiety, Comfort, Astrocytes, Amygdala. 

  


