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            Abstract
Oxytocin (OT) orchestrates social and emotional behaviors through modulation of neural circuits. In the central amygdala, the release of OT modulates inhibitory circuits and, thereby, suppresses fear responses and decreases anxiety levels. Using astrocyte-specific gain and loss of function and pharmacological approaches, we demonstrate that a morphologically distinct subpopulation of astrocytes expresses OT receptors and mediates anxiolytic and positive reinforcement effects of OT in the central amygdala of mice and rats. The involvement of astrocytes in OT signaling challenges the long-held dogma that OT acts exclusively on neurons and highlights astrocytes as essential components for modulation of emotional states under normal and chronic pain conditions.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more


Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Specific CeL astrocytes express OTRs.[image: ]


Fig. 2: Astrocytic OTR activation evokes calcium transients in CeL astrocytes of rats and mice.[image: ]


Fig. 3: OTR-expressing CeL astrocytes are positioned to recruit a CeL astrocyte network through gap junction.[image: ]


Fig. 4: CeL astrocyte activity promotes excitatory transmission into CeL neurons.[image: ]


Fig. 5: CeL astrocyte activity promotes CeL neuron firing.[image: ]


Fig. 6: Astrocyte-driven CeL neuron activity modifies amygdala output.[image: ]


Fig. 7: CeL astrocytes modulate CeA behavioral correlates of comfort and are required for their OTR-mediated modulation.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Adrenergic signalling to astrocytes in anterior cingulate cortex contributes to pain-related aversive memory in rats
                                        
                                    

                                    
                                        Article
                                         Open access
                                         05 January 2023
                                    

                                

                                Zafar Iqbal, Zhuogui Lei, … Ying Li

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Histamine H1 receptor on astrocytes and neurons controls distinct aspects of mouse behaviour
                                        
                                    

                                    
                                        Article
                                         Open access
                                         11 November 2019
                                    

                                

                                Anikó Kárpáti, Takeo Yoshikawa, … Kazuhiko Yanai

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Oxytocin via oxytocin receptor excites neurons in the endopiriform nucleus of juvenile mice
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 July 2022
                                    

                                

                                Lindsey M. Biggs & Elizabeth A. D. Hammock

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data and code availability

              
              Python code (used for ex vivo calcium imaging data analysis) can be found in Supplementary Software. All data that support the findings of this study are available from the corresponding authors upon reasonable request.
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Extended data

Extended Data Fig. 1 Validation of OTR expression in CeL astrocytes using several astrocytic markers.
a, Combination of FISH and IHC showing co-localization of GS (top left), NeuN (bottom left) and both markers (right) with OTR mRNA in rats. Scale bars are 100µm and 10µm. (n rats = 5, n slices = 20, n astrocytes = 1354, n neurons = 1254). b, proportion of OTR positive astrocytes and neurons in mice. n astrocytes = 897; n neurons = 688; n rats = 4 c, (top left) FISH overview for OTR mRNA (green), counterstained with polyclonal anti-ALDH1L1 antibody (red) in CeA. (bottom left) High magnification image of cells positive for both OTR mRNA and ALDH1L1 (double arrows); green arrows point OTR mRNA-positive cells; red arrows point ALDH1L1-positive cells. Scale bars: 400 (Top) and 50µm (Bottom). (Right) Quantification of ALDH1L1-positive cells positive for OTR mRNA. n astrocytes = 450; n rats = 4. d, RNAscope in situ hybridization showing GFAP (red) and OTR (green) expressing cells in mice CeA. Merged images include DAPI stain (blue); n = 3. (Bottom) Negative control probe targeting the bacterial gene DapB; n = 3. Scale bar is 10μm. st: stria terminalis. Data are expressed as mean across slices plus SEM and white circles represent individual cell data. (Statistics and numbers in Supplementary Table 1).


Extended Data Fig. 2 Validation of astrocyte-specific approaches.
a, (left) C1V1-mCherry (OxyOpto) expressing oxytocin neuron of the PVN. Scale bar is 20µm; n = 11. (right) Schematic representation of the whole cell patch clamp of the OxytOpto-expressing cells of the PVN. b, (left) λ542nm light exposure (yellow line) induce a depolarizing current, (right) enabling precise spiking of OxytOpto-expressing cells. c, Typical confocal image of CeL astrocytes co-labeled with SR101 and OGB1; n = 46. Scale bar 20μm. d, (left) Pseudo-color pictures of an SR101 positive cell identified as an astrocyte compared to neurons identified under oblique infrared light, Scale bar 10μm. (Middle) Electrophysiological properties of patched SR101+ (red, n = 82) and SR101- cells (grey, n = 20). Medians, quartiles and whiskers can be found in Supplementary Table 2. (Right) Typical responses to 20pA current steps of a SR101+ (red) and a SR101- cells (black). e, CeL SR101 positive cell filled with biocytin through whole cell patch-clamp (green) lacks NeuN signal (Blue); n = 3. Scale bar 50 μm. f, Illustration of calcium imaging data analysis method. (left) Fluorescence traces were splited into a “baseline” and a “post-stimulation” trace. Calcium transients were detected according to a prominence threshold and their frequency was quantified before and after the drug application. All data were averaged across astrocytes per slice, and this results was used as statistical unit. All data were compared (before vs. after drug application) and the results were expressed in ratio (baseline/drug effect), a ratio of 1 meaning neither an increase nor a decrease of the measured parameter. ns = 7, na = 36. g, (top left) Immunohistochemical staining for glutamine synthase (GS; blue), Cre-GFP (green) and Cre recombinase (red). (bottom left) Overview of the CeA, displaying correct viral targeting of the CeL subdivision. (right) Quantification of efficiency and specificity of the transduction. Efficiency: Over 1001 GS positive cells, 561 were also GFP positive, indicating an efficiency of 56±4.9%. Specificity: we counted a total of n = 977 GFP-positive cells, 940 of which were positive for GS (96.2±2.1%). None of the GFP or Cre signals were detected in NeuN positive cells (0 out of n = 850, 4 mice, not shown). Finally, 99.82 ± 0.2% of GS-positive astrocytes containing GFP signal were Cre-positive (n = 1001). n mice = 4. Scale bars: 400 (Bottom) and 20µm (Top). h, Immunohistochemical analysis of OTR expression in NeuN-positive cells of the CeL revealed no difference in OTR levels between control and GFAP-Cre injected animals; 85.0 ± 1.6% (n = 688, n = 4 mice) and 86.7 ± 1.6% (n = 660, n = 4 mice) respectively. Scale bars: 20µm. Data in f-h are expressed as mean across slices plus SEM and white circles represent individual cell data. ***p < 0.001, two-sided Mann-Whitney U test. (Statistics and numbers in Supplementary Table 2).


Extended Data Fig. 3 Astro-astrocytic communication in the CeL do not depends on purinergic nor NMDAR-dependent signalling.
a, Illustration of the 3D reconstruction and the quantification of the number of contact between astrocytes. (left) Pictures of the raw fluorescence obtained after anti-GFAP immunohistochemistry, (middle) based on this staining, we performed a 3D reconstruction of astrocytes and (right) evaluate the number of astrocyte-astrocyte contact using the given formula. With n = upper limit of summation, i = index of summation, xi = typical element (that is astrocytic contacts with 1µm or less proximity). With this approach, we quantified all astrocyte contacts without discrimination between individual astrocyte entities. b, (left) Typical ΔF traces following TGOT+TTX application in presence of PPADS (50 µM) + Suramin (75 µM) + A438079 (1 µM). (right) Proportion of responding astrocytes, AUC of ΔF traces and Ca2+ transients frequency normalized to baseline values following application of TGOT+TTX (0.4 μM) in presence of PPADS (50 µM) + Suramin (75 µM) + A438079 (1 µM) (ns = 10, na = 112). c, (left) Typical ΔF traces following TGOT+TTX application in presence of CPT (5 µM) or SCH 58261 (100 nM). (right) Proportion of responding astrocytes, AUC of ΔF traces and Ca2+ transients frequency normalized to baseline values following application of TGOT+TTX (0.4 μM) in presence of CPT (ns = 7, na = 22) or SCH (ns = 8, na = 32). d, (left) Typical ΔF traces following TGOT+TTX application in presence of AP5 (50 µM). (right) Proportion of responding astrocytes, AUC of ΔF traces and Ca2+ transients frequency normalized to baseline values following application of TGOT+TTX (0.4 μM) in presence of AP5 (ns = 6, na = 55). Data are expressed as mean across slices plus SEM and white circles represent individual cell data. White circles indicate average across astrocytes per slice. (Statistics and numbers in Supplementary Table 3).


Extended Data Fig. 4 Specific optogenetic stimulation of CeL astrocytes elicit calcium transients in a Ca2+-dependent manner.
a, (left) Immunohistochemistry image shows CeL cells transfected with rAAV-Gfap-C1V1(t/t)-mCherry (AstrOpto) with co-labeling for ALDH1L1. White arrow shows one cell expanded in insets. Scale bars are 25 and 10 µm (insets). (right) Quantification of the efficiency and specificity of transduction of C1V1 in CeL astrocytes. PGFAP- C1V1-mCherry rAAV vector was injected into rat CeA (bilaterally, 200nl). Specificity: Over 1090 mCherry-positive cells, 98.8±0.7% were positive for ALDH1L1. None of the analyzed cells were positive for NeuN. Efficiency: Over 1090 ALDH1L1 positive cells, 62.3±3.5% were also mCherry positive. n = 4 rats. b, (left) Typical ΔF traces following AstrOpto activation. λ542nm (1s @ 0.5Hz during 3 minutes) with (top 3 traces) or without (bottom 3 traces) extracellular calcium. (right) Proportion of responding astrocytes, AUC of ΔF traces and Ca2+ transients frequency normalized to baseline values following AstrOpto stimulation with (ns = 12, na = 49) or without Ca2+ in the ACSF (ns = 12, na = 53). Data are expressed as mean across slices plus SEM. White circles indicate average across astrocytes per slice. **p<0.01, ***p<0.001, two-sided Mann-Whitney U test. (Statistics and numbers in Supplementary Table 4).


Extended Data Fig. 5 Astro-neuronal communication depends on NMDAR but not purinergic transmission.
Figure 5. a, DAAO (0.15 IU/ml, incubation time > 1h30; n = 7) and AP5 (50 µM; n = 6) prevent the effect of photoactivation of astrocytes (AstrOpto) on IPSC frequency in CeM neurons. b, Two consecutive TGOT application effects on IPSCs frequencies in CeM neurons after DAAO (0.15 U/ml, incubation time > 1h30) followed by D-Serine (20 min, 100 μM) incubation of the same cells (n = 7). c, dOVT (1 µM; n = 6) prevents the effect of TGOT on IPSCs frequencies in CeM neurons. d, Effect of double (20 min apart) application of TGOT on IPSCs frequencies in CeM (0.4 µM n = 7). e, Effect of DCKA (10 µM, n = 15) and DNQX (25 µM; n = 10) on TGOT-induced increase in IPSC frequency in CeM neurons. f, Purinergic antagonists do not prevent TGOT effect on IPSC frequency in CeM neurons. PPADS (50 µM; n = 9), CPT (5 µM; n = 11), SCH (100 nM; n = 10). Data are expressed as averages plus SEM and white circles represent individual cell data. #p < 0.05, ##p < 0.01, ###p < 0.001, Friedman and Dunn’s Multiple comparisons, **p < 0.01, ***p < 0.001, two-sided unpaired t-test or Mann-Whitney U test. (Statistics and numbers in Supplementary Table 5).


Extended Data Fig. 6 SNI procedure does not modify the effect of OTR activation on CeL microcircuit activity.
a, 30 days post surgeries time course of mechanical pain threshold evolution across sham (n = 23) and SNI (n = 22) rats. Data are expressed as mean across animals plus SEM. b, (left) Typical ΔF traces following TGOT+TTX application in SNI rats. (right) Proportion of responding astrocytes, AUC of ΔF traces and Ca2+ transients frequency normalized to baseline values following application of TGOT+TTX (0.4 μM) in sham (ns = 16, na = 74) or SNI (ns = 18 et na = 136) rats. Data are expressed as mean across slices plus SEM. White circles indicate average across astrocytes per slice. c, TGOT effect on CeM neurons IPSCs frequencies is unchanged between Sham (n = 9) or SNI (n = 9) rats. Data are expressed as average plus SEM and white circles represent individual cell data. d, Two consecutive TGOT application effects on IPSCs frequencies in CeM neurons after DAAO (0.15 U/ml, incubation time > 1h30) followed by D-Serine (20 min, 100 μM) incubation of the same cells from acute brain slices of SNI animals (n = 11). Data are expressed as averages plus SEM and white circles represent individual cell data. e, Verification of cannulae implantation sites. (left) Schematic representation of the stereotaxic injection viewed in a coronal slice; n rats = 67, n mice = 52. (middle, right) Infrared and fluorescence microscopy picture showing the injection site of fluorescent latex beads in the CeL on horizontal slices. Scale is 1mm. ** p<0.01, *** P<0.001, two-sided paired t-test or Wilcoxon test, #p<0.05 Friedman test followed by Dunn’s multiple comparison. (Statistics and numbers in Supplementary Table 6).


Extended Data Fig. 7 Effects of CeL astrocytes and OTR activities manipulations on locomotion and contralateral hindpaw sensitivity.
a,e, Experimental strategy for the specific expression of C1V1 in mice CeL astrocytes (a, AstrOpto) or the specific deletion of OTRs in mice CeL astrocytes (e, GFAP OTR KO). The treatments applied are color coded as the legend key indicate. Control indicate a vehicle injection. b,f, Mechanical pain threshold was assessed on the non-injured paw of SNI (bottom, gray box) and its equivalent in Sham (top) groups. TGOT or its vehicle, or astrocytes light-evoked activation of C1V1, were administered in the CeL and mechanical pain threshold assessed again at different time points. Rats (n): Sham control n = 12, TGOT n = 10, C1V1 n = 6; SNI control n = 12, TGOT n = 10, C1V1, n = 9. Mice (n): Sham WT n = 6, OTR cKO n = 8; SNI WT n = 5, OTR cKO n = 13. c,g, Locomotion was assessed through measurement of the distance travelled during the length of the elevated plus maze experiment, after administration of the different treatments. Rats (n): Sham control n = 10, TGOT n = 8, C1V1 n = 9; SNI control n = 20, TGOT n = 9, C1V1, n = 7. Mice (n): Sham WT Veh n = 7, WT TGOT n = 6; Sham OTR cKO Veh n = 5, OTR cKO TGOT n = 7; SNI WT Veh n = 7, WT TGOT n = 8; SNI OTR cKO Veh n = 5, OTR cKO TGOT n = 7. d,h, Locomotion was assessed through measurement of the distance travelled during the time of the conditioned place preference experiment, after administration of the different treatments. Rats (n): Sham control n = 13, TGOT n = 6, C1V1 n = 5; SNI control n = 10, TGOT n = 8, C1V1, n = 8. Mice (n): Sham WT Veh n = 5, WT TGOT n = 8; Sham OTR cKO Veh n = 5, OTR cKO TGOT n = 4; SNI WT Veh n = 5, WT TGOT n = 5; SNI OTR cKO Veh n = 4, OTR cKO TGOT n = 6. Data are expressed as mean across animals plus SEM. (Animals number and Statistics in Supplementary Table 7).





Supplementary information
Reporting Summary

Supplementary Tables
Tables 1–7: Numerical values and statistical analysis of data presented in Figs.1–7 and Extended Data Figs. 1–7. Table 8: List of reagents used in this study


Supplementary Software
Calcium imaging analysis using Python code





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Wahis, J., Baudon, A., Althammer, F. et al. Astrocytes mediate the effect of oxytocin in the central amygdala on neuronal activity and affective states in rodents.
                    Nat Neurosci 24, 529–541 (2021). https://doi.org/10.1038/s41593-021-00800-0
Download citation
	Received: 28 January 2020

	Accepted: 13 January 2021

	Published: 15 February 2021

	Issue Date: April 2021

	DOI: https://doi.org/10.1038/s41593-021-00800-0


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        A conceptual framework for astrocyte function
                                    
                                

                            
                                
                                    	Ciaran Murphy-Royal
	ShiNung Ching
	Thomas Papouin


                                
                                Nature Neuroscience (2023)

                            
	
                            
                                
                                    
                                        Detection, processing and reinforcement of social cues: regulation by the oxytocin system
                                    
                                

                            
                                
                                    	Rohit Menon
	Inga D. Neumann


                                
                                Nature Reviews Neuroscience (2023)

                            
	
                            
                                
                                    
                                        Astrocytes in Chronic Pain: Cellular and Molecular Mechanisms
                                    
                                

                            
                                
                                    	Huan-Jun Lu
	Yong-Jing Gao


                                
                                Neuroscience Bulletin (2023)

                            
	
                            
                                
                                    
                                        Oxytocin Receptor Expression in Hair Follicle Stem Cells: A Promising Model for Biological and Therapeutic Discovery in Neuropsychiatric Disorders
                                    
                                

                            
                                
                                    	Sareh Pandamooz
	Mohammad Saied Salehi
	Inga D. Neumann


                                
                                Stem Cell Reviews and Reports (2023)

                            
	
                            
                                
                                    
                                        An analgesic pathway from parvocellular oxytocin neurons to the periaqueductal gray in rats
                                    
                                

                            
                                
                                    	Mai Iwasaki
	Arthur Lefevre
	Alexandre Charlet


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Neuroscience (Nat Neurosci)
                
                
    
    
        ISSN 1546-1726 (online)
    
    


                
    
    
        ISSN 1097-6256 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
