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What is the purpose of aggression?

Food

Mating partners

Habitats

Stable dominance hierarchies (among social animals)
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The history of Drosophila aggression study

Geographic Variation in the Territorial Success of
Drosophila melanogaster Males

Ary A. Hoffmann'

Pest & Envurori’mén :
Adaptation Researchgoup\.

Alfred Henry Sturtevant

(1891 —1970) Ary Hoffmann Edward Kravitz



Caltech

David Anderson .

<
/|

A common genetic target for environmental and
heritable influences on aggressiveness in Drosophila

Liming Wang*, Heiko Dankert*", Pietro Perona', and David J. Anderson**$

*Division of Biology 216-76 and "Engineering and Applied Sciences 136-93 and *Howard Hughes Medical Institute, California Institute of Technology,

Pasadena, CA 91125

This contribution is part of the special series of Inaugural Articles by members of the National Academy of Sciences elected on May 1, 2007.

Contributed by David J. Anderson, February 11, 2008 (sent for review November 12, 2007)

The behavior of five pairs was video-
captured for 20 min and analyzed
manually, by counting the number of
lunges in each arena.
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Werner Heisenberg

Theoretical Physicist

Werner Karl Heisenberg was a German theoretical physicist and one of the
key pioneers of quantum mechanics. He published his work in 1925in a
breakthrough paper. In the subsequent series of papers with Max Born and
Pascual Jordan, during the same year, this matrix formulation of quantum
mechanics was substantially elaborated. He is known for the uncertainty
principle, which he published in 1927. Heisenberg was awarded the 1932
Nobel Prize in Physics “for the creation of quantum mechanics™.

W Wwikipedia

Lived: Dec 05, 1901 - Feb 01, 1976 (age 74)

Spouse: Elisabeth Heisenberg (m. 1937)

Academic advisors: Max Born - Arnold Sommerfeld - Niels Bohr
Awards: Nobel Prize in Physics (1932) - Max Planck Medal (1933)

Education: Ludwig Maximilian University of Munich (1920 - 1923)
University of Géttingen

Children: Barbara Heisenberg (Daughter) - Martin Heisenberg (Son)
Jochen Heisenberg (Son) - Maria Heisenberg (Daughter) +

Martin Heisenberg

B Martin Heisenberg is a German neurcbiclogist and

{ geneticist. Before his retirement in 2008, he held the
professorial chair for genetics and neurobiology at the
Bio Centre of the University of Wirzburg. Since then,
he continues his research with a senior professorship
at the Rudolf Virchow Center of the University of
Wiirzburg. Heisenberg studied chemistry and molecular biclegy in Munich,
Tibingen and Pasadena. In 1975 he became Professor of genetics and
neurobiology at the University of Wirzburg. Heisenberg’s work has focused
on the neurogenetics of Drosophila, with the aim of investigating the
genetic foundations of the Drosophila brain by studying the effect of
genetic mutations on brain function. In addition, Heisenberg contributed a
number of essays on the topics of science in society, perception, as well as
the question of the freedom of the will. He was elected as a member of the
Leopoldina in 1989,

\Hﬂ Wikipedia

Born: Aug 07, 1940 (age 80) - Munich, Germany

Spouse: Apollonia Grafin zu Eulenburg

Parents: Werner Heisenberg (Father) - Elisabeth Heisenberg (Mother)

Siblings: Jochen Heisenberg (Brother) - Barbara Heisenberg (Sister) -
Maria Heisenberg (Sister) - Wolfgang Heisenberg (Brother) +

Children: Benjamin Heisenberg (Son)

Education: University of Tubingen

B See all images

Benjamin Heisenberg

German Film Director

Benjamin Heisenberg is a German film director and screenwriter. He has
directed sixteen films since 1995. His film Schiafer was screened in the Un
Certain Regard section at the 2005 Cannes Film Festival. His 2010 film,
The Robber, was nominated for the Golden Bear at the 60th Berlin
International Film Festival. He is also the grandson of Nobel Prize winning
physicist Werner Heisenberg via father Martin Heisenberg. He is co-editor
and co-publisher of the German film magazine Revolver.

Wikipedia IMDb

Born: Jun 09, 1974 (age 46) - Tubingen, Germany

Parents: Martin Heisenberg (Father) - Apollonia Grafin zu Eulenburg
(Mother)

Education: Academy of Fine Arts, Munich

Siblings: Jochen Heisenberg (Brother)



Two main paradigms of Drosophila aggression study

Camcorder
CCD sensor, %
- 640 = 480 pixel o
\"‘.rr
A
A o
I L ©
e  ———g———r— Transparent lid &
- v Reflector
§ @Hing light
1 - bulb
| Fluon-coated Fiy 1 pp 12
walls AT _:‘"".z Fly 2
24— Food patch - & w:"\(‘x y)fC’ % 3 s >
1.5 4050 [/ 40x50[1.5 = ' I+E (XYt
I e [}
| 178 mm | i 3l
Behavioral System Recording System Analysis System
« Arena « Camera « Human
* Food « Computer « Semi-automatic software
* Female  Light  Fully-automatic software



Computational Vision curec

|

Home Research

Publications

Data Sets

Courses

People

People

Sara Beery
* PhD Student

Caroline Murphy

* Group Administrator

¥

T ——
Tony Zhang
* PhD Student

Eli Cole
PhD Student

Neehar

Kondapaneni
PhD Student

Mason McGill
PhD Student

Serim Ryou
* PhD Student

* = Photo by Ruud
Barth

Joe Marino
* PhD Student

Jennifer Sun
PhD Student

Pietro Perona

*Principal
Tnvestinatorce

Vision Lab Alumni

PhDs

Matteo Ruggero Ronchi 2020
Grant Van Horn 2019

Postdocs

Steve Branson
Boris Babenko

Ron Appel 2017 Evgeniy Bart
David Hall 2017 = dianbonodoll |
Krzysztof Chalupka 2017 I Kristin Branson
Bo Chen 2016 I Heiko Dankert
Eyrun Eyjolfsdottir 2014 - EEroE

Carlos Gonzales 2015
Greg Griffin 2013
Peter Welinder 2012
Ryan Gomes 2011
Marco Andreetto 2011
Mohamed Aly 2011
Merrielle Spain 2011

Anelia Angelova 2008
Claudio Fanti 2008

Pierre Moreels 2008

Anelia Angelova 2008
Christophe Basset 2007
Alex Holub 2007

Fei Fei Li 2005

Sllvio Savarese 2005
Domitilla del Vecchio 2005
Yang Song 2003

Xiaolin Feng 2002

Luis Goncalves 2000
Markus Weber 2000
Mario Enrique Munich 2000
Jean-Yves Bouguet 1999
Mike Burl 1997
Christophe Kolb 1997
Stefano Soatto 1996
Jennifer Sun 1996

Lihi Zelnik-Manaor
Enrico Di Bernardo
Dieter Koller

Ali Lashgan
Michael Maire
Roberto Manduchi
Marzia Polito
Gudrun Socher
Yang_Song

Marco Tartagni
Joe Weber

Max Welling




Pietro Perona

Eyjolfsdottir, Eyrun and Branson, Kristin and Yue, Yisong and Perona, Pietro (2017) Leaming recurrent representations for Aierarchical behavior modeling. In: 5th International Conference on Learning Representations (ICLR), 24-26 April 2017, Te
https://resolver.caltech.edu/CaltechAUTHORS:20170530-090151819

Hong, Weizhe -c. nd Perona, Pietro (2017) Systems and Methods for Behavior Detection Using 30 Tracking and Machine Learning. Patent number: US20170046567A1, https://resolver.caltech.edu/CaltechAUTHORS:20180€
Chalupka, Krzysztof and Dickinson, Michael and Perona, Pietro (2016} Generalized regressive motion: a visual cue fo collision. Bioinspiration and Biomimetics, 11 (4). Art. No. 046008. ISSN 1748-3182. https://resolver.caltech.edu/CaltechAUTHO

. J2015) Automated measurement of mouse social behaviors using depth sensing, vide:

Ronchi, Matteo Ruggero and Perona, Pietro (2015) Describing Common Human Visus! Actions in Images. In: British Machine Vision Conference 2015, BMVA Press , Durham, UK, 52.1-52.12. ISBN 1-801725-53-7. https://resolver.caltech.edu/Calt

Gibson, William T. and Gonzalez, Carlos R. and Fernandez, Conchi and Ramasamy, Lakshminarayanan and Tabachnik, Tanya and Du, Rebecca R. and Felsen, Panna D. and Maire, Michael M. and Perona, Pietro and Anderson, David J. (2015) Sef:
Persistent State of Defensive Arousal in Drosophila. Current Biology, 25 (11). pp. 1401-1415. 155N 0960-9822. PMCID PMC4452410. https://resclver.caltech.edu/CaltechAUTHORS:20150514-164948010

C‘i and Perona, Pietro (2014) Toward a Science of Computstional Etholegy. Neuron, 84 (1), pp. 18-31. ISSN 0896-6273. https://resclver.caltech.edu/CaltechAUTHORS:20141009-082919387
Lim, Rod S. and Eyjolfsdottir, Eyrun and Shin, Euncheol and Perona, Pietro and{Anderson, David ). (3014) How food Controls Aggression in Drosophita. PLoS ONE, 9 (8). Art. No. e105626. ISSN 1932-6203. PMCID PMC4146546. https://resolver.c

Dell, Anthony |. and Bender, John A. and Branson, Kristin and Couzin, lain D. and de Polavieja, Gonzalo G. and Noldus, Lucas P. J. ). and Pérez-Escudero, Alfonso and Perona, Pietro and Straw, Andrew D. and Wikelski, Martin and Brose, Ulrich (2
Trends in Ecology and Evolution, 29 (7). pp. 417-428. ISSN 0169-5347. httpsi//resolver.caltech.edu/CaltechAUTHORS:20140617-075828852

Asahina, Kenta and Watanabe, Kiichi and Duistermars, Brian J. and Hoopfer, Eric and Gonzalez, Carlos Roberto and Eyjélfsdéttir, Eyran Arna and Perona, Pietro and f-' 4} Tachykinin-Expressing Neurans Control Male-Specifi
0092-3674. PMCID PMC3978814. https://resolver.caltech edu/CaltechAUTHORS:20140117-074512467

Eyjolfsdottir, Eyrun and Branson, Steve and Burgos-Artizzu, Xavier P. and Hoopfer, Eric D. and Schor, Jonathan andlAnderson, David ) And Perona, Pietro (2014) Defecting Socis! Actions of Fruit Alies. In: Computer Vision — ECCV 2014, Lecture N
, Berlin, Germany, pp. 772-787. ISBN 978-3-319-10604-5. https//resolver.caltech.edu/CaltechAUTHORS:20150113-08553T0%

Ohayon, S. and Avni, O. and Taylor, A. L. and Egnor, R. and Perona, P. (2013) Automated fong-term tracking and analysis of social behavior in groups of mice. Journal of Molecular Neuroscience, 51 ($1). 586-587. ISSN 0895-8696. https://resolver.caltech.edu/CaltechAUTHORS:20140423-125331299

Ohayon, Shay and Avni, Ofer and Taylor, Adam L and Perona, Pietro and Egnor, S. E. Roian (2013) Aufomated multi-day tracking of marked mice for the analysis of social behaviour. Journal of Neuroscience Methods, 219 (1). pp. 10-19. ISSN 0165-0270. PMCID PMC3762481.
https://resclver.caltech.edu/Caltech AUTHORS: 20131017 -08080867 3

Burgos-Artizzu, Xavier P. and Dollar, Piotr and Lin, Dayu and Anderson, David J. And Perona, Pietro (2012) Social behavior recognition in continuous video, In: 2012 |EEE Conference on Computer Vision and Pattern Recognition (CVPR). |[EEE , Piscataway, NJ, pp. 1322-1329. ISBN 978-1-4573-1226-4.
https://resolver.caltech.edu/CaltechAUTHORS:20120731-115 2o

Lin, Dayu and Boyle, Maureen P. and Dollar, Piotr and Lee, Hyosang and Lein, E. S. and Perona, Pietro and Anderson, David J. (2011 )Functional identification of an aggression locus in the mouse hypothalamus. Nature, 470 (7333). pp. 221-226. ISSN 0028-0836. PMCID PMC3075820.
https://resolver.caltech.edu/CaltechAUTHORS:20110303-095335546

Lebestky, Tim and Chang, Jung-Sock C. and Dankert, Heiko and Zelnik, Lihi and Kim, Young-Che and Han, Kyung-An and Wolf, Fred W. and Perona, Pietro an(Enderson, David J. (2009! Jwo Different Forms of Arousal in Drosophila Are Oppasitely Requiated by the Dopamine D1 Receptor Ortholog DopR via
Distinet Neura! Circuits. Neuron, 64 (4). pp. 522-536. ISSN 0896-6273. PMCID PMC2908595. https://resolver.caltech.edu/CaltechAUTHORS:20100106-144427137

Dankert, Heiko and Wang, Liming and Hoopfer, Eric D. an and Perona, Pietro (2009) Auvtomated monitoring and analysis of social behavior in Orosophila, Nature Methods, 6 (4). pp. 297-303. ISSN 1548-7091. PMCID PMC2679418. https://resolver.caltech.edu/Caltech AUTHORS: 20090601 -
135542919

Feng, Xiaclin and Perona, Pietro (2002) Human Action Recognition By Sequence of Movelet Codewordss, In: First International Symposium on 3D Data Processing, Visualization and Transmission. IEEE, Los Alamitos, CA, pp. 717-721. ISBN 0-7695-1522-3. https://resolver.caltech.edu/CaltechAUTHORS: 20111102~
115156247

Kolb, C. and Perona, P. and Braun, ). (1995) Perception of Motion at Different Cortical and Attentional Levels of Processing. Investigative Ophthalmology and Visual Science, 36 (4). $373. ISSN 1552-5783. https://resolver.caltech.edu/Caltech AUTHORS:20140730-101723284




B Edward Kravitz
David Anderson

2002 Fighting fruit flies: A model system for the i [y [ g [ Feetaa) Hotdag| Beres | Eeinet
study of aggression sow | - s | 30 | 4 | 1 9 | 1 Wing
Approach Threat
E l g A; i Selby Chen, Ann Yeelin Lee, Nina M. Bowens, Robert Huber, and Edward A. Kravitz Fast 330 ) 126 187 7 8 3 671
Approach
Slow
Wing 437 148 - 213 6 5 35 844 FaSt Approach
. Approach
Fencing 1437 112 214 - 8 20 421 2212
Holding 6 34 [1} 1 - 0 0 41 Box'ng D Fencing
Tussling
Boxing/ 19 4 4 14 1 - 4 46 Ho|d
Tussling
Retreat 75 36 82 1059 1 7 E s Retreat
z 2304 522 756 1953 36 49 716 6336
Gender-selective patterns of aggressive o e
- = - |}
behavior in Drosophila melanogaster v High- Boing &
Walklng ?-hovel : posture Rur;?mg ’ tussling
E : a S Steven P. Nilsen, Yick-Bun Chan, Robert Huber, and Edward A. Kravitz retreat Hnge fencing High
retreat == | posture
fencing
4 ’
Low- Low
Approach postyre Approach posture
fencing fencing

i

Wing flicking

FEMALE



A 25 B 25 C7
g g * « 6 .
€ _ 20 € _20 @
5 28 \ T 2
. . . S5 215 24 -
2006 Learning and memory associated with 3t 4 ®
> ; 1 H 1.
aggression in Drosophila melanogaster £ s £ s 2]
0 0 T * e5ge0- T
E l ﬂ A S Alexandra Yurkovic, Oulu Wang, Alo C. Basu, and Edward A. Kravitz " ’°T§:,’e :3‘ (153 m?: e::h)“ % NN pf:i::g uwi M ,,:::/i;g v
b Attacks (%)
0 20 40 60 80 100 (p)
. . | 1 1 1 1 ]
— fruitless regulates aggression and i matos T 1 o) Ml Shove
neuroscience : : :
dominance in Drosophila fru® females 1 (289 [ Head-but
fruF males | [T (547) [] Courting thrust
Eleftheria Vrontou!, Steven P Nilsen2, Ebru Demir?, F D Short wing threat
& Barry ] Dickson! r'Eu males | [ (234) .
fru® females | (75) B Long wing threat
fru™ males [ [ i (443) ] Lunge
fru™ females (201) . Box
2007 Specific subgroups of FruM neurons control sexually
dimorphic patterns of aggression in Drosophila il | cmee | i | s | cirms | oo
Group cluster s (0 tral® ¢F) eral® (F) eral® (F) tral® ¢F)
melanogaSter fru—niL 23 + 2 25 + 3 23 £ 5 17 + 4 9+ 4
A Behavioral components (%) P L L I S
0 20 40 60 80 100 (n) fru-asP2 42 %+ 5 a7+ & 3@+ 5 26 % 6 12+ 2
Canton-S males (672) frumcAL 31 £ 1 23 % 4 25+ 3 16 * 4 12 + 2
Canton-S females I (385) fru-AL 52 * & 40 * 3 45 * B 3Tx 5 3+ 5
elav.G?nLaT:'iAs-'raF I (735) fru-Nsnt 38 + 8 30 *+ 4 33+ 4 28 * 6 18 + 2
elav-GAL4/UAS-tra” (682) -
females 4 friraSPl 1z = 2 1z £ 2 1 £3 1 £ 3 10+ 2
elav-GAL4/UAS-tra" I (247) fri-ase3 2 s 51t 4 5% 3 24 %2 Bt 5
Fruf females
B shove Lunge-like frmrn | D& | nGE sxz 3t 2 P
Headbutt M Lunge . )

. Wing threat




) >
3
2

Fighting frequency (%

A common genetic target for environmental and

heritable influences on aggressiveness in Drosophila

Liming Wang*, Heiko Dankert**, Pietro Perona®, and David J. Anderson**§
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A single social defeat reduces aggression in
a highly aggressive strain of Drosophila

Jill K. M. Penn, Michael F. Zito, and Edward A. Kravitz
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Identification of an aggression-promoting pheromone and its
receptor neurons in Drosophila
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Functional identification of an aggression locus in the mouse
hypothalamus
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Aggression and Courtship Pathways in Drosophila Males
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Tachykinin-expressing neurons control male-specific aggressive
arousal in Drosophila
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P1 interneurons promote a persistent
internal state that enhances inter-male

aggression in Drosophila
Eric D Hoopfer'?, Yonil Jung®, Hidehiko K Inagaki®, Gerald M Rubin',

David J Anderson®**
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Putative transmembrane transporter
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PNAS Drosophila
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Strategic Action Choices In
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o fight or not to fight




Whether the fly 1s a Competitor?
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Olfactory cues




cVA promotes aggression by activating Or67d-expressing OSNs
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Gustatory cues
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(z)-7-tricosene (7T) induced aggression required the gustatory receptor Gr32a
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Visual cues




alPg and pC1d are two key groups of neurons involved in
female aggressive behaviors
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Absence of visual information alters aggressive behaviors
following alPg activation
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A conceptual model for gating of visual information by alPg neurons

presence of
another fly
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In females during aggression
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How food controls aggression in Drosophila
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Flies measure the level of total nutrients to increase the level of aggression
rather than the area of food

e Compared to no food condition Compared to no food condition
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Flies use sweet-sensing Gr5a* GRNs to detect the concentration of
sucrose in the food and tune the level of aggression accordingly
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Influence of prior experience
Oon aggression
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Group flies are exposured to chronic cVA which reduced aggression through
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Sexually monomorphic and dimorphic aggressive actions in males and females

Aggressive displays detected by classifiers
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Identification of sexually monomorphic and dimorphic
aggression-promoting cell types
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MAP stimulation elicits dimorphic attacks in males

CAP or MAP activation (GHJ")
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Functional connectivity between monomorphic and dimorphic circuit modules
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Social isolation enhances aggressiveness by strengthening circuit
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o fight or not to fight
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o The winner and loser effect
«/ﬁ }‘w - in Drosophila
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What sets the odds of winning and losing?

* Body size difference?
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* Previous outcome of a fight?



Winner effect and loser effect

winner effect:
the winners are more likely to win again.
loser effect:

the losers more likely to lose again.

Such effects have been observed in many species,
including fish, birds, and mammals.
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Persistence of dominance relationship and individual recognition

how long flies fight;
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Winner Loser Naive
Vs. W fL ufl N Total L fw ufWw N Total N W L Total
Win 1 5 b 4 16 3 0 0 0 3 7 5 6 18
Loss 1 0 0 5 6 3 5 6 6 20 7 4 0 11
Draw 0 0 1 4 5 2 5 1 6 14 11 4 6 21
Total 2 5 7 13 27 8 10 7 12 37 25 13 12 50

Counts of wins, losses, and draws by experienced winner, experienced loser, and socially naive flies paired with experienced and naive opponents.

Yurkovic, A., et al. (2006).
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Both winners and losers show short-term memory of the results of

previous bouts.

Trannoy, S., et al. (2016).



Repeated defeats lead to long-lasting consequences and
the 24-h loser effect requires de novo protein synthesis.
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Only losers demonstrate a longer-term memory that requires protein synthesis.



The winning is perceived as rewarding, while losing is perceived as aversive

Lunges in last 5 min of training, %

Generation of a persistent winner and loser effect.
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The activities of the PPL1-y1pedc dopaminergic neuron and the MBON-y1pedc>o/f mushroom
body output neuron are required for aversion to an olfactory cue associated with losing fights.

Kim, Y. K., etal. (2018).



How to reverse the loser effect?

Multiple neurotransmitters and neuropeptides, including octopamine, dopamine, 5-HT,
dsk, neuropeptide F, and tachykinin (Tk), are involved in aggression in Drosophila.



The winners show increased calcium activity in Dsk- expressing neurons

TRIC ( transcriptional reporter of intracellular Ca?*)
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Conditional overexpression of DSK promotes winner effect and winner show

Increased calcium activity of DSK Neurons.
Wu, F., et al. Elife (2020).



Activation of 5-HT Neurons Promotes Losers to Re-engage in a Fight
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Activation of 5-HT Neurons Promotes Fighting of Losers Against Winners
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Serotonin Is necessary and sufficient for overcoming the loser effect
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5-HT1B receptors are responsible for restoring aggression in losers
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R2/R4m neurons in the Ellipsoid Body are responsible for overcoming the loser effect
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P1 neurons act upstream of 5-HT signaling
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Suppressive loser mentality Is effectively removed by increasing serotonin signaling
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Article

iIScience  Serotonin Signals Overcome Loser Mentality in

2020 Drosophila

Losers

e

HIGHLIGHTS

Activating a small subset of serotonin
neurons promotes losers to fight.

Serotonin is necessary and sufficient for
modulating aggression in losers.

The neural circuit for motivating losers
includes P1, 5-HT, and 5-HT1B neurons.

Elevating 5-HT signaling overcomes the
depressive behavioral state in losers.



No strong dominance
relationships were formed in fights between females

Behavioral patterns and transitions seen in fights between The Absence of Dominance Relationships in Female Fights.
pairs of male and pairs of female D. melanogaster.
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Take home message

Encounters between flies were frequent during the first 10 min of pairing and then dropped significantly.

Both winners and losers show short-term memory of the results of previous bouts and only losers

demonstrate a longer-term memory that requires protein synthesis.
The winning is perceived as rewarding, while losing is perceived as aversive.

The activities of the dopaminergic neuron and mushroom body output neuron are required for aversion

to an olfactory cue associated with losing fights.

Serotonin is necessary and sufficient for modulating aggression in losers and the neural circuit for

motivating losers includes P1, 5-HT, and 5-HT1B neurons.

Female have no dominance relationships were formed in fighting.



guestion

* An increasing aggression is not identical to reversal of the loser effect, the neural

mechanisms of overcoming the loser effect is unclear.

» The underlying neural mechanisms of negative social experiences (sexual rejection and

fighting loser) modulate multiple behaviors.

» Whether aggression in flies, like most complex behaviors in most organisms, comprises

both innate and learned components.
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