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Synopsis In 1929, August Krogh wrote that for every question in biology, there is a species or col le ct ion of species in which 

purs uing s uch ques tions is th e m ost ap pro priate for achieving the deepest insights. Referred to as “Krogh’s Pr inciple,” t hese 
wor ds ar e a guiding f orce f or ma ny b iologists. In p rac tice, Krog h’s p rinci ple might guide a biologis t interes ted in s tudying 
bi-p arenta l care to ch oose n ot to use lab mice, in which the female does most of the p arent in g, but in s tead s tudy s pecies 
in which bi-p arenta l care is present and clearly o bservable, s uch as in certain po iso n dart frogs. This approach to pursu- 
ing biolog ica l quest ions h a s been f r uit fu l, wit h more in-dept h in sights achieva ble with new t ec hnologies. How ev er, up until 
recen tly, an im portan t limita tio n o f Krogh’s p rinci ple fo r b iologis ts interes ted in the functio ns o f certain genes, was certain 

t ec hniques were only ava ilable f or a few tradi tio nal m ode l or ganism s such as la b mice, f r uit flies ( Drosophil a mel anogas t er ), 
ze brafis h ( Dani o reri o ) an d C. el egans ( Ca en orh ab ditis el egans) , in which testing the functio ns o f mole cu lar systems on bio- 
log ica l processes can be achiev ed usin g g en etic kn ock out (KO) a nd tra n sg enic t ec hn ology. Th ese m eth ods are t ypic a l ly more 
preci se th an o ther ap proac hes (e .g., ph arm acology) co mmo n ly use d in nont radit iona l m ode l or ganism s to address similar 
questio ns. Therefo re, so me o f th e m ost in-depth insigh ts in t o our under st anding of t he mole cu lar cont rol of these mecha- 
ni sms h ave co me fro m a sma l l number of genet ica l ly t ractable spe cies. Re cent advan ces in gen e e dit ing te chnology such as 
CRISPR ( C lustered R egularly I nt er sper sed S hort P alindromic R ep eats)/C as9 gene e dit ing as a labo rato ry tool h a s ch an g ed the 
in sights achieva ble fo r b io logists app l ying K rogh’s p rinci ple. In this re vie w, we wi l l p rovide a b rief summary o n how so me re- 
searc her s o f no ntradi tio nal m ode l or ganism s hav e been a ble t o ac hie ve different le ve ls of experim enta l pre cision with limite d 

genet ic t ractabi lity in th eir n on-t radit iona l m ode l organism in th e fie ld of be havioral n euroen docrin ology, a fie ld in which 

un derstan ding tissue an d b rain-regio n specific actio ns o f molecules of interest h a s been a major g oal. Then, w e will high- 
light the ex citin g potent ia l o f Krogh’s p rinci ple u sing di scoveries m ade in a po p ular m ode l sp ecies of so cial b e havior, th e 
African cichlid fish A s t at otilap ia b urt o ni . Spe cifica l ly, we wi l l focus on insights gained from studies of the control of social 
status by sex steroid h orm on es (an drog en s and estrog en s) in A. b urt o ni t hat or ig inate d during field observation s durin g the 
1970s, and have re cently cu lminate d in n ove l insights from CRISPR/Cas9 gene e dit ing in labo rato ry studies. Our re vie w high- 
lightin g discov eries in A. b urt o ni m ay function a s a roadm ap for others u sing Krogh’s p rinci ple aiming to inco rpo rate gene 
e dit ing into their r esear ch pr og ram. Gene e dit ing i s thu s a power f ul com plimen tary labora t ory t ool r esear c her s can use t o 

yie ld n ove l insigh ts in t o under st anding t he mole cu lar me ch ani sms of p hysio logy an d be havior in n o n-tradi tio nal m ode l or- 
ganisms. 

 

 

 

 

 

 

 

Introduction 

August Krogh proposed that for every question in bi-
ology there is a species for which r esear ch investiga-
tions are best sui ted fo r rev ealin g th e m ost precise, in-
A dvance A ccess pu blication Jun e 13, 2023 
C © Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
f ormative a nswers ( Krogh 1929 ). The potent ia l ut i lity
of Krogh’s principle h a s reach ed n ew h eights in th e
p ast de c ade, w ith n ew gen om e sequen cing t ec hnolo-
gies and other genetic t ec hno logical ad van cem ents for
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

http://orcid.org/0000-0002-1403-5277
mailto:balward@uh.edu
mailto:journals.permissions@oup.com


Krogh’s principle, behavioral neuroendocrinology, and gene editing 429 

s  

l  

s  

i  

i  

i  

2  

i  

t  

(  

C  

u  

u  

o  

m  

i  

q  

s  

f  

K  

w  

t  

c  

s  

s  

h  

s
 

e  

l  

a  

I  

e  

t  

m  

t  

o  

g  

e  

n  

i  

o  

d  

m  

b  

p  

e  

c  

i  

o  

s  

d  

e  

o  

c  

p  

u  

g  

a  

f  

a  

p

B
t
n
b
P  

a  

i  

d  

s  

r  

s  

d  

i  

b  

c  

a  

y  

i  

t  

y  

F  

i  

p  

J  

2  

v  

w  

s

B

S  

t  

o  

t  

l  

s  

u  

i  

t  

a  

l  

m  

a  
tud ying di verse organisms that are suited for p art icu-
ar questions in biology ( Stev en son et al. 2018 ). For in-
tan ce, on e n e e d not a ttem pt to study b i p arenta l care
n mice for which care is given mostly by the female;
nst ead , these questions may be more wel l-suite d for
nvest igat io ns in b i p arenta l po iso n frogs ( D u lac et a l.
014 ). Krogh’s p rinci ple h a s so me limi tatio ns when
 t co mes to certain b iolog ica l quest ion s, how ev er. In
 radit iona l m ode l or ganism s like lab mice, f r uit flies
 Drosophil a mel anogas t er ), ze brafis h ( Dani o reri o ), an d
a en orh ab ditis el egans , testing th e fun ctio ns o f molec-
lar systems on biolog ica l processes can be achieved
sin g g en etic kn ock out (KO) a nd tra n sg enic t ec hnol-
gy ( Alward et al. 2023 ). Th ese m eth ods are t ypic a l ly
o re p reci se th an o ther ap p roaches co mmo n ly use d

n no n-tradi tio nal m ode l or ganism s to address similar
uestions, in whic h t ec hniques like ph arm acolog ica l or
omat ic genet ic manipu lat ions that hav e off-tar g et ef-
 ects a re ut i lize d ( B ridg e et al . 2003 ; S ledz et al. 2003 ;
night and Shokat 2007 ; Alward et al . 2023 ). Therefore ,
 hile Krog h’s p rinci ple h a s guided m a ny resea rc her s

 o ac hiev e nov el in sigh ts in to fun dam enta l biolog i-
a l me ch ani sms acros s s pecies ( Stev en son et al. 2018 ),
o me o f the most in-depth insights into our under-
tanding of the mole cu lar cont rol of these mech ani sms
ave co me fro m a sma l l number of genet ica l ly t ractable
pecies. 

Recent advances in gene e dit ing te chn ology, h ow-
v er, hav e begun to increase t he f unct iona l mole cu-
ar insights attain able u sing Krogh’s p rinci ple. Fo r ex-
mple, the discovery of CRISPR ( C lustered R egularly
 nt er sper sed S hort P alindromic R ep eats)/C as9 gene
 dit ing and its subsequen t a pplica tion as a labora-
 ory t ool h a s increa se d the potent ia l o f no n-tradi tio nal
 ode l or ganism s ( Doudna and C harpent ier 2014 ). In

his re vie w, we wi l l provide a b rief histo rical summary
n how some r esear c her s of no ntradi tio nal m ode l or-
a nisms f or de cades have be en able t o ac hieve differ-
nt levels of exper iment a l pre cision with limite d ge-
et ic t ractabi lity in their no n-tradi tio nal m ode l organ-

sm. Spe cifica l ly, we wi l l root our di scu ssion in the field
 f behavio ral neuro endo crinology, a field in which un-
ers tanding tis s ue a nd bra in-reg ion spe cific act io ns o f
ole cu les of interest in the control of behavior h a s

een a major goal. In behavior neuro endo crinology, ex-
er iment a l manipu lat ion s hav e ran g ed from the “g en-
ra l/bro ad” dur ing e arly exper iments to over time be-
oming highly precise in non-t radit iona l m ode l organ-
sms. We wi l l emph a size wo rk do ne in a specific b ranch
 f behavio ral neuro endo cr inology, t hat of t he role of
tero id ho rmo nes o n co nt rol ling beh avior. A f ter a br ief
i scu ssio n o f the different approaches that have been
mployed in the study of behavioral n euroen docrin ol-
gy, we wi l l di scu ss how our lab species, t he Afr ican
ichlid fish A s t at otilap ia b urt o ni , is a power f ul exam-
le of what can be achieved in terms of precise manip-
 lat ions in be havioral n euroen docrin ology during the
ene e dit ing era. We hope this re vie w may function as
 roadmap for others using Krogh’s p rinci ple to per-
or m exper im ents in n o n-tradi tio nal m ode l or ganism s
iming to inco rpo rate gene e dit ing into their r esear ch
rogram. 

ypassing limitations of genetic 

ractability: Examples from 

ontraditional model organisms in 

ehavioral neuroendocrinology 

rior to the recent advances in gene e dit ing te chnology
s well as due to the limitations of genetic tractab ili ty
n no ntradi tio nal m ode l species, be havioral n euroen-
ocr inology rese arch ut i lize d s e vera l other te chniques
uch a s ph arm acolog ica l manipu lat io ns, si te-specific
egu lat ion, a nd RNA-interf erence (RNAi) techniques to
tud y mo le cu lar me ch ani sms of behavior. Here we wi l l
i scu ss how these t ec hniques have yielded im portan t

nsigh ts in t o our under st anding of t he control of social
ehaviors by sex stero id ho rmo nes, bu t st i l l suffer from
ert ain limit ations. Not ab l y, the t ec hniques we di scu ss
re not exh au stive n or are th ey th e only ones that have
ie lded th e m ost imp act fu l resu lts in th e fie ld of be hav-
oral n euroen docrin ology. Th ey were ch osen to i l lus-
rate how a series of s ucces si vel y more precise m eth ods
ielded clearer insights into a ph en om ena of interest.
or other re vie ws dis c ussing other impac tful an d m ean-

ng fu l appro ach es in be havioral n euroen docrin ology,
lease co nsul t ( Juntt i et a l . 2008 ; Bayless and S hah 2016 ;
un tti 2019 ; Thom pson 2020 ; Ruiz-Ortiz and Tollkuhn
021 ). G iv en the focus of this re vie w, to ensure the rele-
ance of the t ec hniques and their im plica tions are clear
e wi l l start b y pro viding a brief b ackg roun d on h ow

tero id ho rmo nes wo rk. 

rief background on steroid hormones 

tero id ho rmo nes are lipophilic mole cu les that exert
heir effects by binding to membrano us, cyto plasmic,
r nuclear receptors ( P fa ff et al. 2018 ). When bound by
h eir ligan d , st er oid r ecept or s modulat e suit es of cel-
ula r a nd p hysio logical functions, such as h om eosta-
is, growth and develop ment, cell ul ar signaling , sex-
a l different iat io n, and rep rod uctio n, a s well a s beh av-

o r. Stero id ho rmo nes can exert their effec ts throug h
wo mech ani sms. The first, ca l le d th e “gen omic m ech-
nism,” occurs by the steroid diffusing across the cel-
 ular memb ran e, wh ere it binds to its cognate cytoplas-

ic or nuclear recepto r. Fo r example , t est ost erone , an
n drogen, bin ds to th e an dr ogen r eceptor (AR). Once
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boun d, dim erization occurs, an d this complex ent er s
the nucleus where i t mod ulates gene exp ressio n by bind-
ing to response e lem ents in p ro moter regio ns o f DNA.
An oth er m e chanism of act ion is considered “non g e-
n omic,” an d occurs v i a th e m odu lat ion of se con d m es-
sen g er c asc ades or direct modificatio n o f memb rane-
bound ion ch annel s. Notab l y, depending on the cas-
cades that may occur following the act ivat io n o f an
ion chann e l o r seco n dary m essen g er system, a “non g e-
no mic” actio n o f a stero id may eventua l ly lead to a lter-
ations in gene exp ressio n indirect ly (e.g., t hrough a ki-
n a se depen dent epigen etic m odification). Th er e ar e five
m ajor cla s ses of s ter oid r ecept or s—ARs, estr ogen r ecep-
t or s (ERs), glucocort icoid re cept or s (GRs), mineralo-
co rtico id recepto rs (MRs), and pr ogester one r eceptors
(PRs)—that wh en boun d by th eir ligan d contri but e t o
th e m odu lat ion of h om e ostat ic funct ions, p hysio logy,
an d be havio r. Stero id recepto rs are expressed through-
out the b o dy and in specific regions thro ugho ut the
brain. This re vie w focus es most ly on t he sex steroid
h orm on es an drog en s and estrog en s an d th eir recept or s
given t heir cle ar, strong links to the regulatio n o f social
behaviors. 

So me stero ids can be co nvert ed t o metabolit es that
ar e mor e potent o r serve a co mp letel y different func-
tion ( Payne and Hales 2004 ). Tes tos terone can be con-
verte d through enzymat ic react ions to both andro-
g enic and estrog enic meta bolites. The enzyme 5- α re-
d uctase co nverts t est ost erone t o dihydrot est ost erone
or DHT, a more potent androgen found in most ver-
t ebrat es; while the enzymes 11-hydr oxyster oid dehy-
drogen a se types 1 and 2 convert t est ost erone t o 11-
ket ot est ost erone (11-KT), an androg en con sidered fish-
sp ecific b ecau se it i s pres ent in very high le vel s in fish
spe cies comp are d to a l l other vert ebrat es ( Tokarz et al .
2015 ). A rom ata se converts t est ost erone t o the estro-
g enic meta bo lite 17 β-Estradio l (her eon r eferr ed to as
estradiol) ( Payne and Hales 2004 ; Tokarz et al. 2015 ).
Th ese enzym es ar e expr es sed in dis t inct t is s ues, includ-
ing the brain, where specificity of function is achieved
thr ough pr ecise r eg ion-spe cific an d ce l lu lar-spe cific ex-
p ressio n pa tterns ( F or lan o et a l. 2006 ; Corni l et a l. 2015 ;
Cornil and de Bournonvi l le 2018 ). 

Peripheral and site-specific pharmacological 
manipulations 

In n euroen docrin ology r esear ch, cast rat ion, in which
the t est es ar e r emoved, h a s been u sed for decades to
study the relatio nshi p between ho rmo nes and behavior
in males as the gonads are a major source of sex steroid
h orm on es. In rodents ( Daan et al. 1975 ; David et al.
2022 ; Davidson 1966 ; Lofg ren et a l . 2012 ; Pasc h et al .
2011 ; Vetter -O’H agen a nd Spea r 2012 ), birds ( Alward
et a l. 2018 ; Ba l l et a l. 2020 ; Ba lthazart et a l. 1998 ;
Notte bohm 1968 ), fis h ( Alm eida et al. 2014 ; Mayer et al.
1990 ), lizar ds ( Cr ews et al. 1978 ), and frogs ( Wada and
Go rb man 1977 ; Wetzel and Kelley 1983 )castration typ-
ica l ly causes a dramat ic re duct ion in male-t ypic al ag-
g ression and mat ing behavior s, whic h ar e r estor ed in
ma les t reate d with t est ost eron e an d/or its androgenic
and estrogenic met abolites. Ot her exper iments have
u sed ph arm acolog ica l manipu lat ion s tar g etin g ARs and
ERs, o r aro m ata se , t o gain deeper insigh t in to th e m ech-
anisms through which androg en s and estrog en s con-
t rol socia l behavior ( Ad kins-Rega n 2005 ; Alwa rd et
al. 2023 ). ARs and ERs ar e expr essed in numerous
areas of the “social be havior n etwor k (SB N),” a net-
wo rk o f highly co n serv ed , int erconnect ed b rain regio ns
that g ov ern behavioral and p hysio log ica l responses to
the soci al env ironment ( Go o dso n 2005 ; O’Co nn e ll an d
Ho fmann 2011 ; O’Co nn e ll an d Hofmann 2012 ). To in-
cre ase t he sp at ia l spe cificity in deter mining t he actions
o f stero id ho rmo nes, ph arm acolog ica l agents for steroid
sig na lin g hav e be en administere d by a variety of re-
sear ch gr oups to specific si tes o f the S B N in th e brain,
acros s s pe cies, including mice ( Lisciott et a l. 1990 ; Nyby
et al . 1992 ; Mat oc hik et al . 1994 ; S ipos and Nyby 1998 ),
rats ( Christensen and Clemen s 1974 ; Christen sen and
Clemen s 1975 ; Antonio-Ca brera and Paredes 2014 ),
hamst er s ( Ta ka has hi an d Lis k 1985 ; Stern er et al. 1992 ;
De bold et al. 1989 ), bird s ( Balth aza rt a n d Sur lem ont
1990 ; Panzica et al . 1991 ; Rit er s et al . 1998 ; Alward
et al. 2013 ; Alward et al. 2016 ; Alward et al. 2017 ),
a nd liza rds ( Morga ntaler a nd Cr ews 1978 ; Cr ews and
Mor g ent aler 1979 ; Mor rell et al. 1979 ; Wade and Crews
1991 ).For in-depth re vie ws hig hlig hting the temporal
an d environm ental dyna mics of a ndrog en s and estro-
g en s in the control of mating and a ggres sion revea le d
t hrough phar macolog ica l manipu lat ions se e ( Trainor et
a l. 2004 ; Ba lthaza rt a nd Ba l l 2006 ; Trainor et a l. 2006 ;
Traino r et al. 2008 ; Co rnil et al. 2015 ; Heimovics et al.
2015 ; Alward et al. 2018 ). 

Decades o f wo rk u sing ph arm acolog ica l manipu la-
tions to better un derstan d th e role of steroid h orm on es
in regu lat ing socia l beh aviors h ave yielded foundat iona l
insights. Non eth e less, unavo idable limi tatio ns o f phar-
macolog ica l appro ach es remain ed. For instan ce, phar-
macolog ica l blockade of ster oid r e ceptors wi l l never
reach 100% efficien cy an d certain com pensa t ory mec h-
ani sms m ay resul t. Fo r example, flu tamide, an AR an-
ta gonis t, has been s h own to in cr ease AR expr ession
as a com pensa tory response to t reat ment (La i a nd
Crews, 2017), f urt her com plica ting in terpreta tion of re-
sul ts. Mo reover, peri p heral p h arm acological m anipula-
tion s hav e a relativ ely low deg re e of mole cu lar spe ci-
fici ty d ue t o pot ent ia l off-tar g et effe cts, limit ing the
deg re e to which precise hypotheses can be efficiently
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 est ed ( Knight and Shokat 2007 ). There are also species-
pe cific limitat ions when it comes to using pharma-
ology t o manipulat e st er oid r ecept or s. F or exam ple,
e leosts un derwent a te leos t-s pecific wh ole-gen om e du-
lic ation (TS-WGD) ( Gl asa uer and Neuha uss 2014 ),
hich led to n ove l p ara logs of genes encoding ARs, ERs,
 nd a rom ata se. Ther efor e, while ph arm acolog ica l inter-
 ention s in teleost fis h es have led to insights into the
o ntrol o f mat ing and agg ression by androg en s and es-
rog en s ( Godwin 2010 ; Munakata and Kobayashi 2010 ),
hey are less preci se th an findings in other vert ebrat es.
nde e d, AR and ER a gonis ts a nd a nta gonis ts cannot dis-
riminate betw een nov el teleost ARs and ERs, nor is it
n own if n ove l interac tions occ ur between the paralo-
 ous g enes th at m ay be a ffe cte d in response to ph arm a-
olog ica l manipu lat io ns. Therefo re, in addi tio n to the
s s ues of p harmaco log ica l in terven t ions li k e off-ta r g et
ffects co mmo n to a l l vert ebrat es, int erpr eting r esults
 ase d on p harmaco logy in teleost fis h es has spe cia l lim-
 tatio ns that must be addressed by other methods. 

NAi techniques 

 imilar t o the b rain-regio n sp ecific mo du lat ion of
tero id actio n s usin g ph arm acology, other studies h ave
se d genet ic manipu lat ions to a ffe ct steroid sig na ling in
pe cific brain reg ions. The te chniques we wi l l di scu ss
n this se ct ion invo l ve gen etic m odifications in somatic
e lls; th er efor e , these c han g es are n ot h er it able. This ap-
 roach p rovided an oth er leve l of sp at ia l pre cision for
anipu lat ing steroid h orm on e m ech ani sms of behav-

or that could address the co nfounds o f p harmaco logi-
a l appro ach es, as th e oret ica l ly the manipu lat ion s h ould
nly a ffect th e gen e of in terest. F or exam ple, Musa tov
t a l use d RNAi inco rpo rat ing a vira l me diate d knock-
own of ER α expression in the vent rome dia l hypotha la-
us (VMH) in female mice ( Musatov et al. 2006 ). This
anipu lat ion re duce d sexua l behavior in females, high-

ight ing a site-spe cific role of est rogen sig na ling in the
MH. Vira l me diate d RNAi of ER α in th e POA or m e-
i al amygd al a of pubertal male mice caused a reduc-
ion in both mating and a ggres sive be haviors ( San o et
 l. 2016 ). In adu lt ma le mice, vira l me diate d RNAi of
R α in three b rain regio ns was per for m ed an d be hav-

ors in male mice were invest igate d ( Sano et al. 2013 ).
nock down of ER α in the VMH of these males re-
uce d agg ression and mat ing, whi le t he s a me ma nipula-
ion in the POA on ly re duce d mat ing. Cont rary to find-
ngs in pubertal mice , ER α knoc kdown in the me dia l
mygd al a of adults did not a ffe ct mat ing or agg ression.
hese studies hig hlig ht how en hance d mole cu la r a nd

p at ia l spe cificity in disentan glin g a h orm ona l sig na l-
ng system reveals p recise, impo rtant insights relevant
 o our under st anding of t he co ntrol o f so cial b ehavior.
t is im portan t to n ote, h ow ev er, th at RNA i approaches
 ay cau s e unintended cons equen ces, in cluding an ac-

 ivat io n o f interfero n resposnes in the b rain, co nfound-
ng in terpreta tion of experimen ta l resu lts ( B ridg e et al.
003 ; Sledz et al. 2003 ). 

In ze brafis h ( Dani o reri o ), similar kn ockdown stud-
es have been per for med using the “morp ho lino” (mod-
fie d oligonucle ot ides) appro ach. Morp ho linos are syn-
het ic ant is ens e oligonucle ot ides desig ne d t o bloc k the
 ranslat io n ini t iat io n co mplex o f tar g et messen g er RNA
mRNA) se quences ( Be del l et al. 2011 ). This technology
 a s been used to test the role of specific genes by tran-
ient blocking, p art icu larly during deve lopm ent. In ze-
rafis h, m orph olin o t ec hnology h a s been used to study
he effects of certain genes thro ugho ut develo pment
n d to m ode l human gen etic di sorders ( Na seviciu s and
kker 2000 ; Be del l et a l. 2011 ). Morp ho linos h ave al so
e en use d to study the role o f stero id ho rmo nes in
ole cu la r a nd p hysio log ica l processes in ze brafish ( Hsu

t al . 2006 ; Sc hmid et al . 2020 ), but t o the best of our
n owledge n ot be havio r. Like si t e-direct ed ph arm aco-

og ica l manipu lat ions an d oth er RNAi t ec hniques, mor-
 ho linos may lack specificity and are capable o f b inding
o other non-specific tar g ets leadin g to addi tio nal phe-
otypes as a result ( Bedell et al. 2011 ). 

rom lake to lab: A. burtoni provide 

n-depth insights into the hormonal 
ontrol of social behavior 

 n the follo wing se ct ion s w e shift our focus to di scu ss
. b urt o ni. We wi l l provide a genera l b ackg roun d of th e

pecies and how its socia l flexibi lity and overt behav-
oral and p hysio logical chan g es hav e made it a premier
rganism in the study of behavioral n euroen docrin ol-
gy. Furt her more, we di scu ss how gene e dit ing h a s been
sed in A. b urt o ni to dissect more precise ly th e roles of
 ove l ARs in the p rod uctio n o f so cial b ehavior. 

eneral background on A. burtoni 

 s t at otilap ia b urt o ni a re f oun d in th e wild in Lak e Ta n-
anyika off the coast of East Africa. One of the most
t ri king observat io ns o f A. b urt o ni made dur ing e arly
e ld wor k was th e colo ratio n f ound a mong the males
 F ernald and Hira ta 1977a ; F ernald and Hira ta 1977b ).
omp are d to fema le A. b urt o ni , which are drab l y co l-
re d, ma les are br ight l y co lore d in yel low, bl ue, o r dif-
erent co mb inatio ns o f these colo rs and pos ses s a dis-
inct black eye bar from the eye to their mouth (Fig. 1 A).

ost males in a co mmuni ty o f th ese fis h, h ow ev er, do
ot pos ses s t hese fe atures o f colo ratio n ( Fernald 2012 ).
nde e d, t he br ight l y co lore d ma les, which ma ke up ap-
 roximately 30% o f a soci al env ir onment, ar e ter r i to rial
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Fig. 1 Discoveries over decades of research in A. burtoni culminating in recent gene editing work illustrates the power of Krogh’s Principle 
in the gene editing era. (A) The social hierarchies exhibited by male A. burtoni can be modeled in the laboratory. Studies from experiments 
in the lab yielded foundation information regarding the behavioral and physiological changes associated with social status in male A. burtoni . 
(B) With these foundational findings as a guide, experiments aimed at determining the molecular and neural mechanisms of social status in 
A. burtoni r ev ealed specific neural activation (as measur ed b y IEGs like egr1 and c-f os) and steroid r eceptor gene expr ession in the SBN 

may underlie recognition of social opportunity and changing social status. (C) The r elationship betw een social status and steroid hormones 
led to pharmacology studies the r ev ealed the importance of social status in determining the role of steroids. Because A. burtoni, like other 
teleosts, hav e nov el AR paralogous genes, CRISPR/Cas9 was needed to r ev eal the pr ecise roles of these r eceptors. AR mutant A. burtoni 
w er e instrumental in r ev ealing the complex manner in which androgen signaling regulates social status in A. burtoni, with implications for 
understanding social status in other species. (D) Using the different phases of discoveries enhancing our understanding of the hormonal 
control of social status in A. burtoni , we propose a simple approach for applying Krogh’s principle in the gene editing era. Acronyms: SUB: 
subordinate; DOM: dominant; IEGs: immediate early genes; ARs: androgen receptors; ERs: estrogen receptors; PR: progesterone receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

o r do min ant (DOM) m a les, whi le the rem aining m ales
are nonter r itor ial or subordinate (SUB) males. DOM
m ales m a inta in their t errit ories v i a physic a l agg ression
an d n onphysica l agg ressi ve disp l ays (Fig . 1 A). Further-
m ore, th ese males perform a suite of r epr o ductive b e-
haviors like digging gravel or sand to create a mating
sit e; and c h a sin g and quiv erin g at fem ales th at m ay lead
to spaw ning . During spaw ning , th e female re le ases t he
eggs into the water, puts them back into her mouth, and
the male rele ases sper m to fert i lize the eggs. The female
car r ies t he eg gs in h er m ou th fo r abou t 2 we eks, unt i l
the larvae hat c h, an d s h e re le ases t h em from h er m outh
into the water. Ther efor e, female A. bu rtoni ar e ca l le d
mou thb ro o ders. 

SUB males do not display aggressive or r epr oduc-
tive behaviors; in fact, they tend to sho a l with fema les
( Fern ald 2012 ; Maru s ka an d Fernald 2013 ). How ev er,
n eith er SUB n or DOM social status is fixed in A. bur-
t o ni . SUB males observe their soci al env iro nment wai t-
ing f or a n o p po rtuni ty t o att empt t o become DOM.
These o p po rtuni ties a rise when a la r g er DOM m ale i s
absent from the environment, leading to social ascent.
D uring socia l a scent, a SUB m a le re cog nizes socia l op-
po rtuni ty and wi thin minu tes turns on DOM-t ypic al
b right colo rs and b egins p er for ming ag gressive and re-
p rod uctive behavio rs. Soci al ascent c an be cont rol le d in
the labo rato ry as we ll. In th e s ocial as cent p aradig m, a
su pp resse d foca l ma le i s hou sed w ith a l ar g er su pp res-
sor male and three females in a central com partmen t.
Flanking this com partmen t are iden tic al soci al env iron-
men ts con ta ining males a nd f em ales sm a l ler t han t he
foca l ma le. Socia l ascent is cont rol le d b y remo ving the
lar g er su pp resso r male during the middle of the night
so the focal su pp resse d ma le ident ifies this socia l op-
po rtuni ty an d ascen ds. This approach has be en use d for
n ear ly t wo dec ades to reli ab l y induce social ascent in A.
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 urt o ni ( Burmeister et a l. 2005 ; Ferna ld a nd Ma ruska
012 ; Ma ruska a nd Fernald 2013 ; Ma ruska a nd Fernald
018 ; Alward et al . 2019 ). S imilarly, DOM m ales m ay
ecome SUB through social descent, when in the same
nvironment as a lar g er DOM ma le. Socia l descen t a p-
ear s t o take lon g er th an social a scent, bu t ul timately
esults in the male becoming SUB if a larger o p ponent
ppea rs ( Ma ruska et al. 2013 ). 

iscoveries on correlations between 

ormones, genes, the brain, and social status in 

. burtoni 

he complex soci al dy namics exhib i ted by A. b urt o ni
ade them espe cia l ly appea ling to exper iment al biolo-

ists. A s t at otilap ia b urt o ni are one of s e vera l spe cies that
xhib i t ro bus t social hierarchies th at h ave ca ugh t the a t-
entio n o f r esear chers fr om fields such as biology, psy-
h ology, an d n euroscien ce ( Sapols k y 2005 ; Ro b inso n
t a l. 2008 ; Ferna ld 2012 ; Ferna ld a nd Ma ruska 2012 ;
ofmann et al. 2014 ). Studying social hierarchies is im-
orta nt f or understa nding p rinci ples o f flexib le p h en o-
ypes but also f or understa nding the impacts of social
ank on mental and physical he alt h in humans and non-
uma n a nimals ( Sapolsky 2005 ). A s t at otilap ia b urt o ni
 ere ex cellent for studyin g social hiera rchies f or a va-
 iety of re asons ( Fer nald 2012 ; Fer nald a nd Ma ruska
012 ; Fernald 2014 ; Ma ruska a nd Fernald 2018 ). For
nstance, semin aturali stic environments in the labora-
ory replicating their wat er c hemistry, ambient t emper-
ture , phot op erio d, and so ci al env ironments c an be set
p readily using we ll-establis h e d aquat ic housing proto-
ol s ( Fern ald 2012 ; Stev en son et al. 2018 ). In these en-
ironm ents th e males quickly organize into social hier-
 rchies, f ema les p art icip ate in s h o a l s, and m ales a nd f e-
a les readi ly mat e . These c haract eristics have a l lowe d

 esear c her s ease of access to the p hysio log ica l, mole cu-
a r, a n d n eural m ech ani sms of social statu s ( Juntti 2019 ;
lward et al. 2023 ). 
Thi s ea se of access h a s led to num erous fun dam en-

 al discover ies on t he biolog ica l me ch ani sms of social
tat us in A. b urt o ni . For in stance, ov er decades of re-
earch it h a s been s h own that DOM males pos ses s lar g er
 est es with more v i able sperm comp are d to SUB ma les
 Ma ruska a nd F ernald 2011 ; F ernald 2012 ; F ernald and
 aruska 2012 ; M aru ska 2015 ). Moreover, DOM m ales

ave higher levels of circu lat ing an drogens—in cluding
 est ost eron e an d 11-ket ot est ost er one—estr og en s, corti-
ol , and progest ero ne co mp are d to SUB ma les ( Maruska
nd Fernald 2013 ; Maruska 2015 ). Social status also
han g es the brain as s h o wn b y numerous studies. I n-
e e d, DOM ma les hav e lar g er soma tosta tin and go-
ado tro pin releasing ho rmo ne (GnRH)-1 neuro ns in

he preo p tic area (POA), a brain region crit ica l for t rans-
 ucing social info rmatio n into coo rdinated p hysio log-
cal an d be havio ral respo nses ( F ernald 2012 ; F ernald
 nd Ma ruska 2012 ). Gene exp ressio n also differs dra-
at ica l ly in DOM versus SUB ma les. DOM ma les have

igher exp ressio n o f AR α an d AR β through out th eir
e len ceph alon a s mea sured by qPCR ( Maru s ka an d
ern ald 2013 ; Maru ska 2015 ). A similar pattern h a s
e en observe d f or ER α a nd ER β a nd GR α a nd GR β .
her efor e , in addition t o the differences in colo ratio n
n d be hav ior bet ween DOM and SUB ma les, they a lso
iffer a long mu lt iple dimen sion s in terms of h orm on e

eve ls, n euronal m orph ology, an d ster oid r eceptor ex-
 ressio n, sugg estin g th at dram atic p hysio logical and
ra in cha n g es un der lie a lterat ions in socia l status due
o varying social cues. 

Social a scent i s al so typified by dyn amic ch an g es
n many of the same p hysio log ica l and brain chan g es
escrib ed ab ove, s ugges ting that some of the mech-
nisms un der lying th e s hift towa rd domina nce occur
apid ly. Ascending ma les experience a lar g e increase in
 est ost erone , 11-KT, cortisol , and progest ero ne wi thin
0 minutes of social o p po rtuni ty ( Maruska et al. 2013 ).
ene exp ressio n i s al so altered in a scending m ales in
 ear ly every region of th e SB N, a con serv ed netw ork of
 rain regio n s inv o l ved in regulating so cial b ehavio r. Fo r

nst ance, t he exp ressio n o f th e imm ediate ear ly gen es
 gr-1 a nd c-fos, ma rk ers of neurona l act iv it y, is higher
n the S BN o f ascending males compared to DOM and
UB m ales ( Maru ska et al. 2013 ), s ugges ting s ui tes o f
ell po p ulatio ns respo nd to social o p po rtuni ty specif-
ca l ly. Ster oid r ecepto r exp ressio n al so ch an g es durin g
 ocial as cent. As cending m ales h ad high er leve ls of ex-
 ressio n o f AR β in t he dors a l me dia l te len cephalon
Dm), a putat ive me dia l amygda la h om olog, an d th e
u p raco mmi ssural nucleu s of the vent ra l te len cephalon
Vs), a putative h om olog of the extended amygd al a that
lso cont ains t he bed nucleus of t he str ia ter min ali s
BNST). Both of these b rain regio ns are invo l ved in co-
r dinated r esponses to winning a fight ( Fuxjager et al.
010 ; Maruska et al. 2013 ; Maruska 2015 ), s ugges ting
n hance d sensit iv it y to androg en s may un der lie th e re-
ponse to social o p po rtuni ty an d su bs equent s ocial as-
ent. 

Oth er ce llula r cha n g es in the brain occur during so-
ial ascen t. F or exam ple, Marus ka an d colleagues in-
 e cte d DOM, SUB, an d ascen ding males with bromod-
oxyuridine (Brdu), a ma rk er that inco rpo ra tes in to
ewl y di viding ce lls in th e brain as we ll as oth er tis s ues
 M aruska et al. 2012 ). M ales h oused alon e were also
nj e cte d with Brdu. DOM, ascen ding, an d lon e males
ad higher cel lu la r prolif eration thro ugho ut the SBN
omp are d to SUB males. These results suggest brain
egion s inv o l ved in social behavior ar e r emodeled af-
er social o p po rtuni ty, an d n ew ce ll s are m ade contin-
ously af ter st able domin ance i s ac hieved . Neit her t he
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ph en otypes n or fun ctions of th ese n ew ce lls are kn own,
but Maruska et a l. showe d t hat t hes e ne w cells can be-
com e mature n eurons ( Marus ka et a l. 2012 ). More over,
th e tim e-course of wh en th ese ce lls in co rpo ra te in to
funct iona l cel l po p u lat io ns and/o r neuro nal circui try is
n ot kn own. Addi tio nally, i t is not clear what molecu-
la r mecha nisms control cell ular p roliferatio n as a func-
tio n o f social o p po rtuni t y and soci a l status, but b ase d on
the strong links of social status to steroid h orm on e lev-
el s ( Fern ald 2012 ; Fern ald a nd Ma ruska 2012 ; Ma ruska
2015 ), an d th e kn own r oles of ster oid h orm on es in gov-
erning cel lu la r prolif eration, n eurogen esis, an d n euro-
pl asticit y ( McEwen et al. 1991 ; Galea and McEwen 1999 ;
Gould and Gross 2002 ; Ormerod and Galea 2003 ; Galea
2007 ; Sp ri tzer and Galea 2007 ; O penda k et al. 2016 ;
Alward et al. 2018 ), they may play a causal role in A.
b urt o ni . Overa l l, these resu lts sugg est chan g es in social
status invo l ve dra stic ch anges in cel lu lar co mposi tio n
in the brain that could g ov ern the dramatic chan g es in
p hysio logy, morp ho logy, and beh avior a ssociated with
dist inct socia l ran ks. 

Nav igating soci al hierarchies is a complex cognitive
pr ocess. Male A. bu rtoni pos ses s remarkable ab ili ties
in processing their social environment a s h a s been re-
vea le d through labo rato ry studies ( Fernald 2014 ). For
instance, it h a s been found th at A. b urt o ni as ses s their
relativ e size usin g tran sitiv e inferen ce, wh ere th ey make
decisions to fight an oth er male based on wh eth er that
male won a fight a gains t a male that was lar g er than it,
a ski l l tha t, a t on e tim e, many th ought was reserved for
specific m amm alia n species lik e primat es ( Grosenic k et
a l. 2007 ). Ma le A. b urt o ni are also ke en ly aware of so-
cial o p po rtuni ty a nd ca n flexib l y ma ke de cision s ov er
s h ort tim escales. F or exam ple, it was found that SUB
males turn on their colors a nd perf o rm DOM-typ ical
behaviors in an assay where lar g er DOM males cannot
physica l ly att ack t hem but are in t heir v isu al env iron-
m ent ( Ch en an d Fer nald 2011 ; D esjardins et al. 2012 ).
Re cent work a lso s h owe d resident ma le A. b urt o ni per-
form high ly spe cific sui tes o f behavio rs depending o n
very sma l l relat iv e size differences betw een th em an d
int ruder ma les ( Alward et a l. 2021 ). For instance, res-
ident males that were > 5% sma l ler or mat c hed (res-
ident between 0 and 5% sma l ler or lar g er in sta nda rd
length) in size to the intruder perform ed m ore lat-
eral displays, a type of nonphysica l agg ression, than
resident males that were 5% larger in sta nda rd length
t han t he intruder. How ev er, physica l agg ression, such
a s ch a ses and b i tes, did n ot differ as a fun ctio n o f rel-
ative sta nda rd length. Th ese fin dings overa l l high light
the cog nit ive ski l l s di splayed by A. b urt o ni for navigat-
ing their social environments. It is espe cia l ly int riguing
to consider the complex “social ca lcu lu s” di splayed by
A. b urt o ni con siderin g behaviors related to enhancing
social status in huma ns a re at least in part controlled
by stero id ho rmo ne sig na lin g ( Eisenegg er et al. 2011 ;
Dre h er et a l. 2016 ; Q u et a l. 2017 ). In th e n ext se ct ion we
wi l l di scu s s the s tudies done in A. b urt o ni t o elucidat e
t he caus al hor mona l me ch ani sms th at govern social
status. 

Hormonal mechanisms regulating social status 
in A. burtoni 

The firs t s tudy tes ting the role o f ho rmo nes o n behav-
ior in A. b urt o ni was per for med by Fer nald ( Fer nald
1976 ). G uided b y th e we ll-kn own prin ciple at the time
that t est ost erone is re quire d for ma le-t ypic a l agg ression
an d mating be hav iors ( A lsum and Coy 1974 ; Owen et
al. 1974 ; Phoenix 1974 ; Larsson et al. 1975 ; Wada 1984 ),
they inj e cte d ma le A. b urt o ni wit h t he synt hetic t est os-
t erone analog, t est ost ero ne p rop io nat e , t o see if it could
ind uce DOM-typ ical behavio rs. F ernald ( F ernald 1976 )
found th at m a les inj e cte d with t est ost erone displayed
en hance d eye-b ar intensity, b o d y co lorat ion, and ma le-
dire cte d attack frequency but no chan g e in courtship
beh aviors. Thi s study was the first to demonstrate that
t est ost erone inj e ct ions imp acte d spe cific dominance
behaviors in A. b urt o ni . 

The t est ost erone inj e ct ion study by Fernald, com-
b ined wi t h t he discovery of the strong links in A.
b urt o ni b etween so cial s tatus, s tero id ho rmo ne levels,
and ster oid r ecepto r exp ressio n in the b rain im plica ted
stero id ho rmo ne sig na ling as pl ay ing a cruci al role in
g ov ernin g socia l ran k an d th e associated p hysio logical
an d be haviora l t raits. Hence, in A. b urt o ni experiments
using a variety of ph arm acolog ica l appro ac hes t o t ease
apart the role of steroid h orm on e sig na ling on social
statu s h ave b een p er for m ed. O’Conn e ll an d Hofmann
( O’Conn e ll an d Hofmann 2012 ) inj e cte d DOM or sub-
ordin ate m ales hou sed in co mmuni t y tanks w ith differ-
ent ER, AR, and P R a gonis ts and anta gonis ts, an d m ea-
sure d effe cts on agg ressive, mat ing, an d su bmissive be-
hav iors. Soci al status was not cont rol le d exper iment a l ly
but instead was confirmed by v isu al as ses sment over
s e veral obs ervational p erio ds in co mmuni ty tanks be-
for e fish wer e inj e cte d wi th o ne o f the different pha r-
macolog ica l agents. St imu lat io n o f ER wi th inj e ct io ns o f
est radiol cause d an increase in a ggres sion in both DOM
and SUB ma les, whi le ER antago nism wi th inj e ct io ns o f
the drug ICI182780 caused an increase in a ggres sion in
SUB ma les on ly. Interest ingly, in the SUB ma les, after
a slight re duct ion in a ggres sion f ollowing ER a ntago-
nism, the rate of a ggres sio n mirro red that o f the SUB
ma les g iv en the ER ag oni st. Thi s pattern was not seen
in DOM males. 

Ma les were a lso inj e cte d wi th AR ago nists a nd a n-
ta gonis ts. ARs were st imu late d using the potent an-
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rog en dihy drot est ost erone (DHT), while they were
locked using the steroidal AR anta gonis t cypr oter one
cetate (CA). CA was used over drugs like no nstero idal
R anta gonis ts like flu tamide because it is thought to
ind both ARs e qua l ly, whereas flu tamide m ay h ave
igher a ffinity f or AR β , a n importa nt approac h t o use

n teleosts possessing two distinct ARs ( O’Connell and
ofma nn 2012 ; Alwa rd et al. 2023 ). In DOM males,
HT st imu late d courtship dire cte d at fema les whi le CA

e duce d thi s beh avior; n eith er manipu lat ion a ffe cte d
 ggres sion. I n SUB males, ho w ev er, n eith er DHT or
A a ltere d the perf orma n ce of courts hip or aggres-

io n. PR mani pu lat ions a lso a ffe cte d dist in ct be hav-
ors in DOM and SUB males. PR st imu lat io n wi th di-
ydr opr ogester on e in creased courts hip be haviors but
ot a ggres sion in DOM ma les, whi le t he PR ant ago-
ist ZK0112993 re duce d co urtship b ut no t a ggres sion

n DOM m ales. PR m ani pulatio n did not a ffect these
ehaviors in SUB males; how ev er, P R s t imu lat ion re-
uce d fle eing behaviors in subordin ate m a les. A fol low-
p experiment to the work by O’Connell and Hof-
ann f urt her su ppo rted that idea that estrogenic sig-

a ling cont rols agg ressio n bu t no t co urtshi p. Fo r exam-
le, male A. b urt o ni inj e cte d with fadro zole , an inhib i to r
 f aro m ata se, th e enzym e that converts t est ost erone t o
s tradiol, dis played les s a ggres sio n than co nt rols whi le
ourts hip be haviors were un chan g ed ( Huffman et al.
013 ). All toget her, t hese resu lts high light the complex
ay distinct steroid h orm on e sig na lin g system s con-

 rol socia l behaviors in A. b urt o ni in a stat us-specific
anner. 
Based on the findings from O’Conn e ll an d Hof-
a nn, Alwa rd a nd colleagues ( Alward et al. 2019 ) hy-

ot hesized t ha t AR activa tion was pa rticula rly impor-
a nt f or s ocial as cent in A. b urt o ni. For instan ce, sin ce
Rs do not alter courtship in subordin ate m ales, but
R manipu lat ion a lt er s a ggres sion in both DOM and
ubordin ate m a les, an interact ion betwe en socia l op-
o rtuni ty a nd a ndrogen sig na ling may be key for a
ise fro m subo rdinat e t o DOM social status. To t est
 his hypot hesis, exper iment a l ly su pp ressed subo rdinate

ales were injected with CA before a social ascent
 aradig m.Ma les that were given vehicle inj e ct ions be-

ore social o p po rtuni ty exhib i te d a l l of the expe cte d
rai ts o f s ocial as cent af ter removal of t he su pp resso r

ale , inc luding increas ed e y e-bar inten sity and b o dy
olo ratio n and elevate d agg ression and courtship be-
av iors ( A lward et al. 2019 ). Males injected with CA
 h owe d a l l the a bov e behaviors ex cept an increase in
 he per for mance of courtship behaviors. Inde e d, CA

ales were s tatis tically indis tingui sh able from subordi-
 ate m ales in the amount of courts hip be haviors th ey
er for m ed. Th ese results provided f urt her support for
he role of androg en s cont rol ling courtship but not ag-
res sion, and s upp orted the hyp othesi s th at social op-
o rtuni ty pl u s androgen sign aling i s key for exhibiting
 l l of the behavioral features associ ated w ith soci al as-
ent. 

While many studies provided evidence that steroid
 orm on es un der lie social stat us in A. b urt o ni , investi-
at ing their pre ci se cau sal roles h a s been a ch a l len g e
ue to the presence of n ove l gen es re lat ed t o st eroid
 orm on e sig na ling ( Alward et a l. 2023 ). Inde e d, as
 ention ed a bov e, g en omic an d phylogen etic eviden ce

 trongly s upports the placement of a TS-WGD approx-
mately 350 mya in the co mmo n ancesto r o f a l l tele osts
 Brunet et al. 2006 ; G la sauer and Neuh au ss 2014 ). Con-
e quently, whi le a l l other vert ebrat es pos ses s one AR
ncoded by a sin gle g en e, m ost te leos ts pos ses s two
istin ct ARs, AR α an d AR β , en code d by two sep a-
ate genes, ar1 and ar2 ( Alward et al. 2023 ). Teleosts
ls o poss ess extra copies of ERs. Like all vert ebrat es,
eleos ts pos ses s ER α an d ER β en code d by dist in ct gen es
sr1 and esr2 . However, in many teleosts an extra copy
f ER α h a s been di scover ed, r esulting in ER β1 and
R β2 as their desig nat io ns wi th esr2a and esr2b as the
o rrespo ndin g g ene names. As o p posed to most ver-
 ebrat es, many t e leosts are kn own to pos ses s an extra
R. GR α a nd GR β a re en coded by th e distin ct gen es
r3c1a and nr3c1b . Teleost fishes only have one MR just

ike other vert ebrat es. The vast majo ri ty o f teleosts fol-
ow the vert ebrat e t ypic a l p attern of pos ses sin g a sin gle
R; how ev er, evidence exists sugg estin g g oldfish h ave

wo PRs encoded by two distinct genes. Highly con-
erve d across tele osts, how ev er, is th e presen ce of two
i stinct arom ata se gen es, cyp19a1 an d cyp19a1a , con-
 rast ing with a l l other vert ebrat es, whic h only pos ses s
n e. Th er efor e, ph arm acolog ica l appro ac hes t o disen-
 angle t he r ole of ster o id ho rmo nes in co nt rol ling so-
ial status in teleost fis h es are limit ed , as it is not known
hic h recept or s or enzymes a re a ffe cte d an d what th eir

pecific roles are. This is a clear, ro bus t example of one
f the lon g-standin g limitation s m ention ed a bov e con-
er ning t he applicab ili ty o f Krogh’s p rinci ple in no ntra-
i tio nal m ode l or ganism s. 

To deter mine t he roles of stero id ho rmo nes mo re
r ecisely in r egul ating soci al status, genetic manipula-
 ion te chnolog ies are thus necessary. In s e veral teleost
s h es, gen e e dit ing h a s been used t o creat e mutants

acking funct iona l AR , ER , GR , a nd a rom ata se ( Muto
t al. 2013 ; Ziv et al. 2013 ; Tohyama et al. 2017 ; Yin et
l. 2017 ; Yong et al. 2017 ; Crowder et al. 2018 ; Yan et al.
019 ). In th e su bs equent s e ct ion, we wi l l high light how
ene e dit ing was re cently use d to achiev e nov el in sights
nto the co ntrol o f social status by androgen signaling in
. b urt o ni . 



436 L. R Jackson et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene editing in A. burtoni to disentangle the 

andro g enic control of social status 

Usin g CRISPR/Cas9 g ene e dit ing, A. b urt o ni pos ses s-
ing n on-fun ct iona l gen es en coding AR α, AR β , or both
w ere g enerat ed . These m utan ts were used to as ses s the
role of ARs in cont rol ling aspe cts of socia l dominance
in ma les. Spe cifica l ly, ma les were housed in “dominance
ind uctio n” tanks in which establis h ed social housing
p aradig m s w ere u sed th at are kn own to in duce th e fu l l
sui te o f do mina nce tra its in males ( Alward et al. 2019 ;
Alward et a l. 2020 ). Ma les were then assayed for key
t raits relate d to dominan ce in cluding coloration, r epr o-
ducti ve p hysio logy, and so cial b ehav ior ( A lward et al.
2020 ). Ma les lacking funct iona l AR α p rod uce d sig nifi-
ca ntly f ewer a ggres sive dis plays and mating behaviors
comp are d to WT ma les but pos ses sed DOM-t ypic al
b right colo ratio n a nd la r g e t est es. How ev er, AR β mu-
tants pos ses se d ext rem e ly sma l l t est es and w ere dra b l y
colo red, bu t perfo rmed DOM-typ ical levels of aggres-
si ve disp lays an d mating be havior s. Int erestingly, both
AR m utan ts perform ed n ormal leve ls of physical attacks
dire cte d at other males. How ev er, males lackin g both
ARs did not per for m an y ph ysical attac ks t oward s m ales
whi le a lso per for ming no ag gressi ve disp l ays and l ack-
ing DOM-t ypic a l colorat ion. 

Thus, th e presen ce of n ove l steroid receptor genes
in a socia l ly rich o rganism, co mb ined wi th i ts genetic
t ractabi lity, a l lowe d for a n ove l discovery that provided
insigh ts in to th e h orm ona l cont rol of socia l status. The
resu lts a lso high lighte d the complex mech ani sms regu-
l ating soci al s tatus, s ugges t ing different t raits that col-
le ct i vel y make up social statu s m ay be cont rol le d by in-
depen dent, an dr ogen-contr olled signaling pathways, a
hypot hesis t hat can be explored f urt her in A. b urt o ni
an d oth er s pecies. Res ul ts fro m AR mu tant A. b urt o ni
are thus a flagship example of the importance of us-
ing com plimen ta ry pha rmacolog ica l an d gen e e dit ing
m eth ods to un derstan d th e role of steroid h orm on es in
regu lat ing socia l behaviors acros s s pecies. These res ults
hig hlig ht a clea r exa mple of how gene e dit ing can lead
to im portan t insigh ts an d lay th e foun datio n fo r unex-
pe cte d, testable hypotheses. 

Summary 

Krogh’s p rinci ple h a s un dou bte d ly le d to many ad-
vances in our understanding of how complex biologi-
ca l me ch ani sms can lead to spe cific biolog ica l ph en o-
types ( Stev en son et al. 2018 ). Thi s i s exemplified in A.
b urt o ni as a m ode l of social status. Due to the complex
soci al dy namics present in A. b urt o ni that are known
to be cont rol le d by steroid sig na lin g system s, A. bur-
t o ni a re pa rticula r ly we ll-suit ed t o an sw er question s of
h ow h orm on es control be havior. Un derstan ding such
biolog ica l me ch ani sms u sing a species th at respond s to
their social environment in a socia l l y p la stic m anner
like A. b urt o ni com bined with advanced genetic manip-
u lat ions , can thus aid in the understanding of similar
mech ani sms acros s s pecies. This hig hlig hts the u tili ty
o f Krogh’s p rinci ple in no ntradi tio nal m ode l or ganism s
in th e gen e e dit ing era a nd ra ises the question of what
other complex mech ani sms could be studied in the fu-
ture. 

In this re vie w, w e gav e a brief ov erview of A. bur-
t o ni an d h ow its unique soci al dy namics along w ith
its genetic tractab ili ty allowed i t to beco m e an exce l-
lent m ode l organism in th e study of social an d be hav-
ioral n euroscien ce. Fro m i ts humble beginnings s h o a l-
ing in Lak e Ta nga nyika to the current studies in gene
e dit ing, A. b urt o ni have enriched our understanding of
th e m ole cu la r a nd biolog ica l b a si s of beh avior. We h ave
summar ized t hes e dis coveries in Fig. 1 , where we s h ow
major steps in discoveries made in A. b urt o ni to u lt i-
mate ly provide n ove l insights into th e h orm o nal co ntrol
of social st atus t hat were revea le d through gene e dit ing
t ec hniques. We distill these steps down into a s ugges ted
pattern for app l ying K rogh’s p rinci ple in th e gen e edit-
ing era. 

F or exam ple, we s h owed h ow th e social hierarchy dis-
played by A. b urt o ni males can aid in our un derstan d-
ing of andr ogenic-contr olled behaviors like a ggres sion
and mating (Fig. 1 A), as well as how chan g es in so-
ci al status c an tr ig ger var ious p hysio log ica l chan g es in-
cludin g lev e ls of an drog en s and estrog en s, chan g es in
gene exp ressio n and cell p roliferatio n, male b o d y co l-
o ratio n, an d be havio ral exp ressio n (Fig. 1 A and B).
Furt her more, we di scu ssed t he exper iment a l prog res-
sion through which A. b urt o ni researc her s discovered
how different steroid h orm on es an d th eir recept or s con-
tribut e t o the p rod uctio n o f behavio r, and what p revious
manipu lat ions cou ld st i l l not explain (i .e ., the complex
mech ani sms throug h w hich mu lt iple re cept or s act on
differ ent ster oids leading to a co mplete sui te o f behav-
ior) (Fig. 1 C). 

Fina l l y, we briefly t ouc h ed on h ow th e advent of
CRISPR/Cas9 gene e dit ing te chnology in A. b urt o ni h a s
a l lowe d us to gain n ove l insight into the more com-
plex mech ani sms of stero id ho rmo ne me diate d behav-
iors by disentan glin g t he roles of e ach of t he AR par-
alogs present in A. b urt o ni. The resul ts o f these gene
e dit ing experiments, a long wit h f ut ure st udies wi l l ex-
pand our understanding of how behavior is p rod uced
an d th e complex m ech ani sms th at play a part in i ts p ro-
d uctio n. Addi tio nally, the co n tin uou s u se of n ove l an d
understudied or ganism s to study be havioral an d oth er
biolog ica l quest ions, can on ly add to Krogh’s p rinci ple
t hat t here is a s pecific s pecies to s tudy for the most pre-
cise an sw er s t o our questio ns. Wi t h t his in mind, we
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w  
ave written a simple, 3-step guide for app l ying K rogh’s
 rinci ple (Fig. 1 D). 

here to from here? 
or each new method for studying the mole cu la r a nd
eura l cont rol o f behavio r, i t i s not ju st preci sion th at i s
ained, bu t typ ica l ly a new, or more n uanced, in terpre-
atio n o f a functio n o f a p art icu lar mole cu le, cel l-type,
nd/o r b rain regio n. In behavio ral n euroen docrin ology,
arly studies in s e vera l spe cies using cast rat io n and/o r
h arm acology revea le d bro ad ly the imp acts o f stero ids
n social behavior s. S it e-specific brain manipu lat ions
rovided a road map for where in the brain steroids reg-
 late d socia l behavior in a diversity of species. But when
 t co m es to th e high est deg re e of mole cu lar, sp at ia l, and
empo ral p recisio n in in terroga ting these steroid hor-
 on e sig na lin g system s, n o n o ntradi tio nal m ode l or-

anism cur rent ly comes c lose t o wh at h a s be en achieve d
n mice. For example, while much of the groundwork
or where to look in the brain for where certain hor-
 on es act to control mating and a ggres sion came from

h arm acology s tudies acros s s pecies, mor e r ecent stud-
es in mice were able to achieve extrem e ly high preci-
ion in an sw erin g these questions using st ate-of-t he-art
 ec hnology like o p togen etics an d ch em ogen etics ( Lee
t al. 2014 ; Un g er et al. 2015 ; Yan g et al. 2017 ). Im-
ort ant ly, o p togen etics an d ch em ogen etics have been
 oth incorp ora ted in to th e m eth odolog ica l tool ki t o f ze-
 rafish ( Po rtugues et al. 2013 ; Godoy et al. 2015 ). There-
ore, hopefu l l y, these too ls can become a regular part of
o n-tradi tio nal m ode l orga nism resea rch progra ms to
e veal ne w mech ani sms of the ho rmo nal co ntrol o f be-
avior. 

Th e gen o mic revol u tio n an d gen e e dit ing era h a s ca st
o ntradi tio nal m ode l or ganism s in an encouragin g new

ight. Spe cies li ke A. b urt o ni are not j u st fa scin ating
 ode ls for e lucidating th e role of the social environ-
ent on behavioral and neural pl asticit y; we c an now

n terroga te the genetic underpinnings that control these
raits in a fun ctional, m ech ani stic fram ewor k. Wh ere

ice are excellent for certain behavioral and neural
 uestions, A. b urt o ni and other cichlid species exhib i t
 ro foundly co mplex soci al dy n amics th at m ay a l low for
 rich er un derstan ding of sp ecies-sp e cific p atterns for
he co ntrol o f so cial b ehavior ( Sa ntos a nd Salzbur g er
012 ; Brawand et al. 2014 ; Heule et al. 2014 ). The same
oes for spe cies li k e voles, ha mst er s, lizar ds, fr ogs, bir ds,
n d oth er species wh ere n ove l be havioral an d physio-
og ica l t rai ts p rovide o p po rtuni ties fo r identifying the
un dam ental m olecula r a n d n eural m ech ani sms of so-
i al behav ior ( Adkins-regan 1990 ; Ph e lps et al. 2010 ;
tev en son et al. 2018 ; Thompson 2020 ). 
Whi le re cen t insigh ts an d n ew t ec hno logies gi ve rea-
o ns fo r o p t imism, the ro ad t o ac hie ving a le vel of
f genet ic t ractabi lity found in mice may be long and
um py. F or in stance, mice g enetics h a s be en high ly
ommercia lize d: m utan t or tran sg enic anim al s can be
r der ed fr om comp anies li ke Jackson Labs. Wi l l this be
h e m ode l that em er g es fo r no ntradi tio nal labo rato ry
 pecies? The closes t to thi s level m ay be th at of ze brafish,
her e a str ong gr ou p o f collabo rative r esear c her s share

 esour ces exten siv e ly, in cl uding o n establis h ed websites
e.g., zfin.org). Per haps th er e ar e lessons to be le ar ned
rom the ze brafish community in esta blishin g core col-
a borativ e r esear ch n etwor ks. In de e d, th e fie ld of ze-
rafis h n euroscien ce has flouris h ed an d th e number of

nvestigat or s studying numerous diverse questions in
hi s species i s re lative ly lar g e . Researc h g roups, col labo-
ativ e netw o rks, and co nf erences a imed at f oster ing t he
ol laborat ive appro ach in different species in th e gen e
 dit ing era may u lt imat ely lead t o foundat iona l discov-
ries. Ta king simi lar act ions across diverse species may
 e lp August Krogh’s principle be rea lize d in a manner
e could not have imag ine d at the time. 

We realize that while CRISPR/Cas9 gene e dit ing
 ec hnology is the oret ica l ly funct iona l in a manner that
s a gnos tic to sp ecies typ e , t ec hnical limi tatio ns re-

ain. A co mmo n theme amo ng species in which gene
 dit ing i s ch a l leng ing, is they are interna l fert i lizers
 r their emb ryos ar e extr em e ly sma l l, ma king it diffi-
ult to administer genetic constructs using sta nda rd ap-
ro aches. C haver ra-Rodr igue z et a l (2018) aime d to ad-
ress this cha l len g e by dev elopin g a t ec hnology ca l le d
e ceptor-Me diate d Ova ry Tra nsd uctio n o f Car g o (Re-
O T Control), in whic h a con juga te b ase d delivery sys-

em transports genet ic p aylo ads to vi tellogenin-posi tive
el ls, a l lowing manipu late d genes to be t ransmitte d in
 he ger m line in te chnica l ly cha l leng ing spe cies. Meth-
ds like this wi l l pus h fie lds aiming to study so-
i al behav ior in diverse species f urt h er to make n ove l
nsights. 

The result of approaching the study of steroids in the
o ntrol o f so cial b ehav ior w ith a de li berat e view t owards
sta blishin g colla borativ e r esear ch gr oups and r esour ce
haring could allow f or significa nt benefits for a l l re-
earc her s in neuro endo crinology. The more resources
hat become widely accessible and r esear c her s across
elds are aware of new deve lopm ents, r esear ch gr oups
ay be mot ivate d to go more in-depth on their spe-

i alt y and reach out to o ther gro ups wh en th eir ques-
 ions be com e re levant to th em. Gen e e dit ing h a s in-
re ased t he potent ia l o f mo re p recise insigh ts in to the
egu lat ion by steroid h orm on es of a ggres sive and mat-
ng behaviors across vert ebrat es. Th e studies don e thus
ar have begun a new ph a se in com para tiv e w ork in
hich n ove l gen es invo l ved in androgen and estrogen
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sig na ling acros s dis tinc t phy logenies can now be in-
t errogat ed for their function s usin g g ene e dit ing te ch-
niques to gain unpre ce dente d insights. It h a s al so pro-
vided unique o p po rtuni ties fro m a p ract ica l stand po int
for numerous exper iment al quer ies t hat are difficult or
impossible to an sw er in t radit iona l m ode l or ganism s
li ke mice. Overa l l, advan cem ents in technology and the
con tin ued curiosi ty o f r esear c her s in diver se organisms
have opened up new o p po rtuni ties fo r nov el an sw ers
into old questions to achieve a new com para tive syn-
thesis in behavioral neuro endo crinology. 

Conclusion 

Krogh’s p rinci ple h a s been a guiding p rinci ple fo r b iol-
ogists for decades ( Krogh 1929 ; Stev en son et al. 2018 ).
Many have used this p rinci ple t o ac hiev e deep in sights
into the role o f geno mic, mole cu lar, physiolog ica l, and
n eural m ech ani sms wi thou t the use fo r gene edi ting
t ec hnology ( St ev en son et al. 2018 ). Al so, ju st like phar-
m acology, RNA i an d m orph olin os, gen e e dit ing, op-
togen etics, an d ch em ogen et ics have a l l be en s h own to
hav e off-tar g et effects as w ell ( Zhan g et al. 2015 ; Li et al.
2019 ; Cho et al. 2020 ). With our re vie w we are not sug-
g estin g that g ene editin g is necessary for deep insights
o n b iolog ica l ph en om ena or g oin g to so l ve the is s ues of
other t ec hniq ues for st udying no ntradi tio nal m ode l or-
ganism s; in st ead , w e see g ene e dit ing as a complimen-
t ary met hod to add to one’s toolki t. Fo r example, gene
e dit ing can become a com plimen tary tool to an sw er
quest ions as fol low up to ph arm acolog ica l, b io info rmat-
ics, o r geno mics studies ( Warren et al. 2010 ; Brawand et
al. 2014 ; Lorin et al. 2015 ; Feng et al. 2020 ). 

Gen etic m ode ls of oth er m ole cu lar syst ems, inc lud-
ing for n euroen docrin e fun ction s, hav e been en gi-
ne ere d using CRISPR/Cas9 gene e dit ing for teleosts,
incl uding zeb rafis h ( Dani o reri o ), A. b urt o ni (e.g.,
pros ta glandin sig na ling, Juntt i et a l. 2016 ; Yabu ki et al.
2016 ), an d m e da ka ( Oryzi as l atip es ) (e .g., vasot ocin and
isotocin, Yokoi et al. 2015 , 2020 ) and other vert ebrat e
species, incl uding p rairie voles (e .g., oxyt ocin, Horie et
a l. 2019 ; Berendzen et a l. 2023 ), lizards (e.g., tyrosin a se,
Rasys et al. 2019 ), and frogs (e.g ., t y rosin a se, Wang et
al. 2015 ). We ho pe o ur foc us on hig hlig hting the poten-
t ia l of app l ying K rogh’s p rinci ple in A. b urt o ni during
th e gen e e dit ing era for revealing p rinci ples o f stero id
h orm on e sig na ling in cont rol ling socia l status wi l l mo-
tivat e other s t o pur s ue similar ques tion s, yieldin g nov el,
test able hypot hes es to re ve al pr incip les of p hysio logy
an d be havior acros s s pecies. 

Author’s contributions 

All au tho rs co ntribu ted equ ally. A ll au tho rs co nceived
of th e gen eral ide a of t he re vie w. All au tho rs partici-
p ate d in di scu ssion s and dev elop ment o f the co n ten t,
str ucture, and f raming of the ideas in the m anu script.
All au tho r s wrot e and edit ed original and final v ersion s
of the m anu script. 

Acknowledgments 

We thank two I CB as sociat e edit or s and three anony-
mous re vie wers for their hel p ful co mments and sugges-
tio ns o n our m anu script. 

Funding 

B.A.A. is su ppo rted b y a Young I nvestigator Awar d fr om
t he Ar nold and Mabel Beckman F ounda tion, a Na tional
Insti tu tes o f Heal th grant R35GM142799, and a Uni-
versi ty o f Housto n-Natio nal Researc h Univer sity Fund
startup R0503962. 

Conflict of interest 
Th e auth or s dec lare no co nflict o r financial interests. 

Data availability statement 
Ther e ar e no d ata associ ated w it h t his re vie w. 

References 

Adkins-regan E 1990. Is the Snark St i l l a Boojum? The Compara-
t ive Appro ac h t o Rep rod uctive Behavio r. Neurosci & Biobehav
R ev iews 14:243–52. 

Adkins-Regan E . 2005. Ho rmo nes and A nim a l Socia l Behavior.
Princeton, New Jers e y Princeton University Press. 

A lmeid a O , Ca nário AVM, Oliveira RF 2014. Cast rat ion a ffects
r epr oductive but not a ggres sive behavior in a cichlid fish. Gen
Comp En drocrin ol 207:34–40. 

Alsum P , Coy RW 1974. Actions of est er s of t est ost erone , dihy-
drot est ost erone , or estradiol on sexu al behav ior in cast rate d
male guinea pigs. Horm Behav 5:207–17. 

Alward BA , Balthazart J, Ba l l GF 2013. Different ia l effe cts of
glob a l versus loca l t est ost ero ne o n sin gin g be havior an d its un-
der lying n eural su bstrat e . Proc Natl Acad Sci USA 110:19573–
8. do i: 10.1073/p n a s.1311371110 http://www.ncbi.nlm.nih.g
ov/pu bm ed/24218603 . 

Alwa rd BA , Balthaza rt J, Ba l l GF 2017. Dissociable ef-
fects o n b irdso ng o f androgen sig na ling in cortex-
lik e bra in regio ns o f ca na ries. J Neurosci 37:8612–24.
doi:10.1523/JNEUROSCI.3371-16.2017 

Alward BA , Cathers PH, Blakkan DM, Hoadley AP, Fernald RD
2021. A behavioral logic un der lying a ggres sion in an African
cichlid fish. ethol 127:572–81. 

Alward BA , Cornil CA, Balthazart J, Ball GF 2018. The regulation
o f b irdso ng by t est ost ero ne: mul ti ple tim e-scales an d mul ti ple
si tes o f actio n. Ho rm Behav 104:32–40. 

Alward BA , Hi l liard AT, York RA, Fernald RD 2019. Hor-
mona l regu lat ion of social ascent and temporal patterns
o f behavio r in an African cic hlid . Horm Behav 107:83–95.
10.1016/j.yhbeh.2018.12.010 

http://www.ncbi.nlm.nih.gov/pubmed/24218603


Krogh’s principle, behavioral neuroendocrinology, and gene editing 439 

A  

 

 

A  

 

A  

 

 

A  

 

 

B  

 

 

B  

 

 

B  

 

 

B  

 

B  

 

B  

 

B  

 

 

 

B  

 

 

B  

 

B  

 

 

B  

 

C  

 

 

 

C  

 

 

C  

 

C  

 

 

C  

 

 

 

C  

 

 

C  

 

 

C  

 

C  

 

 

D  

 

 

D  

 

D  

D  

 

 

D  

 

D  

D  

 

 

D  

 

E  

 

lward BA , Ho ad le y AP, Jacks on LR, L op ez MS 2023. Ge-
net ic disse ct io n o f stero id-ho rmo ne mod u late d socia l behav-
ior: n ove l p ara logous genes are a b o o n fo r discovery. Ho rm Be-
hav 147:105295. doi: 10.1016/j.yhbeh.2022.105295 https://link 
inghub.elsevier.com/retrieve/pii/S0018506 ×22001891 . 

lward BA , Laud VA, Ska lni k CJ, York RA, Juntti SA, Fernald RD
2020. Modu lar genet ic cont rol of socia l status in a cichlid fish.
Proc Natl Acad Sci USA 117:28167–74. 

lward BA , Madison FN, Parker SE, Balthazart J, Ba l l GF
2016. Pleio tro p ic co ntrol by t est ost ero ne o f a le ar ned vo-
c al behav io r and i ts un der lying n europl asticit y. Eneuro 3:
1–17. 

nto nio-Cab r era E , Par edes RG. 2014. Tes tos tero ne o r oestra-
dio l imp lants in the me dia l pre o p t ic area induce mat ing
in n on co p u lat ing ma le rats. J Neuro endo crinol 26:448–58.
10.1111/jne.12164 

a l l GF , Madison FN, Balthazart J, Alward BA 2020. How does
t est ost erone act t o regulat e a mu lt ifacete d adapt iv e respon se?
Lesso ns fro m studies o f the av i an song system. J Neuroen-
docrinol 32:1–10. 

althazart J , Absil P, Rard M Gé Appeltants D Ba l l GF 1998. Ap-
pet it iv e and Con summatory Ma le Sexua l Behavior in Jap anese
Q uai l Are Different ia l ly Regu late d by Subreg ions of the Preop-
t ic Me dia l Nucleus. J Neurosci 18:6512–27. 

althazart J , Ba l l GF 2006. Is brain estradiol a h orm on e
or a neur otransmitter? Tr ends Neur osci 29:241–9.
doi:10.1016/j .tin s.2006.03.004 http://www.ncbi.nlm.nih.g
ov/pu bm ed/16580076 . 

althazart J , Sur lem ont C 1990. An drogen an d Estrogen Action
in the Preo p tic Area and Activation of Co p ul atory Behav ior in
Q uai l. Physiol Behav 48:599–609. 

ayless DW , Shah NM 2016. Genetic disse ct io n o f neural circui ts
un der ly ing sexu a l ly dimorphic so cial b ehaviours. Phil Trans R
Soc B 371:1–10. 

e del l VM , Westcot SE, Ekker SC 2011. Lessons from
m orph olin o-b ase d scre ening in ze brafis h. Brief Fun ct
Genom 10:181–8. 

erendzen KM , Sh arm a R, Mand u jano MA, Wei Y, Rogers
FD, Simmons TC, Se el ke AMH, Bond JM, Larios R, Go o d-
win NL et al. 2023. Oxytocin receptor is not r equir ed for
social a ttachmen t in p rairie voles. Neuro n 111:787–796.e4.
do i:10.1016/j.neuro n.2022.12.011 

rawan d D , Wagn er CE, Li YI, Malinsky M, Keller I, Fan S,
Simakov O, Ng AY, Lim ZW, Be zau lt E et a l. 2014. The ge-
n omic su bstrate for adaptive radiation in African cichlid fish.
Nature 513:375–81. doi:10.1038/nature13726 

 ridg e AJ , Pe bern ard S, Ducraux A, Nicoulaz AL, Iggo R 2003.
Ind uctio n o f a n interf er on r espon se by RNAi v ect or s in mam-
ma lian cel ls. Nat Genet 34:263–4. doi:10.1038/ng1173 

runet FG , Crollius HR, Paris M, Aury JM, Gibert P, Jai l lon O,
Laudet V, Rob inso n-Rechavi M 2006. Gene loss and evol u tio n-
ary rates following wh ole-gen om e duplication in teleost fishes.
Mo l Bio l Evo l 23:1808–16. doi:10.1093/mo lbev/msl049 

urmeister SS , Jarvis ED, Fernald RD 2005. Rapid behavioral
an d gen o mic respo nses to social o p po rtuni ty. PLoS Biol 3:1–9.
doi:10.1371/j ourna l.pbio.0030363 

haver ra-Rodr iguez D , Macias VM, Hughes GL, Pujhari S,
Suzuki Y, Pet er son D R, Kim D, McKea nd S, Rasgon JL
2018. Tar g eted deliv ery o f CRIS PR-C as9 rib o nucleop rotein
into arthrop o d ova ries f o r heri ta ble g ermline g ene e dit ing. Nat
Commun 9:3008. doi:10.1038/s41467-018-05425-9 
 hen CC , Ferna ld RD 2011. Visua l informat ion a lone chan g es
be havior an d p hysio logy during socia l interact ions in
a cichlid fish (astatot i l api a burtoni). PLoS One 6:1–12.
doi:10.1371/j ourna l .pone .0020313 

ho J , Ryu S, Lee S, Kim J, Kim HI. 2020. O pt imizing c lo zapine
for ch em ogen etic n eurom odu lat ion of s omatos ens ory cortex.
Sci Rep 10:1–11. doi:10.1038/s41598-020-62923-x 
 hristensen LW , C lemens LG 1974. Int ra hypotha l amic impl ants
of t est ost ero ne o r estradiol and resumptio n o f m a s culine s ex-
u al behav io r in lo ng-t erm castrat ed male rats. En docrin ology
95:984–90. 

hristensen LW , Clemen s L G 1975. B loc kade of t est ost erone-
in duced m ounting be havior in the male rat with in-
t racrania l a pplica tio n o f the aro ma tiza tio n inhib i to r,
An drost-l,4,6-trien e-3,17-dion e. En docrin ology 97:
1545–51. 

orni l CA , Ba l l GF, Ba lthazart J 2015. The dua l act ion
of estrogen hypoth esis. Tren ds Neurosci 38:408–16.
doi:10.1016/j .tin s.2015.05.004 http://linkinghub.elsevier.
com/retrieve/pii/S0166223615001186 . 

ornil CA , de Bournonvi l le C 2018. D ua l act io n o f neuro-
estrog en s in the regu lat io n o f ma le sexua l behavior. Gen Comp
En docrin ol 256:57–62. https://doi.org/10.1016/j.ygcen.2017.0
5.002 . 

rews D , Mor g enta ler A 1979. Effe cts of int racrania l im plan ta-
tio n o f oestradiol and dihydrot est ost ero ne o n the sexual be-
havio r o f th e lizard An o lis caro lin ensis. J En docrin ol 82:373–
81. 10.1677/joe.0.0820373 

rowder CM , Lassiter CS, Gorelick DA 2018. Nuclea r a ndrogen
r eceptor r egulat es t est es o rganizatio n and o o cyte ma tura tion
in. Ze brafis h En docrin ol 159:980–93. doi:10.1210/en.2017-
00617 

aan S , Dam a ssa D, Pittendrigh CS, Smith ER 1975. An effect of
cast rat ion and t est ost er one r eplacement on a circ adi an pace-
maker in mice (Mus musculus) (circ adi an rhythm/activ it y).
Proc Natl Acad Sci USA 72:3744–47. 

avid CD , Wyrosdic BN, Park JH, 2022. Strain differences in
pos t-cas t rat ion sexua l and a ggres sive behavior in male mice.
Behav Brain Res 422. 

avidson JM 1966. C haracterist ics of sex behaviour in male rats
follow ing c a stration. A nim Beh av 14:266–72. 

e bold JF , Mal sbury Ch arles W, Mal sbury CW. 1989 Facilita-
tio n o f sexua l re cept iv it y by hypothal a mic a n d mid brain im-
plants o f p r ogester one in female hamst er s. Physiol Behav 46:
655–60. 

esjardins JK , Hofmann HA, Fernald RD 2012. Social context
influences a ggres sive an d courts hip be h avior in a cichlid Fi sh.
PLoS One 7:1–5. doi:10.1371/j ourna l .pone .0032781 

oudna JA , C harpent ier E 2014. The new frontier of
gen om e engin eer ing wit h CRISPR-Cas9. Science 346:1–
9. doi:10.1126/science.1258096 

re h er J , Dunn e S, Pazders ka A, Frodl T, Nolan JJ 2016.
Tes tos terone causes both prosocial and ant isocia l status-
enhan cing be haviors in human males. Proc. N atl A cad Sci USA
113:11633–8. do i:10.1073/p n a s.1608085113 
 u lac C , O’Conn e l l LA, Wu Z. 2014. Neura l cont rol of
m atern a l and p aterna l be haviors. Scien ce 345:760–5.
doi:10.1126/science.1251816 

i senegger C , Hau shofer J, Fehr E 2011. The role of t est os-
terone in social interaction. Trends Cogn Sci 15:263–71.
doi:10.1016/j.tics.2011.04.008 

https://linkinghub.elsevier.com/retrieve/pii/S0018506\protect $\relax \times $22001891
http://www.ncbi.nlm.nih.gov/pubmed/16580076
http://linkinghub.elsevier.com/retrieve/pii/S0166223615001186
https://doi.org/10.1016/j.ygcen.2017.05.002


440 L. R Jackson et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Feng S , St i l ler J, Deng Y, Arm stron g J, Fan g Q, Reev e AH, Xie D,
Chen G, Guo C, Faircloth BC et al. 2020. Dense sampling of
b ird diversi ty increases power o f co m para tiv e g enomics. Na-
ture 587:252–7. doi:10.1038/s41586-020-2873-9 

Fernald RD 1976. The effect of t est ost ero ne o n th e be havior an d
colo ratio n o f ad ul t male cichlid fish (Haplochromi s burtoni,
Gunt her). Hor m Res 7:172–8. 

Fernald RD 2012. Social control of the brain. Annu Rev Neurosci
35:133–51. 

Ferna ld RD 2014. Cog nit ive ski l ls ne e de d for socia l hier-
archies. Cold Spring Harb Symp Quant Biol 79:229–36.
10.1101/sqb.2014.79.024752 

F ernald RD , Hira ta NR 1977a. Field study o f Haplochro mis bur-
to ni: hab i tats and co-hab i tant. Enviro n Biol Fish 2:299–308.
doi:10.1007/BF00005997 

Fernald RD , Hirata NR 1977b. Field study of Hap-
loc hromis burt oni: quan tita t ive behavioura l observat ions. 
A nim Beh av 25:964–75. doi:10.1016/0003-3472(77)90048-3
http://www.science dire ct.com/science/art icle/pii/0003347277 
900483 . 

Fernald RD , Maruska KP 2012. Social info rmatio n chan g es the
bra in. P roc N atl A cad Sci USA 109:17194–9. http://www.pnas
.org/cgi/doi/10.1073/pnas.1202552109 . 

For lan o PM , Schlin g er BA, Bass AH 2006. Bra in a rom ata s e: ne w
lesso ns fro m no n-m amm alian m ode l systems. Fr ont Neur oen-
docrinol 27:247–74 10.1016/j.yfrne.2006.05.002. 

Fuxjager MJ , Forb es-L orman RM, Coss DJ, Auger CJ, Auger
AP, Marler CA 2010. Winning ter r i to rial dispu tes sele ct i vel y
enha nces a ndrog en sen si tivi ty in neural pathways related to
mot ivat ion and socia l agg r ession. Pr oc Natl Acad Sci USA
107:12393–8. http://www.p nas.org/cgi/do i/10.1073/pnas.1001
394107 . 

Galea LA , McEwen BS. 1999. Sex and s eas onal differences in
the rate of cell p roliferatio n in the den ta te gyrus of adult wild
m eadow voles. Neuroscien ce 89:955–64. http://www.n cbi.nlm
.nih.gov/pu bm ed/10199627 . 

Galea LAM 2008. Gonadal h orm on e m odu lat ion of n eurogen esis
in t he dent ate gyrus of adu lt ma le a nd f emale rodents. Bra in
R es R ev 57:332–41. do i:10.1016/j.b rainr esr ev.2007.05.008 

G la sauer SMK , Neuh au ss SCF 2014. Wh ole-gen om e duplication
in teleost fishes and its evolutionary consequences. Mol Genet
Genomics 289:1045–60. doi:10.1007/s00438-014-0889-2 

Godoy R , Noble S, Yoon K, A ni sm a n H, Ekk er M 2015. Ch em o-
g enetic a blatio n o f dop aminerg ic neurons leads to transient
loco moto r im pairmen ts in ze brafish larvae. J Neurochem
135:249–60. doi:10.1111/jnc.13214 

Godwin J 2010. Neuroen docrin ology of sexual plastic-
ity in te leost fis h es. Front Neuro endo crinol 31:203–16.
doi:10.1016/j.yfrne.2010.02.002 

Go o dson JL 2005. The vert ebrat e so cial b e havior n etwor k : evo-
l u tio nary th em es an d variations i. Horm Behav 48:11–22.
doi:10.1016/j.yhbeh.2005.02.003 

Gould E , Gross CG 2002. Neurogenesis in ad ul t mammals: so me
pr ogr ess and pr oblems. J Neur osci 22:619–23. http://www.nc
bi.nlm.nih.gov/pu bm ed/11826089 . 

Grosenick L , Clement TS, Fernald RD 2007. Fish can infer social
rank by observation alone. Nature 446:102. 

Heim ovics SA , Train o r BC, So ma KK 2015. Rap id effects o f estra-
diol on a ggres sion in birds and mice: the fast and the f ur ious.
In tegr Com p Biol 55:281–93. doi:10.1093/icb/icv048 
Heule C , Salzbur g er W, Böhne A 2014. Genetics of sexual
deve lopm ent: an evol u tio nary playground for fish. Genetics
196:579–91. doi:10.1534/genetics.114.161158 

Hofmann HA , Beery AK, B lumst ein D T, Couzin ID, Earley RL,
Hayes LD, Hurd PL, Lacey EA, Ph e l ps S M, Solo mo n NG et al.
2014. An evol u tio na ry fra m ewor k for studying mech ani sms of
so cial b e havior. Tren ds Ecol Evol 29:581–9. http://dx.doi.org
/10.1016/j.tree.2014.07.008 . 

Horie K , Inoue K, Suzuki S, Adachi S, Yada S, Hirayama T,
Hidema S, Young LJ, Nis him ori K 2019. Oxytocin recep-
t or knoc k out pra irie v oles g enerate d by CRISPR/Cas9 e dit ing
s h ow re duce d pr efer ence for social n ove lty an d exaggerated
repet it ive behaviors. Horm Behav 111:60–9. https://doi.org/10
.1016/j.yhbeh.2018.10.011 . 

Hsu HJ , Hsu NC, Hu MC, Chung BC 2006. Steroidogenesis in
ze brafis h an d m ouse m ode ls. Mol Ce ll En docrin ol 248:160–3
10.1016/j.mce.2005.10.011. 

Huffman LS , O’Conn e ll LA, Hofmann HA. 2013. Aro-
m ata se regu lates agg ression in the African cichlid fish
Astatot i l api a burt oni . Physiol Behav 112-113:77–83
10.1016/j.physbeh.2013.02.004. 

Juntti S 2019. The future of gene-guided neuroscience r esear ch
in no n-tradi tio nal m ode l or ganism s. B rain Behav Ev ol 93:108–
21. doi:10.1159/000500072 

Juntti SA , Coats JK, Shah NM. 2008. A genetic approach to dis-
s ect s exuall y dimorp hic behavio rs. Ho rm Behav 53:627–37.
doi:10.1016/j.yhbeh.2007.12.012 

Juntt i SA , Hi l liard AT, Kent KR, Kumar A, Nguyen A,
Jim en ez MA, Love lan d JL, Mourrain P, Fernald RD 2016.
A neura l b a si s fo r co ntrol o f cich lid fema le r epr oduc-
tive behavior by pros ta glandin F2 α. Curr Biol 26:943–9.
doi:10.1016/j.c ub.2016.01.067 http://linking hub.elsevier.com/
retrieve/pii/S0960982216300148 . 

K night ZA , Sho kat KM 2007. C hemica l genet ics: where
gen etics an d ph arm acology m eet. Ce ll 128:425–30.
doi:10.1016/j.cell.2007.01.021 

Krogh A 1929. The progress of p hysio logy. Science 70:
200–4. 

Larsson K , Pere zp a lacios G, Mora li G, Beyer C 1975. Effects of
dihydrot est ost eron e an d est radiol benzo ate pret reat ment u po n
t est ost eron e-in duce d sexua l behavior in the cast rate d ma le rat.
Horm Behav 6:1–8. 

Lee H , Kim D, Remedios R, Anthony TE, Chang A, Madisen L,
Zeng H, Anderson DJ 2014. Sc al ab le contro l of mounting and
attack by Esr1 + neurons in th e ventrom edi al hypothal amus.
Nature 509:627–32. http://dx.doi.org/10.1038/nature13169 . 

Li N , Chen S, Guo ZV, Chen H, Huo Y, Inagaki HK, Chen G,
Davis C, Hansel D, Guo C et al. 2019. Sp at iotempora l con-
straints on o p togenetic inactivation in cort ica l circuits. Elife.
8:e48622. doi:10.7554/eLife.48622 

Lisciott CA , Debold JF, Haney M, Miczek KA 1990. Im plan ts of
t est ost erone int o t he sept al fo reb rain act ivate agg ressive behav-
ior in male mice. Aggr Behav 16:249–58. 

Lofgr en JL , Er dman S E, Hewes C, Wo n g C, Kin g R, Chavar r ia
TE, Discua AR, Fox JG, Ma urer KJ 2012. Castra tion Elimina tes
Conspe cific Agg ressio n in Grou p-Housed CD1 Male Surveil-
lance Mice (Mus musculus). J Am Assoc Lab Anim Sci 51:594–
99. 

Lorin T , Salzbur g er W, Böhne A 2015. Evol u tio nary fate o f the
andr ogen r ecept or-S ignaling pathway in ray-finned fishes with

http://www.sciencedirect.com/science/article/pii/0003347277900483
http://www.pnas.org/cgi/doi/10.1073/pnas.1202552109
http://www.pnas.org/cgi/doi/10.1073/pnas.1001394107
http://www.ncbi.nlm.nih.gov/pubmed/10199627
http://www.ncbi.nlm.nih.gov/pubmed/11826089
http://dx.doi.org/10.1016/j.tree.2014.07.008
https://doi.org/10.1016/j.yhbeh.2018.10.011
http://linkinghub.elsevier.com/retrieve/pii/S0960982216300148
http://dx.doi.org/10.1038/nature13169


Krogh’s principle, behavioral neuroendocrinology, and gene editing 441 

 

M  

 

M  

 

 

M  

 

 

M  

 

 

M  

 

 

M  

 

 

M  

 

 

M  

 

M  

 

 

M  

 

 

M  

 

 

M  

 

 

 

M  

 

M  

 

 

 

M  

 

N  

 

N  

N  

 

O  

 

O  

O  

 

 

O  

O  

 

 

 

O  

 

P  

 

 

P  

 

P  

 

P  

 

 

 

P  

 

P  

 

P  

 

 

Q  

 

 

R  

 

a spe cia l focus on cichlids. G3: G enes, G enomes, G enetics
5:2275–83. doi:10.1534/g3.115.020685 
aruska KP 2015. Social transi tio ns cause rap id behavio ral and
n euroen docrin e chan g es. In tegr Com p Biol 55:294–306. h ttp:
//icb.oxfordjourn al s.org/cgi/doi/10.1093/icb/icv057 . 
aruska KP , Becker L, Neb o ori A, Fernald RD 2013. Social de-
scent with t errit ory loss causes rapid be havioral, en docrin e an d
t ranscript iona l chan g es in the brain. J Exp Biol 216:3656–66.
http://j eb.biologists.org/cg i/doi/10.1242/jeb.088617 . 
a ruska KP , Ca rpenter RE, Fernald RD 2012. Characterization
of cell pr oliferation thr o ugho ut the brain of the African cichlid
fish Astatot i l api a burtoni and its regu lat ion by socia l status. J
Comp Neurol 520:3471–91. 
aru ska KP , Fern ald RD 2011. Pla stici ty o f the rep rod uctive axis
caus ed by s ocial status chan g e in an african cichlid fish: II. Tes-
t icu lar gene exp ressio n an d spermatogen esis. En docrin ology
152:291–302. 
aru ska KP , Fern a ld RD 2013. Socia l Regu lat io n o f Male Re-
p rod uctive P las ticity in an African Cichlid Fish. Integr Comp
Biol 53:938–50. http://icb.oxfordjourn al s.org/cgi/doi/10.1093
/icb/ict017 . 
aruska KP , Fernald RD 2018. Asta totila pia bur-
toni: a Model System for A n alyzing the Neurobi-
ology o f Behavio r. ACS Chem Neurosci 9:1951–62.
doi:10.1021/acsch emn euro.7b00496 
aruska KP , Zhang A, Neb o ori A, Fernald RD 2013. Social op-
po rtuni t y c a uses ra p id transcri ptio n al ch an g es in the social be-
hav iour net wo rk o f the b ra in in a n Africa n Cichlid fish. J Neu-
ro endo crinol 25:145–57. 
at oc hik JA , Sipos ML, Nyby JG, Barfield RJ 1994. Int racrania l
androgenic act ivat io n o f male-typ ical behavio rs in house mice:
mot ivat ion versus per for man ce. Be hav Brain Res 60:141–9. 
ay er I , Bor g B, S chulz R 1990. S ea son a l C han g es in a nd Effect
of Cast rat ion/Androgen R epl acement on the Pla sm a Level s of
Fiv e Androg en s in the Ma le Thre e-Spine d St ickleb ack. Gas-
t erost eu s aculeatu s L. Gen Comp En drocrin ol 79:23–30. 
cEwen BS , Coirini H, Westlin d-Danie lsson A, Frankfurt M,
Gould E, Sc humac her M, Woolley C 1991. Stero id ho rmo nes
as mediat or s of neura l plast ici ty. J Stero id Biochem Mol Biol
39:223–32. 
organtaler A , Crews D 1978. Role of the anterior
hypoth alamu s-preo p tic area in the regu lat io n o f rep rod uctive
behavior in the lizard, A noli s carolinensi s: im plan ta tion
studies. Horm Behav 11:61–73. 
orrell JI , Crews D, Ba l lin A, Mor g entaler A, P fa ff DW 1979.
3H-Es tradio1, 3H-Tes tos teron e an d 3H-Dihydrot est ost erone
loca lizat ion in the brain of the lizard A noli s
ca rolinensis: a n au to radiograp hic stud y. J Comp Neuro l
188:201–23. 
unakata A , Kobayashi M 2010. Endocrine control of sex-
u al behav ior in te leost fis h. Gen Comp En docrin ol 165:
456–68. 
usatov S , Chen W, P fa ff DW, K apli tt MG, Ogawa S, Sciences
B 2006. RNAi-me diate d si lencing of estrogen receptor in the
vent rome dia l nucleus of hyp othalamus ab olis h es fema le sexua l
b ehaviors. Pro c N atl A cad Sci USA 103:10456–60. www.pnas
.orgcgidoi10.1073pnas.0603045103 . 
uto A , Taylor MR, Suzawa M, Kor enbr ot JI, Baier H 2013. Glu-
coco rtico id recepto r activi ty regula tes ligh t ada pta tion in the

ze brafish retin a. Fr ont Neural Cir cuits 7:1–8. 
as e vicius A , Ekker SC 2000. Effe ct iv e tar g eted g en e “kn ock-
down” in ze brafish. Nature 26:216–20. http://genetics.nature.
com . 

ottebohm F 1968. Audi to ry experien ce an d s ong de ve lopm ent
in the c haffinc h Fring i l la coele bs. Ibi s 110:549–68. 

yby J , Mat oc hik JA, Barfield RJ 1992. Int racrania l Andro-
genic and Estrogenic St imu lat io n o f Male-Typ ic al Behav iors
in House Mice (MUS domesticus). Horm Behav 26:24–45. 

’Conn e ll LA , Hofmann HA 2011. The vert ebrat e mesolimbic re-
wa rd system a nd so cial b e havior n etwor k: a com para tive syn-
thesis. J Comp Neurol 519:3599–639. 

’Conn e ll LA , Hofmann HA 2012. Evolution of a Vert ebrat e So-
cia l De cision-Ma kin g Netw or k. Scien ce 336:1154–7. 

’Conn e ll LA , Hofmann HA 2012. Social status predicts how
sex ster oid r eceptors r egula te com plex behavior across levels
o f b iolog ica l organizat ion. En docrin ology 153:1341–51. http:
//p ress.endocrine.o rg/doi/abs/10.1210/en.2011-1663 . 
 penda k M , Briones BA, Gould E 2016. So cial b e havior, h or-
m on es an d adult n eurogen esis. Fr ont Neur o endo crinol 41:71–
86. 

rm erod B K , Galea L AM. 2003. Repro ductive status influences
the survival of new cells in the den ta te gyrus of adult male
meadow voles. Neurosci Lett 346:25–8. doi:10.1016/S0304-
3940(03)00546-9 [accessed 2013 Sep 2]. http://linkinghub.els
evier.com/retrieve/pii/S0304394003005469 . 

wen K , Pet er s PJ, B ron son FH 1974. Effects of int racrania l im-
plants of t est ost ero ne p rop io nate o n inter male ag gression in
the cast rate d ma le m ouse1. Horm Be hav 5:83–92. 

anzica G , Viglietti-Panzica C, San ch ez F, Sante P, Balthazart J
1991. Effects of t est ost ero ne o n a sele cte d neurona l po p u lat ion
wit hin t he preo p tic sexually dimorphic nucleus of the Japanese
quail. J Comp Neurol 303:443–56. 

asch B , Geor g e AS, Hamlin HJ, Guillette LJ, Ph e l ps S M 2011.
Androg en s modulate song effort a nd a ggres sion in Ne ot ropica l
sin gin g mice. Horm Behav 59:90–97. 

ayne AH , Hales DB 2004. Overview o f stero idogenic enzymes
in the pathway from c holest erol t o active steroid h orm on es.
Endocr Rev 25:947–70. 

 fa ff DW , Rubin RT, Schneider JE, Head GA 2018. Ho rmo ne re-
cept or s act by mu lt iple interact ing me ch ani sms. In: P fa ff DW,
Rubin RT, Schneider JE, Head GA, eds. Principles of Hor-
m on e/Be hav ior R el ation s. Cambridg e , Massac husets 2nd ed.
Els e vier. p.358–64. 

h e l ps S M , C ampb e ll P, Zh eng DJ, O phir AG 2010. Beat ing the
b o ojum: com para tive a pproac hes t o th e n eurob iology o f social
beh avior. Neuroph arm acology 58:17–28. 

hoenix CH 1974. Effects of dihydrot est ost ero ne o n sexual
behavio r o f cast rate d ma le r h esus m onkeys. Physiol Be hav
12:1045–55. 

ortugues R , Severi KE, Wyart C, Ahrens MB 2013. O ptogenet ics
in a t ransp arent anima l: circ uit func tion in the larval ze brafish.
Curr Op in Neurob iol 23:119–26. http://dx.do i.org/10.1016/j.c
onb.2012.11.001 . 

u C , Ligneul R, Van der Henst JB, Dre h er JC 2017. An Integra-
ti ve Interdiscip linary Perspe ct ive on Socia l Dominance Hier-
ar chies. Tr ends Cogn Sci 21:893–908. http://dx.doi.org/10.10
16/j.tics.2017.08.004 . 

asys AM , Park S, Ba l l RE, A lc al a AJ, Lauderdale JD, Menke DB
2019. CRISPR-Cas9 gene e dit ing in lizards through microin-
j e ct io n o f unfert i lize d o o cytes. Cell Rep 28:2288–2292.e3. 

http://icb.oxfordjournals.org/cgi/doi/10.1093/icb/icv057
http://jeb.biologists.org/cgi/doi/10.1242/jeb.088617
http://icb.oxfordjournals.org/cgi/doi/10.1093/icb/ict017
http://www.pnas.orgcgidoi10.1073pnas.0603045103
http://genetics.nature.com
http://press.endocrine.org/doi/abs/10.1210/en.2011-1663
http://linkinghub.elsevier.com/retrieve/pii/S0304394003005469
http://dx.doi.org/10.1016/j.conb.2012.11.001
http://dx.doi.org/10.1016/j.tics.2017.08.004


442 L. R Jackson et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rit er s LV , Absil P, Balthazart J 1998. Effects o f b rain t est os-
terone im plan ts on a ppet it iv e and con summa tory com ponen ts
of ma le sexua l behavior in Jap a nese qua il. Bra in Res Bu l l
47:69–79. 

Rob inso n GE , Fernald RD, Clayton DF 2008. Genes and social
be havior. Scien ce 322:896–900. 

Ruiz-Ortiz J , Tollkuhn J 2021. Specificity in sociogenomics: iden-
tify ing c ausal rel atio nshi ps between genes and behavior. Horm
Behav 127:104882. 

Sano K , Nakata M, Musatov S, Mo rishi ta M, Sakamoto T, Tsuka-
hara S, Ogawa S 2016. Pubertal activatio n o f estrogen receptor
α in th e m e dia l amygda la is essent ia l for the fu l l exp ressio n
of male social behavior in mice. Proc. Natl. Acad. Sci. U.S.A.
113:7632–7. 

Sano K , Tsuda MC, Musatov S, Sakamoto T, Ogawa S 2013.
Different ia l effe cts o f si te-sp ecific kno ckdown of estrogen
receptor α in the me dia l amygda la, me dia l pre-o p tic area,
an d ventrom edial nucleus of t he hypot h alamu s on sexual
and a ggres sive behavio r o f male mice. Eur J Neurosci 37:
1308–19. 

Santos ME , Salzbur g er W 2012. How cichlids diversify. Science
338:619–20. 

Sapols ky RM 2005. Th e influen ce o f social hierarchy o n p rimate
he alt h. Science 308:648–52. 

Schmid S , Wi l li RA, F en t K 2020. Effects o f enviro nmental stero id
mixtur es ar e r egu late d by indiv idu al ster oid r e ceptor sig na ling.
Aquat Toxicol 226:105562. 

Sipos ML , Nyby JG 1998. Int racrania l androgenic act ivat io n o f
male-t ypic al behav io urs in ho use mice: concurren t Stim ula-
tio n o f the Me dia l Pre o p t ic Area and Me dia l Nucleus of the
Amygd al a. J Neuro endo crinol 10:577–86. 

Sle dz CA , Hol ko M, De Ve er MJ, Si lverman RH, Wi l liam s BR G
2003. Act ivat io n o f t he inter feron system by s h ort-inter fer ing
RNAs. Nat Cell Biol 5:834–9. 

Sp ri tzer MD , Galea LAM 2013. Tes tos teron e an d Dihydrot est os-
t erone , b ut no t est radiol, en hance surviva l o f new hi pp o cam-
p a l neurons in adu lt ma le rats. Devel Neurobio 67:n/a–.
doi:10.1002/dneu 

Stern er MR , Meise l RL, Die km an MA 1992. Fore brain S it es of
Est radiol-17 β Act io n o n sexu al behav ior and a ggres sion in fe-
male Sy ri a n Ha mst er s. Behav Neurosci 106:162–71. 

Stev en son TJ , Alward BA, Ebling FJP, Fernald RD, Kelly A, Ophir
AG. 2018. The value of com para tive a nimal resea rch: krogh’s
Princi ple facili ta tes scien tific disco veries. Policy I nsights from
th e Be havioral an d Brain Scien ces 5:118–25. 

Ta ka h a shi LK , Li sk RD 1985. Est rogen act io n in anterio r and
vent rome dia l hypotha la mus a n d th e m odu lat ion of hetero-
sexu al behav ior in fem ale golden h amst er s. Physiol Behav 34:
233–9. 

Tho mpso n RR 2020. An updated field guide for snark h un ting:
com para tive con tribu tio ns to behavio ral n euroen docrin ology
in the era of model or ganism s. Horm Behav 122:104742. 

Tohyama S , Ogino Y, Lan g e A, Myos h o T, Kobayashi T, Hirano
Y, Yamada G, Sato T, Tata razak o N, Tyler CR et al. 2017. Es-
tablis hm ent of estrogen receptor 1 (ESR1)-knockout me da ka:
ESR1 i s di spen sa ble for s exual de ve lopm ent an d r epr oduction
in me da ka, Oryzias latipe s . Dev elop. G rowth Differ. 59:552–61.
https://o nlinelib rary .wiley .com/doi/10.1111/dgd.12386 . 

To karz J , Möller G, Hra b ̌e De An g elis M, Adam ski J. 2015.
Steroids in te leost fis h es: a fun ctio nal po int o f view. Stero ids

103:123–44. 
Trainor BC , Bird IM, Marler CA 2004. Opposing ho rmo nal
mech ani sms of a ggres sion revea le d through s h ort-lived t est os-
tero ne mani pu lat ions and mu lt iple winning experiences.
Horm Behav 45:115–21. 

Traino r BC , Kyo men HH, Marler CA 2006. Estrogenic en-
count er s: how int eraction s betw een arom ata se an d th e en-
vironm ent m odu late agg r ession. Fr ont Neur o endo crinol 27:
170–9. 

Trainor BC , Sima Finy M, Nelson RJ. 2008. Rapid effects of estra-
diol on male a ggres sio n depend o n pho to p erio d in r epr oduc-
ti vel y no n-respo n siv e mice. Horm Behav 53:192–9. 

Un g er EK , Burke KJ, Yang CF, Bender KJ, Fu l ler PM, Sha h NM
2015. Me dia l amygda la r a rom ata se neurons regulate aggres-
sion in both sexes. Cell Rep 10:453–62. http://dx.doi.org/10.
1016/j.celrep.2014.12.040 . 

Vetter -O’H agen CS , Spear LP 2012. The effects of gonadectomy
on sex- and age-t ypic al responses to n ove lty an d ethan ol-
induce d socia l in hib i tio n in ad ul t male a nd f emale Sprague-
Dawley rats. Behav Brain Res 227:224–32. 

Wada M 1984. Effects of ven tricularly im plan t ed sex st ero ids o n
ca l ling an d locom otor activ it y in cast rate d ma le Jap a nese qua il.
Horm Behav 18:130–9. 

Wada M , Go rb man A 1977. Relation of Mode of Administ rat ion
of Tes tos tero ne to Evocatio n o f Male Sex Behavio r in Frogs’.
Horm Behav 8:310–19. 

Wade J , Crews D 1991. The effects of intracranial im plan ta tio n o f
estr ogen on r eceptiv it y in sexually and asexually r epr oducing
f emale whipta il liza rds, cn emidoph orus in omatus an d Cnemi-
dop ho rus uni parens . Horm Behav 25:342–53 

Wang F , Shi Z, Cui Y, Guo X, Shi YB, Chen Y 2015. Tar g eted g ene
disru ptio n in Xenopus l aev is using CRISPR/Cas9. Cell Biosci
5:15. 

Warren WC , Clayton DF, El leg ren H, Arnold AP, Hi l lier LW,
Künstn er A, Sear le S, W hi te S, Vi lel la AJ, Fairley S et al. 2010.
Th e gen om e o f a so ngb ir d. Natur e 464:757–62. 

Wetzel DM , Kelley DB 1983. Androgen and Gonado tro pin Ef-
fe cts on Ma le Mate Ca l l s in South A fric an Cl awed Frogs, Xeno-
pus l aev is. Horm Behav 17:388–404. 

Yabuki Y , Koide T, M i yasa ka N, Wa kisa ka N, Masuda M, Ohkura
M, Nakai J, Tsuge K, Tsuchiya S, Sugimoto Y et al. 2016.
Olfact ory recept or for pros ta glan din F2 α m e diates ma le fish
courts hip be havior. Nat Neurosci 19:897–904. 

Yan L , Feng H, Wang F, Lu B, Liu X, Sun L, Wang D 2019. Estab-
lis hm ent of three estrogen recept or s (esr1, esr2a, esr2b) knoc k-
out lines for funct iona l study in Nile til api a. J Steroid Biochem
Mo l Bio l 191:105379. 

Yang T , Yang CF, Chizari MD, Maheswaran ath an N, Burke KJ,
Bo ri us M, Inoue S, Chiang MC, Bender KJ, Ganguli S et al.
2017. Socia l cont rol of hypotha lamus-me diate d ma le agg res-
sio n. Neuro n 95:955–970.e4. http://dx.do i.org/10.1016/j.neu
ron.2017.06.046 . 

Yin Y , Tang H, Liu Y, Chen Y, Li G, Liu X, Lin H 2017.
Tar g ete d disrupt ion of arom ata s e re vea ls dua l funct io ns o f
cyp19a1a during sex differen tia tio n in zeb rafis h. En docrin ol-
ogy 158:3030–41. 

Yokoi S , Naruse K, Kamei Y, Ansai S, Kin os hita M, Mito
M, Iwasaki S, Inoue S, Okuyama T, Nakagawa S et al.
2020. Sexua l l y dimorp hic ro le of oxytocin in me da ka
mat e c hoice. Proc N atl A cad Sci U S A. 117:4802–
8. do i: 10.1073/p n a s.1921446117/-/DCSupplemental
www.p nas.org/cgi/do i/10.1073/pnas.1921446117 . 

https://onlinelibrary.wiley.com/doi/10.1111/dgd.12386
http://dx.doi.org/10.1016/j.celrep.2014.12.040
http://dx.doi.org/10.1016/j.neuron.2017.06.046
http://www.pnas.org/cgi/doi/10.1073/pnas.1921446117


Krogh’s principle, behavioral neuroendocrinology, and gene editing 443 

Y  

 

 

 

Y  

 

Z  

 

 

Z  

 

 

©
F

okoi S , Okuyama T, Kamei Y, Naruse K, Taniguchi Y, Ansai
S, Kin os hita M, Young LJ, Takem ori N, Ku bo T et al. 2015.
An essent ia l role of the arginine vasotocin system in mate-
gu arding behav iors in tri adic rel atio nshi ps o f me da ka fish
(Oryzi as l atip es). PL oS Genet 11:1–25. 

ong L , Thet Z, Zhu Y 2017. Genetic editing of the androgen re-
cepto r co ntribu t es t o imp aire d ma le courts hip be havior in ze-
brafish. J Exp Biol 220:3017–21. 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
hang XH , Tee LY, Wang XG, Huang QS, Yang SH 2015.
Off-tar g et effects in CRISPR/Cas9-m ediated gen om e
eng ine ering. Mole cu lar Therapy - Nucleic Acids 4:
e264. 

iv L , Muto A, Sch oonh eim PJ, Meijsing SH, Strasser D, Ingra-
ham HA, Schaaf MJM, Yamamoto KR, Baier H 2013. An affec-
tive disorder in zebrafish with m uta tion of the glucocorticoid
receptor. Mol Psychiatry 18:681–91. 
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

mailto:journals.permissions@oup.com

	Introduction
	Bypassing limitations of genetic tractability: Examples from nontraditional model organisms in behavioral neuroendocrinology
	From lake to lab: A. burtoni provide in-depth insights into the hormonal control of social behavior
	Summary
	Where to from here?
	Conclusion
	Author's contributions
	Acknowledgments
	Funding
	Conflict of interest
	Data availability statement
	References

