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Chemical	and	psychological	stressors	can	exert	long	lasting	changes	in	brain	function	
and	behaviour.	Changes	 in	DNA	methylation	 have	been	 shown	 to	 be	 an	 important	
mechanism	mediating	long	lasting	changes	in	neural	function	and	behaviour,	especially	
for	anxiety-	like	or	stress	responses.	In	the	present	study,	we	examined	the	effects	of	
either	a	social	or	chemical	stressor	on	DNA	methyltransferase	(DNMT)	gene	expres-
sion	in	the	amygdala,	an	important	brain	region	modulating	stress	responses	and	anxi-
ety.	In	adult	California	mice	(Peromyscus californicus)	that	were	naïve	to	social	defeat,	
females	had	higher	levels	of	Dnmt1	expression	in	punch	samples	of	the	central	amyg-
dala	(CeA)	than	males.	 In	addition,	mice	that	underwent	social	defeat	stress	showed	
reduced Dnmt1 and Dnmt3a	expression	in	the	CeA	of	females	but	not	males.	A	second	
study	 using	 more	 anatomically	 specific	 punch	 samples	 replicated	 these	 effects	 for	
Dnmt1.	Perinatal	exposure	(spanning	from	periconception	through	lactation)	to	bisphe-
nol	A	or	ethinyl	oestradiol	(oestrogens	in	birth	control	pills)	also	abolished	sex	differ-
ences	in	Dnmt1	expression	in	the	CeA	but	not	the	basolateral	amygdala.	These	findings	
identify	a	robust	sex	difference	in	Dnmt1	expression	in	the	CeA	that	is	sensitive	to	both	
psychological	and	chemical	stressors.	Future	studies	should	aim	to	examine	the	impact	
of	psychological	and	chemical	stressors	on	DNA	methylation	in	the	CeA	and	also	inves-
tigate	whether	Dnmt1	may	have	an	underappreciated	role	in	plasticity	in	behaviour.

K E Y W O R D S

California	mouse,	DNMT1,	DNMT3A,	endocrine	disruptors,	oestrogen	receptor

1  | INTRODUCTION

Neurobehavioural	 programming	 is	 the	 product	 of	 both	 the	 intrinsic	
and	 extrinsic	 influences	 experienced	 across	 a	 lifespan.	 Experiences,	
such	 as	 social	 interactions	 or	 dietary	 alterations,	 can	 induce	 neuro-
adaptations	that	lead	to	long	lasting	changes	in	behaviour.	The	meth-
ylation	 of	 CpG	 sites	 can	 be	 an	 important	mechanism	 for	mediating	
these	 experience-	driven	 effects.1-3	One	 of	 the	ways	 this	 process	 is	
controlled	 is	 by	 DNA	methyltransferases	 (DNMT),	 with	Dnmt1	 pri-
marily	 targeting	 hemimethylated	 CpG	 and	 Dnmt3a,	 targeting	 both	
unmethylated	and	hemimethylated	CpG	sites.4	The	impact	of	DNMTs	

early	 in	 life	 is	well	documented,5-7	and	there	 is	growing	evidence	to	
indicate	 that	DNMTs	can	also	mediate	 the	effects	of	experience	on	
brain	function	and	behaviour	in	adults.	For	example,	the	infusion	of	a	
DNMT	inhibitor	in	hippocampus	blocked	the	formation	of	long-	term	
fear	memories.8	The	behavioral	effects	of	social	defeat	stress,	which	
normally	induces	anxiety-	like	and	depression-	like	behaviours	in	male	
rodents,	were	 reduced	with	 infusions	 of	 a	DNMT	 inhibitor	 into	 the	
nucleus	accumbens.9	 It	was	also	shown	that	defeat	stress	 increased	
Dnmt3a	expression,	suggesting	that	experience	can	modulate	DNMT	
activity,	 which	 in	 turn	 affects	 behavioural	 responses	 to	 stress.6,7,10 
Another	 form	of	experience	 that	can	alter	DNMT	expression	within	
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the	brain	is	through	exposure	to	endocrine	disrupting	chemicals	(EDC)	
in	 the	environment.	Bisphenol	A	 (BPA)	 is	an	EDC	that	binds	weakly	
to	oestrogen	receptors	(ESR1	and	ESR2,	also	referred	to	as	ERα and 
ERβ	respectively).11	In	utero	exposure	to	BPA	was	shown	to	increase	
the	 expression	 of	Dnmt3a,	 as	 well	 as	 hypermethylation	 of	 Esr1,	 in	
the	male	mouse	 prefrontal	 cortex,	whereas	 the	 same	 dose	 induced	
down-	regulation	of	Dnmt3a	and	hypomethylation	of	Esr1	in	the	female	
mouse	 prefrontal	 cortex.	 In	 the	 same	 study,	Dnmt1	 expression	was	
decreased	by	BPA	exposure	in	the	female	mouse	hypothalamus.	This	
suggests	 that	BPA	exposure	may	disrupt	sexually	dimorphic	methyl-
ation	patterns.12	 Prenatal	BPA	exposure	 also	 leads	 to	 increased	 ex-
pression	of	Dnmt1	in	the	male	mice	hippocampus.13	There	is	growing	
evidence	that	exposure	to	EDCs	such	as	BPA	early	in	life	can	interact	
with	stressors	experienced	later	in	life.	This	idea	has	been	conceptu-
alised	as	the	“two	hit”	hypothesis,	which	poses	that	a	combination	of	
external	hits	can	produce	a	phenotype	 that	 is	greater	 than	 the	sum	
of	their	individual	effects.14,15	As	a	first	step	towards	testing	this	hy-
pothesis,	we	examined	 the	 individual	 effects	of	developmental	BPA	
exposure	(or	ethinyl	oestradiol:	EE,	positive	oestrogen	control	for	BPA	
studies)	 or	 social	 defeat	 experienced	 at	 adulthood	 on	 DNMT	 gene	
expression.

We	chose	to	study	the	California	mouse	(Peromyscus californicus),	
a	monogamous,	biparental	rodent	species	in	which	both	males	and	fe-
males	 are	vulnerable	 to	 social	 defeat.10,16	This	 approach	 allowed	us	
to	study	the	effect	of	defeat	in	both	males	and	females,	an	important	
aspect	to	consider	because	sex	differences	in	the	effects	of	psychoso-
cial	stress	on	DNMT	function	have	been	observed.17	California	mice	
are	 also	 sensitive	 to	 perinatal	BPA	exposure.18-21	We	examined	 the	
effects	of	 these	stressors	 in	 the	amygdala,	which	 is	 sensitive	 to	en-
vironmental	 stressors,10,22,23	 and	 regulates	behavioural	 responses	 to	
stress.24	 In	 female	 rats,	 perinatal	 BPA	 exposure	 reduced	Dnmt1	 ex-
pression	in	the	basolateral	amygdala	(BLA)	and	increased	anxiety-	like	
behaviour.25	Sex	differences	 in	Dnmt3a	expression	have	been	found	
in	the	developing	amygdala26	but,	to	our	knowledge,	adults	have	not	
been	studied.	In	the	present	study,	we	examined	Dnmt1 and Dnmt3a 
expression	in	the	medial	amygdala	(MeA),	central	nucleus	of	the	amyg-
dala	(CeA)	and	BLA.	Two	experiments	were	performed	to	examine	the	
effects	of	social	defeat	stress	on	Dnmt	expression	in	adult	males	and	
females,	while	a	third	experiment	focused	on	developmental	BPA	ex-
posure.	Although	 specific	 subnuclei	 of	 the	 amygdala	have	not	been	
examined,	previous	studies	have	generally	reported	stronger	effects	of	
chemical12	or	psychosocial17	stressors	on	Dnmt	expression	in	females	
versus	males.	Based	on	these	results,	we	predicted	that	social	defeat	
and	BPA	would	have	stronger	effects	on	DNMT	gene	expression	 in	
females	than	males.

2  | MATERIALS AND METHODS

2.1 | Animals

For	 Experiments	 1	 and	 2,	 California	 mice	 were	 obtained	 from	 a	
pathogen-	free	 breeding	 colony	 at	 the	 University	 of	 California	 (UC),	
Davis.	They	were	group	housed	 (two	or	 three	same-	sex	animals	per	

cage)	 and	 maintained	 in	 a	 temperature-	controlled	 room	 under	 a	
16	:	8	hour	light/cycle	with	water	and	food	available	ad	libitum	(Harlan	
Teklad	 2016;	 Harlan	 Teklad,	 Madison,	 WI,	 USA).	 Cages	 comprised	
polycarbonate	 plastic	 with	 Sani-	Chip	 bedding	 (Harlan	 Laboratories,	
Indianapolis,	 IN,	 USA),	 Nestlets	 (Ancare,	 Bellmore,	 NY,	 USA)	 and	
Enviro-	Dri	 (Eco-	bedding,	 Fibercore,	 Cleveland,	 OH,	 USA).27	All	 pro-
cedures	were	 approved	 by	 the	 UC	 Davis	 Internal	Animal	 Care	 and	
Use	Committee	and	conformed	to	National	Institutes	of	Health	(NIH)	
guidelines.

For	 Experiment	 3,	 outbred	 adult	 (60-	90	days	 of	 age)	 founder	
California	mouse	females	and	males,	 free	of	common	rodent	patho-
gens,	 were	 purchased	 from	 the	 Peromyscus	 Genetic	 Stock	 Center	
(PGSC)	at	the	University	of	South	Carolina	(Columbia,	SC,	USA).	They	
were	placed	in	quarantine	at	the	University	of	Missouri	for	a	minimum	
of	8	weeks	 to	 ensure	 that	 they	did	 not	 carry	 any	 transmittable	 and	
zoonotic	diseases.	From	the	time	that	the	animals	had	been	captured	
between	1979	and	1987,	P. californicus	captive	stocks	have	been	bred	
by	the	PGSC	to	maintain	their	outbred	status.	Mice	were	housed	 in	
polypropylene	cages	(Allentown	Inc.,	Allentown,	NJ,	USA)	with	aspen	
shaving	bedding	 (Bourn	Feed,	Columbia,	MO,	USA)	and	nestlets.	All	
experiments	were	approved	by	the	University	of	Missouri	Animal	Care	
and	Use	Committee	and	confirmed	to	NIH	guidelines.

2.2 | Experiment 1: Effects of social defeat on gene 
expression in the CeA and MeA

Male	and	female	California	mice	were	randomly	assigned	to	either	so-
cial	defeat	stress	or	to	remain	naïve	to	defeat.	Each	mouse	assigned	to	
social	defeat	was	placed	in	the	cage	of	an	aggressive	same-	sex	mouse	
resident	mouse.28	Each	episode	lasted	7	minutes	or	until	the	resident	
attacked	the	focal	mouse	seven	times	(whichever	occurred	first),	and	
this	was	repeated	on	three	consecutive	days	with	three	different	resi-
dents.	Naïve	mice	were	 introduced	 into	 a	 clean	 cage	 for	7	minutes,	
again	 for	 three	 consecutive	 days.	 Immediately	 after	 defeat/control	
conditions,	mice	were	returned	to	their	home	cage.	To	focus	on	long-	
term	behavioural	changes,	behaviour	was	assessed	via	a	social	inter-
action	test	2	weeks	after	the	last	episode	of	defeat.	Behavioural	and	
neurobiological	effects	of	defeat	persist	for	at	least	10	weeks.10,29	The	
social	interaction	test	consisted	of	three	phases,	3	minutes	each.30 In 
the	open	field	phase,	animals	were	introduced	into	a	large	open	field	
(89×63×60	cm).	Durations	within	a	 centre	 zone	 located	14	cm	 from	
the	 sides	were	 recorded	using	 the	Any-	Maze	video	 tracking	 system	
(Stoelting,	Wood	Dale,	IL,	USA).	During	the	acclimation	phase,	a	small	
wire	cage	was	introduced	against	one	side	of	the	arena,	the	amount	of	
time	the	mouse	spent	within	8	cm	of	the	empty	cage	was	recorded.	
During	the	social	interaction	phase,	an	unfamiliar,	same-	sex	virgin	stim-
ulus	mouse	was	placed	into	the	wire	cage.	We	recorded	the	amount	
of	time	the	focal	mouse	spent	interacting	with	the	wire	cage	and	the	
duration	spent	in	the	two	corners	opposite	the	wire	cage.	Behavioural	
data	for	these	mice	have	been	published.30	We	did	not	include	sepa-
rate	groups	for	different	stages	of	the	oestrous	cycle	because	previous	
studies	observed	that	oestrous	cycle10	and	gonadectomy28	had	no	ef-
fect	on	behaviour	after	defeat.
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Immediately	 after	 social	 interaction	 testing,	 each	 mouse	 was	
lightly	 anaesthetised	 with	 isoflurane	 and	 rapidly	 decapitated.	
Although	it	is	possible	that	isoflurane	exposure	could	affect	gene	ex-
pression,	exposure	was	minimised	(90	seconds	or	less).	Furthermore,	
a	 recent	 study	 reported	 that	 5	minutes	 of	 isoflurane	 exposure	 did	
not	 affect	 expression	 of	 four	 different	 genes	 in	 hippocampus.31 
Although	 it	 is	 possible	 that	 the	 specific	 genes	we	quantified	were	
affected	by	isoflurane,	all	experimental	groups	were	euthanised	in	a	
consistent	manner.	Each	brain	was	rapidly	removed	and	placed	into	
a	brain	matrix	chilled	on	ice	to	collect	2-	mm	slices.32	Punch	samples	
of	 the	MeA	and	CeA	were	 collected	with	 a	1-	mm	diameter	punch	
tool	(Figure	1).	The	punches	of	the	CeA	may	have	contained	a	small	
amount	of	adjacent	BLA.	Samples	were	frozen	on	dry	ice	and	stored	
at	−40°C.

2.3 | Experiment 2: Effects of social defeat on gene 
expression in the CeA and BLA

Male	and	female	California	mice	were	randomly	assigned	to	defeat	
stress	 or	 control	 and	 then	 tested	 in	 the	 social	 interaction	 test	 as	
described	 in	Experiment	1.	However,	 instead	of	euthanising	mice	
immediately	after	the	social	interaction	test	mice	were	euthanised	
by	isoflurane	anesthesia	and	decapitation	12-	14	hours	later.	Brains	
were	 rapidly	 removed	and	a	chilled	brain	matrix	was	used	 to	col-
lect	 1-	mm	 slices.	 Slices	 containing	 the	 amygdala	 were	 stored	 in	
RNAlater	(Ambion,	Austin,	TX,	USA)	overnight	at	4°C	and	bilateral	
punch	samples	were	collected	the	next	day.	Storing	brain	slices	in	
this	manner	 stabilises	RNA	and	 results	 in	a	more	 rigid	 tissue	 that	
facilitates	dissection.	In	the	present	study,	we	used	a	0.36-	mm	di-
ameter	 (20	 gauge)	 punch	 tool	 to	obtain	 non-	overlapping	 samples	
of	the	CeA	and	BLA	(Figure	1).	Samples	were	frozen	on	dry	ice	and	
stored	at	−40°C.

2.4 | Experiment 3: Effects of BPA exposure on gene 
expression in the CeA and BLA

Two	 weeks	 prior	 to	 breeding,	 virgin	 females	 (8-	12	weeks	 of	 age)	
were	randomly	assigned	to	receive	one	of	three	diets:	(i)	a	low	phyto-	
oestrogen	AIN	93G	diet	 (Research	Diets,	New	Brunswick,	NJ,	USA)	
supplemented	with	7%	by	weight	corn	oil	to	minimise	potential	phyto-	
oestrogenic	contamination	that	would	otherwise	be	present	with	 in-
clusion	of	soybean	oil	in	the	diet;	(ii)	a	diet	supplemented	with	50	mg	
BPA	kg–1	 feed	weight	 that	we	 have	 documented	 to	 lead	 to	 internal	
serum	 concentrations	 close	 to	 those	 measured	 in	 pregnant	 women	
unknowingly	exposed	to	this	chemical;33	and	(iii)	a	control	diet	supple-
mented	with	0.1	ppb	feed	weight	that	served	as	an	oestrogen	positive	
control,	as	requested	by	the	Food	and	Drug	Administration	for	any	BPA	
study	considered	to	guide	policy	decisions.	Females	were	maintained	
on	these	diets	throughout	gestation	and	lactation,	as	described	previ-
ously.21,33,34	Diets	were	assigned	at	 the	time	that	males	were	paired	
with	 females	and	maintained	until	 the	offspring	were	weaned.	Thus,	
this	 exposure	 regimen	 to	BPA	or	 EE	 is	 unlikely	 to	 affect	 the	 caudal	
epididymal	spermatozoa,	which	developed	and	matured	prior	to	being	
placed	 on	 the	 diets.	 However,	 it	 is	 possible	 that	 direct	 exposure	 to	
EDCs	might	have	affected	paternal	care,	as	discussed	below.	At	wean-
ing	(30	days	of	age),	F1	male	and	female	offspring	were	placed	on	the	
AIN	 control	 diet,	 and	 they	were	maintained	on	 this	 diet	 throughout	
the	 remainder	of	 the	 study.	At	 adulthood,	which	 ranged	 from	60	 to	
194	days	of	age,	mice	were	killed	by	cervical	dislocation.	Each	brain	
was	rapidly	removed	and	then	frozen	on	dry	ice	and	stored	−80°C.

Frozen	brains	were	shipped	to	UC	Davis	where	they	were	sliced	
on	a	cryostat	at	a	thickness	of	500	μm	at	−10°C	and	immediately	im-
mersed	into	RNAlater	for	approximately	24	hours	at	4°C.35	A	0.36-	mm	
diameter	punch	tool	was	used	to	collect	bilateral	samples	of	BLA	and	
CeA.	Samples	were	then	kept	frozen	at	−80°C	until	RNA	extraction.

F IGURE  1  (A)	Diagram	of	1-	mm	punch	sample	taken	from	the	central	amygdala	(CeA)	and	medial	amygdala	(MeA)	in	Experiment	1.	
(B)	Diagram	of	0.36-	mm	punch	sample	taken	from	the	CeA	and	basolateral	amygdala	(BLA)	in	Experiment	2.	Nissl	images	from	the	California 
Mouse Brain Atlas	at	brainmaps.org

(A) (B)

1 mm

CeA

MeA
BLA

CeA
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2.5 | RNA extraction and real- time PCR

RNA	was	extracted	from	punch	samples	by	using	RNAqueous-	Micro	
Total	RNA	Isolation	Kit	(AM1931;	Ambion)	and	underwent	a	DNase	
I	 treatment	before	 reverse	 transcription.	For	each	sample,	 the	RNA	
concentration	 and	 quality	was	 assessed	 using	 a	Nanodrop	 spectro-
photometer	(Thermo	Scientific,	Waltham,	MA,	USA).	Samples	were	re-
verse	transcribed	by	using	the	iScript	cDNA	Synthesis	Kit	(#1708891;	
Bio-	Rad,	Hercules,	CA,	USA).

For	 real-	time	 PCR	 analysis,	 SYBR	 green	 chemistry	 was	 used	
to	 detect	 genes	 of	 interest.	 For	 Experiment	 1,	 specific	 primers	
for	Dnmt1a and Dnmt3a	were	used	 for	both	CeA	and	MeA	sam-
ples.	 In	 addition,	Bdnf	was	 also	 quantified	 for	 CeA.	We	 also	 ex-
amined Esr1	 (oestrogen	receptor	1)	and	Esr2	 (oestrogen	receptor	
2)	 in	MeA	as	a	 result	of	 the	high	abundance	of	 these	 transcripts	
in	MeA.	In	Experiments	2	and	3,	Dnmt1and Bdnf	were	quantified	
for	both	BLA	and	CeA	samples.	Because	of	 technical	difficulties,	
Dnmt3a	was	not	examined	 in	 the	samples	 for	Experiment	2.	The	
small	amount	of	RNA	recovered	from	the	smaller	punch	size	pre-
vented	us	from	re-	running	this	analysis.	All	gene	expression	mea-
surements	were	 normalised	 to	B2m1	 expression	 and	 normalised	
to	control	males	as	described	previously.29	Primer	sequences	are	
referenced	in	Table	1.

2.6 | Statistical analysis

Gene	 expression	 data	 were	 analysed	 by	 two-	way	 ANOVA	 for	
Experiments	1	and	2	followed	by	planned	comparisons	testing36	for	
the	effects	of	sex	or	stress	using	spss	 (SPSS	Inc.,	Chicago,	 IL,	USA).	
Planned	comparisons	were	 limited	to	comparing	control	males	and	
females	 (baseline	 sex	 difference)	 and	 the	 effects	 of	 stress	 within	
each	 sex	 (three	 comparisons	 total	 per	 variable).	 In	 Experiment	 3,	
we	 tested	 for	 effects	of	 diet	 on	gene	expression	data	 (within	 sex)	
using	Kruskal-	Wallis	 nonparametric	 analyses	because	of	heteroge-
neous	variability	between	the	experimental	groups	(as	indicated	by	
Levene’s	 test).	 Mann-	Whitney	 tests	 were	 used	 for	 pairwise	 com-
parisons	 in	 all	 three	 experiments.	 For	 Experiment	 1,	we	 also	 used	
Spearman	nonparametric	correlations	 to	correlate	gene	expression	

data	with	previously	published	behaviour	data.	The	behavioural	vari-
ables	considered	 included	total	distance	 in	an	open	field	test,	 time	
spent	in	the	centre	of	the	open	field,	time	spent	within	8	cm	of	an	
empty	cage,	and	time	spent	within	8	cm	of	a	cage	containing	an	un-
familiar	same-	sex	mouse.

3  | RESULTS

3.1 | Experiment 1

When	1-	mm	punches	were	used	to	collect	CeA	samples,	main	ef-
fects	of	sex	were	detected	for	Dnmt1	(F1,25=4.8,	P<.05)	(Figure	2A)	
and Dnmt3a	(F1,25=6.5,	P<.05)	(Figure	2B).	Although	there	was	no	
significant	sex	by	stress	interaction	for	either	transcript,	planned	
comparisons	 revealed	 that	 control	 females	 had	 higher	 Dnmt1a 
(P<.05)	 and	 Dnmt3a	 (P<.05)	 expression	 than	 control	 males,	
whereas	 these	 sex	 differences	 were	 not	 significant	 in	 stressed	
mice.	There	were	no	differences	in	Bdnf	expression.	In	MeA	sam-
ples,	there	were	no	differences	in	Dnmt1,	Dnmt3a or Esr1	expres-
sion	 (all	 P>.2)	 (Figure	3).	 However,	 there	was	 a	 significant	main	
effect	of	sex	for	Esr2	in	the	MeA	(F1,25=11.5,	P	<.01)	(Figure	3D).	
Again,	although	 the	 interaction	between	sex	and	 (A,	B,	C)	 stress	
was	 not	 significant,	 planned	 comparisons	 showed	 that	 control	
males	had	higher	Esr2	 expression	 than	control	 females	 (P<.001),	
whereas	 this	 difference	 was	 not	 significant	 in	 stressed	mice.	 In	
correlational	analyses,	Esr2	in	the	MeA	was	negatively	correlated	
with	 total	 distance	 in	 the	open	 field	 for	 females	 (ρ=−.61,	P=.01)	
but	not	males	 (ρ=−.17,	P=.58).	Gene	expression	data	 for	Dnmt1,	
Dnmt3a or Bdnf	were	not	significantly	correlated	with	behaviour	
in	the	social	interaction	test.

3.2 | Experiment 2

When	 a	 smaller	 punch	was	 used	 to	 collect	 the	 CeA,	 a	main	 ef-
fect	of	sex	on	Dnmt1	was	detected	in	the	CeA	region	(F1,31=4.21,	
P<.05)	(Figure	4A).	As	in	Experiment	1,	although	the	sex	by	treat-
ment	 interaction	 was	 not	 significant,	 planned	 comparisons	 de-
tected	increased	Dnmt1	expression	in	control	females	compared	

Genbank accession Forward primer Reverse primer

Bdnf JX977026 CCA	TAA	GGA	CGC	GGA	
CTT	GTA	T

GCA	GAG	GAG	GCT	
CCA	AAG	G

Dnmt1 XM_006987030.2 AGC	CGG	AGA	GCA	GAA	
ATG	GC

ACT	GTC	CGA	CTT	
GCT	TCT	CC

Dnmt3a XM_006981412.2 TCT	TGA	GTC	CAA	CCC	CGT	
GAT	G

CCT	CAC	TTT	GCT	
GAA	CTT	GGC	T

Esr1 XM_015996803.1 TGC	ACC	AGA	TCC	AAG	
GGA	AC

TCG	GGG	TAG	TTG	
AAC	ACA	GC

Esr2 XM_006973152.2 CAC	GCT	TCG	AGG	GTA	
CAA	GT

AGG	CAG	CCA	TAA	
GAT	GAC	GC

B2m XM_3006995122.1 TCT	AGT	GGG	AGG	TCC	
TGT	GG

TGC	GTT	AGA	CCA	
GCA	GAA	GG

TABLE  1 Primer	sequences	from	all	
quantitative	PCR	ran	in	Experiments	1-	3

info:ddbj-embl-genbank/JX977026
info:ddbj-embl-genbank/XM_006987030
info:ddbj-embl-genbank/XM_006981412
info:ddbj-embl-genbank/XM_015996803
info:ddbj-embl-genbank/XM_006973152
info:ddbj-embl-genbank/XM_3006995122
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to	 control	 males,	 whereas	 no	 sex	 difference	 was	 detected	 in	
stressed	 mice.	 In	 addition,	 stress	 reduced	Dnmt1	 expression	 in	
females	 (P<.05)	 (Figure	4A)	 but	 not	 males.	 There	 were	 no	 dif-
ferences	 in	 Bdnf	 expression	 in	 the	 CeA	 (all	 P>.07)	 (Figure	4B).	
Analyses	of	punch	samples	from	the	BLA	showed	no	differences	
in Dnmt1a or Bdnf	(all	P>.14).

3.3 | Experiment 3

Developmental	exposure	to	one	of	the	two	EDCs	led	to	sex	and	
anatomically	 specific	effects	on	gene	expression.	First,	Kruskal-	
Wallis	 analyses	 showed	 significant	 effects	 of	 diet	 on	 Dnmt1a 
expression	 in	 the	 CeA	 in	 males	 (Kruskal-	Wallis,	 H=6.1,	 P<.05)	
(Figure	5A)	 but	 not	 females	 (Kruskal-	Wallis,	 H	=	1.1,	 P	=	.56)	
(Figure	5A).	 Pairwise	 comparisons	 showed	 that	males	 raised	 by	
EE	 exposed	 dams	 had	 significantly	 higher	 Dnmt1	 expression	
than	 males	 derived	 from	 dams	 on	 the	 control	 diet	 (P<.05).	 No	
effect	of	diet	was	observed	in	Dnmt3a or Bdnf	expression	in	the	

CeA	 (all	 P>.23)	 (Figure	5A).	 The	 BLA	 Kruskal-	Wallis	 analyses	
showed	 significant	 effects	 of	 treatment	 on	 Bdnf	 expression	 in	
males	(Kruskal-	Wallis,	H=6.1,	P<.05)	 (Figure	5F)	but	not	females	
(Kruskal-	Wallis,	H=6.1,	P<.05)	(Figure	5A).	Pairwise	comparisons	
showed	that	males	 raised	by	EE	exposed	dams	had	significantly	
lower Bdnf	expression	than	males	raised	by	dams	on	the	control	
diet	(P<.05).

For	mice	 raised	 by	 dams	 on	 the	 control	 diet,	 females	 had	 sig-
nificantly	 higher	Dnmt1	 expression	 than	males	 in	 the	CeA	 (Mann-	
Whitney,	U=80,	P<.05)	(Figure	5A)	but	not	BLA	(Figure	5D).	In	mice	
raised	by	dams	on	 the	EE	diet,	 females	 had	higher	Dnmt1	 (Mann-	
Whitney	U=39,	P<.01)	(Figure	5D)	and	Bdnf	(Mann-	Whitney,	U=37,	
P<.05)	 (Figure	5F)	expression	 in	 the	BLA.	For	 these	same	mice,	no	
sex	differences	were	observed	in	the	CeA	(all	P>.1).	Intriguingly,	no	
sex	 differences	were	 observed	 in	 either	 the	 CeA	 or	 BLA	 for	mice	
raised	by	dams	on	 the	BPA	diet.	Thus,	developmental	exposure	 to	
BPA	reduced	the	sex	differences	otherwise	observed	in	the	CeA	re-
gion	for	Dnmt1.

F IGURE  2 Effects	of	sex	and	social	defeat	on	gene	expression	in	1	mm	diameter	punch	samples	of	the	central	amygdala.	Control	females	
(n=7)	had	higher	Dnmt1	(A)	and	Dnmt3a	(B)	expression	than	control	males	(n=7).	No	sex	differences	were	observed	between	stressed	males	
(n=7)	and	stressed	females	(n=8).	There	were	no	differences	in	Bdnf	expression	(C).	*P<.05	vs	control	male.	Dnmt1,	DNA	methyltransferase	1;	
Dnmt3a,	DNA	methyltransferase	3a;	Bdnf,	brain-	derived	neurotrophic	growth	factor
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F IGURE  3 Effects	of	sex	and	social	defeat	on	gene	expression	in	the	medial	amygdala.	There	were	no	differences	in	Dnmt1	(A),	Dnmt3a	(B)	
or Esr1	(C)	expression.	Control	males	(n=8)	had	significantly	more	Esr2	expression	(D)	than	control	females	(n=8),	although	this	difference	was	
not	detected	between	stressed	males	(n=7)	and	stressed	females	(n=8).	**P<.01	vs	control	male.	Dnmt1,	DNA	methyltransferase	1;	Dnmt3a,	
DNA	methyltransferase	3a;	Esr1,	oestrogen	receptor	1;	Esr2,	oestrogen	receptor	2
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4  | DISCUSSION

Across	the	three	experiments,	we	observed	that	Dnmt1	expression	
in	 the	CeA	was	higher	 in	adult	 females	compared	to	adult	males.	
Furthermore,	 this	 sex	 difference	 was	 reduced	 in	 mice	 assigned	

to	 social	 defeat	 stress	 after	 sexual	 maturity	 or	 BPA	 exposure	
	during	development.	 This	 difference	 was	 anatomically	 specific	
	because	no	baseline	sex	differences	or	changes	in	Dnmt1	expres-
sion	were	observed	 in	MeA	or	 the	adjacent	BLA.	The	subregions	
of	 the	 amygdala	 have	 different	 anatomical	 connections	 and	 cell	
types,37	which	may	contribute	to	the	anatomically	specific	patterns	

F IGURE  5 Effects	of	sex,	bisphenol	A	(BPA)	and	ethinyl	oestradiol	(EE)	on	gene	expression	in	the	central	amygdala	(CeA)	and	basolateral	
amygdala	(BLA).	Control	females	(n=11)	had	higher	Dnmt1	expression	in	CeA	than	control	males	(n=11)	(A),	although	this	differences	was	
absent	in	BPA	(females,	n=10,	males,	n=9)	and	EE	treated	mice.	EE	diet	increased	Dnmt1	expression	in	males.	In	the	BLA,	females	treated	with	
EE	(n=9)	had	higher	Dnmt1	expression	than	EE	treated	males	(n=7)	(D).	No	differences	in	Dnmt3a	were	observed	in	CeA	(B)	or	BLA	(E).	The	EE	
diet	reduced	male	Bdnf	expression	in	the	BLA	(F)	but	not	CeA	(C).	*P<.05	effect	of	sex	within	diet,	†P<.05	effect	of	diet	within	sex.	Dnmt1,	DNA	
methyltransferase	1;	Bdnf,	brain-	derived	neurotrophic	growth	factor
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F IGURE  4 Effects	of	stress	and	social	defeat	in	0.36-	mm	diameter	punch	samples	of	the	central	amygdala	(CeA)	and	basolateral	amygdala	
(BLA).	Control	females	(n=9)	had	significantly	more	Dnmt1	expression	in	the	CeA	compared	to	control	males	(n=12)	(A).	Dnmt1	expression	was	
reduced	in	stressed	females	(n=7)	compared	to	control	females.	There	was	no	difference	in	Dnmt1	expression	between	stressed	males	(n=7)	and	
control	males.	No	differences	in	Dnmt1	were	observed	in	BLA	(C).	No	differences	in	Bdnf	were	observed	in	CeA	(B)	or	BLA	(D).	*P<.05	vs	control	
male. †P<.05	vs	control	female.	Dnmt1,	DNA	methyltransferase	1;	Bdnf,	brain-	derived	neurotrophic	growth	factor
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in Dnmt	expression.	This	may	explain	why	a	previous	study,	which	
examined	samples	of	the	entire	amygdala,	reported	no	sex	differ-
ence in Dnmt1	 expression.26	An	 intriguing	 finding	of	 the	present	
study	was	that	differences	in	Dnmt1	expression	were	long	lasting,	
detected	weeks	 after	 the	 termination	 of	 BPA	 exposure	 or	 social	
defeat.

A	consistent	finding	was	that	females	had	higher	Dnmt1	expres-
sion	in	the	CeA	than	males.	This	sex	difference	in	Dnmt1	expression	
was	observed	in	California	mice	raised	in	colonies	at	different	univer-
sities,	with	varying	early	life	experiences,	and	contrasting	experimen-
tal	procedures.	This	is	despite	the	inevitable	differences	in	husbandry	
practices	that	are	present	between	different	animal	facilities.	The	dif-
ference	in	expression	is	a	robust	sex	difference	and	does	not	appear	
to	be	dependent	on	factors	such	as	husbandry.38	If	these	differences	
in	mRNA	expression	influence	DNMT	activity,	it	would	suggest	that	
there	 could	be	 important	 sex	differences	 in	DNA	methylation	pat-
terns	in	the	CeA.	This	in	turn	could	affect	the	transcription	of	other	
genes.	Social	defeat	reduced	Dnmt1	expression	in	females,	however	
we	found	no	significant	correlations	between	Dnmt1	expression	and	
behaviour	in	the	social	interaction	test.	One	possible	explanation	for	
the	 lack	 of	 correlations	 is	 that	DNMT1	may	 act	 immediately	 after	
episodes	 of	 defeat	 to	 facilitate	 long-	term	 changes	 in	 behaviour.	 If	
this	hypothesis	is	correct,	then	DNMT	inhibitors	administered	at	the	
time	of	defeat	would	have	stronger	effects	on	behaviour	than	inhibi-
tors	administered	after	defeat.	This	would	follow	the	same	pattern	as	
DNMT	inhibition	in	the	hippocampus,	where	the	behavioural	effects	
of	 fear	conditioning	are	blocked	when	a	DNMT	 inhibitor	 (targeting	
both	DNMT1	and	DNMT3a)	is	given	immediately	after	a	conditioning	
episode	but	not	when	administered	6	hours	later.8

Traditionally,	Dnmt1	has	been	considered	to	play	a	more	defining	
role	during	the	early	developmental	stages	because	of	its	role	in	main-
taining	DNA	methylation	patterns.39	However,	Dnmt1	has	important	
functions	 in	 the	 adult	 brain.	 When	 a	 conditional	 knockout	 mouse	
was	 used	 to	 inactivate	Dnmt1	 in	 the	 forebrain	 (including	 amygdala)	
2-	3	weeks	after	birth,	synaptic	plasticity	in	the	hippocampus	and	spa-
tial	memory	were	impaired.40	Male	conditional	Dnmt1	knockout	mice	
also	had	reduced	anxiety-	like	behaviour	in	the	open	field	and	increased	
social	interaction	behaviour.41	The	loss	of	Dnmt1	may	have	broad	ef-
fects	on	transcription	that	could	contribute	to	increases	in	anxiety-	like	
behaviour.	The	results	of	the	present	study	suggest	that	Dnmt1	inhi-
bition	may	have	even	more	robust	effects	in	females.	Further	studies	
are	needed	to	determine	the	impact	of	decreases	in	DNMT1	activity	in	
the	adult	brain	on	transcription.	It	is	likely	that	the	effects	of	DNMT1	
on	methylation	and	transcription	will	be	dependent	on	social/environ-
mental	stress	exposure.

BPA	exposure	elicited	the	same	changes	to	Dnmt1	expression	as	
social	defeat.	Developmental	exposure	to	BPA	or	EE	reduced	sex	dif-
ferences	in	Dnmt1	expression	in	the	CeA.	Developmental	exposure	to	
BPA	also	reduced	sex	differences	in	behaviour	by	decreasing	explor-
atory	behaviour	in	females	and	reducing	territorial	marking	behaviour	
in	males.21	These	 results	 support	 the	 hypothesis	 the	BPA	 exposure	
reduces	 sexually	 dimorphic	 characteristics.	 The	 effects	 of	 develop-
mental	 EE	 exposures	 were	 stronger	 than	 BPA,	 driven	 primarily	 by	

increased	Dnmt1	expression	in	males	exposed	to	EE.	It	is	unclear	how	
EE	can	have	such	sex-	dependent	effects	on	Dnmt1	expression	in	the	
CeA,	a	region	of	the	amygdala	with	few	nuclear	oestrogen	receptors	
(ERs).42,43	One	possibility	is	that	EE	acts	in	other	nuclei	with	inputs	into	
the	CeA.	For	example,	the	bed	nucleus	of	the	stria	terminalis	has	abun-
dant	 ERα and ERβ	 expression	 in	California	mice44	 and	 sends	 dense	
projections	to	the	CeA.45

When	interpreting	the	effects	of	developmental	exposure	to	BPA	
or	EE	 in	Experiment	3,	 it	 is	 important	 to	 consider	 the	potential	 im-
pact	that	these	diets	may	have	had	on	parental	behaviour.	Although	
developmental	 exposure	 to	BPA	and	EE	can	affect	 the	parental	be-
haviour	of	adult	male	and	female	California	mice,19	 it	 remains	 to	be	
determined	 whether	 adult	 exposure	 to	 these	 diets	 induces	 similar	
disruptions.	 Cross-	fostering	 approaches	 could	 be	 useful	 in	 teasing	
apart	the	direct	effects	of	developmental	BPA/EE	exposure	on	gene	
expression	vs	indirect	effects	of	BPA/EE	on	parental	care.	For	exam-
ple,	 one	 study	 showed	 that	mice	 exposed	 to	 BPA	 during	 gestation	
and	 reared	 by	 a	 foster	 dam	 demonstrated	 increases	 in	 anxiety-	like	
behaviour	compared	to	controls.46	Yet	even	cross-	fostered	offspring	
might	also	bear	a	permanent	stamp	as	a	result	of	prenatal	exposure	
that	may	 be	 sensed	 by	 the	 foster	 parents.	This	 could	 in	 turn	 affect	
parental	investment.	Thus,	there	is	currently	no	ideal	way	of	dissecting	
the	neurobehavioural	effects	attributed	to	direct	exposure	to	EDCs	vs	
those	potentially	arising	from	altered	parental	care.

Data	 from	 the	 other	 amygdala	 subregions	 differed	 from	 find-
ings	in	the	CeA.	In	the	MeA,	we	observed	that	males	had	a	higher	
expression	of	Esr2	than	females	and	this	difference	was	weakened	
by	 defeat	 stress.	 Currently,	 it	 is	 unclear	whether	 sex	 differences	
in Esr2	in	the	MeA	are	evolutionarily	conserved.	One	study	in	rats	
reported	 increased	 Esr2	 mRNA	 expression	 in	 males	 vs	 females	
in	 the	MeA,47	 although	 but	 this	 difference	was	 not	 replicated.48 
Quantitative	analysis	of	ERβ	protein	has	been	hampered	by	cross-	
reactivity	 of	 ERβ	 antibodies	 in	 mice.49	 The	 development	 of	 Esr2 
reporter	mice	is	a	creative	solution	to	this	problem,	but	no	sex	dif-
ferences	in	ERβ-	enhanced	green	fluorescent	protein	were	observed	
in	 the	MeA	between	postnatal	day	0	and	21.50	Work	with	Syrian	
hamsters	 shows	strong	evidence	 that	Esr1	 acting	 in	 the	MeA	has	
important	effects	on	social	behaviours,51	although	almost	nothing	
is	known	about	the	role	of	Esr2	 in	the	MeA.	 In	the	CeA	and	BLA,	
we	did	not	observe	differences	in	Bdnf	expression.	Previous	work	in	
Syrian	hamsters	showed	that	Bdnf	expression	in	BLA	was	increased	
2	hours	after	experiencing	social	defeat.52	In	Experiment	2,	brains	
were	collected	2	weeks	after	defeat,	suggesting	that	elevated	Bdnf 
transcription	after	defeat	may	be	transitory.	Another	possibility	 is	
that	BDNF	protein	levels	could	be	elevated	in	the	absence	of	Bdnf 
mRNA.30,53

5  | CONCLUSIONS

A	consistent	finding	across	all	three	experiments	is	that	females	had	
a	higher	expression	of	Dnmt1	in	the	CeA	than	males.	This	difference	
was	 robust	 across	 different	 experiments	 and	 procedures.	Although	
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DNA	methylation	is	considered	to	be	an	important	mechanism	for	in-
ducing	behavioural	and	neurobiological	plasticity,	it	is	usually	assumed	
that,	in	the	adult	brain,	Dnmt3a	plays	a	larger	role	in	this	process	than	
Dnmt1.	The	results	of	the	present	study	suggest	that	further	investi-
gation	of	Dnmt1	function	in	the	amygdala	of	adults	may	be	warranted.	
Interestingly,	both	BPA	and	defeat	stress	weakened	sex	differences	in	
Dnmt1	expression	in	the	CeA,	which	supports	the	idea	that,	in	some	
respects,	BPA	acts	as	a	chemical	stressor.	Even	though	these	stress-
ors	occurred	during	different	developmental	 time	points,	 they	both	
manifested	with	a	similar	molecular	change	in	adults.	Currently,	it	is	
unclear	whether	developmental	BPA	exposure	would	alter	the	impact	
of	social	defeat	on	brain	function	and	behaviour.	An	environmental	
stressor	experienced	during	development	might	render	an	individual	
more	susceptible	to	a	second	extrinsic	stressor	experienced	later	 in	
life,	as	predicted	by	the	two-	hit	hypothesis.15,54-56	Our	results	indicate	
that	future	research	investigating	epigenetic	changes	in	the	amygdala	
following	stress	will	need	to	consider	the	possibility	of	sex	differences	
in	DNMT	expression	leading	to	sex-	specific	transcriptional	responses	
to	extrinsic	stressors.
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