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ABSTRACT	OF	THE	DISSERTATION	

Interplay	of	Serotonin	and	Kappa	Opioid	Systems	in	Stress,	Anxiety,	and	Depressive	

Disorders	

by	

Sara	Erwin	Christiansen	

Doctor	of	Philosophy	in	Molecular	Toxicology	

University	of	California,	Los	Angeles,	2022	

Professor	Anne	M.	Andrews,	Co-Chair	

Professor	Christopher	J.	Evans,	Co-Chair	

	

The	serotonin	system,	among	other	neurotransmitter	systems,	plays	an	 important	role	 in	

mood	 and	 anxiety	 disorders.	 The	 etiology	 of	 mood	 and	 anxiety	 disorders	 is	 still	 largely	

unknown.	 The	 biggest	 risk	 factor	 for	 the	 development	 of	mood	 and	 anxiety	 disorders	 is	

stress,	 which	 has	 been	 found	 to	 affect	 neurotransmitter	 function	 and	 behaviors.	 My	

dissertation	 work	 set	 out	 to	 investigate	 (1)	 the	 effects	 of	 in	 utero	 stress	 exposure	 on	

neurochemistry	 and	 behavior	 during	 adulthood	 and	 whether	 concomitant	 maternal	

citalopram	treatment	rescued	adverse	stress	effects,	 (2)	 the	modulation	of	 serotonin	and	

dopamine	by	kappa	opioid	receptors	in	dysphoria,	and	(3)	the	selectivity	of	optogenetically	

stimulating	dopamine	neurons	and	the	interplay	between	monoamine	systems.	

The	project	of	my	graduate	work	focused	on	effects	of	in	utero	stress	exposure	and	

whether	treatment	with	the	SSRI,	citalopram,	could	mitigate	the	adverse	effects	of	prenatal	

stress.	To	model	anxiety	and	depressive	disorders	during	pregnancy,	I	used	a	mouse	model	

in	which	pregnant	dams	underwent	a	 chronic	 stress	paradigm	during	 their	pregnancy.	A	



 iii 

group	of	dams	received	concomitant	treatment	with	citalopram,	an	SSRI.	I	then	examined	

developmental	 neurochemistry,	 and	 adult	 neurochemistry	 and	 behaviors.	 Pups	 from	 the	

stressed	group	had	elevated	neurochemical	and	amino	acid	tissue	levels.	Moreover,	I	found	

that	pups	born	to	stressed	dams	had	increases	in	anxiety-	and	depressive-	like	behavior.	The	

stress	induced	behavioral	effects	were	rescued	in	pups	that	received	concomitant	in	utero	

citalopram	exposure.	 Serotonin	 concentrations	were	 increased	 in	 stress	 pups	 after	 SERT	

blockade	in	the	vHPC	and	after	a	systemic	injection	of	a	kappa	opioid	receptor	agonist.	My	

findings	 suggest	 beneficial	 outcomes	 for	 treating	 stress	 during	 pregnancy	 on	 overall	

offspring	health.	

	 The	secondary	project	my	graduate	work	focused	on	 investigating	the	 interplay	of	

serotonin	and	kappa	opioid	receptor	systems	in	aversion.		Human	and	animal	studies	have	

shown	that	kappa	opioid	receptor	agonists	produce	dysphoric	mood	states.	Research	has	

also	 shown	 that	 while	 KOR	 agonists	 have	 anxiogenic	 effects,	 antagonists	 are	 anxiolytic.	

Nonetheless,	the	mechanisms	by	which	KOR	antagonists	reduce	anxiety-related	or	dysphoric	

behavior	remain	unclear.	Using	 In	situ	hybridization,	 I	 found	Oprk1,	Sert,	vGlut3	and	vGat	

mRNA	are	co-expressed	in	the	dorsal	raphe	nucleus,	indicating	a	possible	direct	or	indirect	

mechanism	for	KOR-modulation	of	serotonin	transmission.	Additionally,	I	showed	local	KOR	

activation	 with	 an	 agonist	 increases	 extracellular	 serotonin	 levels	 in	 both	 the	 ventral	

striatum	 and	 ventral	 hippocampus.	 This	 pilot	 work	 sets	 the	 stage	 for	 future	 studies	 to	

concurrently	examine	neurotransmitter	levels	during	behavioral	tests	such	as	conditioned	

place	aversion	 to	better	understand	 the	 interplay	of	 the	 serotonin,	dopamine,	 and	kappa	

opioid	receptor	systems	in	dysphoria.		
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A	review	of	the	mechanisms	of	the	serotonin	and	kappa	opioid	

systems	in	stress
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Introduction	

Stress	is	ubiquitous,	whether	day-to-day	or	highly	traumatic.	Stress	increases	susceptibility	

to	major	depressive	disorder	(MDD),	anxiety	disorders,	psychosis,	cardiovascular	disease,	

metabolic	 syndrome	 (diabetes),	 cancer,	 and	poor	developmental	 outcomes	 in	 children.1-5	

Stress	increases	the	risk	of	developing	a	substance	use	disorder	(SUD),	as	well	as	relapse	in	

those	 recovering	 from	 SUDs.1,6,7	 The	 most	 commonly	 prescribed	 treatments	 for	 stress-

related	psychiatric	disorders	are	selective	serotonin	reuptake	inhibitors	(SSRIs).8,9		

The	SSRIs	inhibit	the	reuptake	of	serotonin	by	serotonin	transporters	and	are	more	

efficacious	than	placebo.10-12	Treatment	of	mood	and	anxiety	disorders	with	SSRIs,	however,	

takes	weeks	to	produce	therapeutic	effects,	if	at	all.10	Around	50%	of	patients	fail	to	show	

significant	 improvement	 in	 symptoms	 after	 initial	 treatment	 attempts.13,14	 Unfortunately,	

treatment	with	various	medication	combinations	and	doses	and/or	behavior	therapy	has	not	

been	shown	to	significantly	 improve	treatment	outcomes.14	The	 large	number	of	patients	

who	do	not	find	relief	with	SSRIs	and	other	common	antidepressant	medications	bolsters	

the	need	for	research	into	novel	biological	pathways	as	possible	therapeutic	targets.	

The	kappa	opioid	system	has	received	interest	as	a	new	target	for	neuropsychiatric	

disorder	 drug	 therapeutics,	 including	 for	 anxiety,	 depression,	 and	 other	 disorders.15-17	

Kappa	 opioid	 receptor	 (KOR)	 agonists	 produce	 dysphoria,	 which	 is	 one	 of	 the	 main	

symptoms	 of	 neuropsychiatric	 disorders.	 Dysphoria	 is	 a	 state	 of	 profound	 unease,	

unwellness,	or	dissatisfaction	with	 life,	which	presents	as	 sadness,	numbness,	 irritability,	

and	mood	swings.8,18	Studies	have	shown	that	activation	of	KORs	induces	dysphoric	mood	

states	in	humans	and	aversion	in	rodents.19-21		
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Both	 the	 serotonin	 and	 kappa	 opioid	 systems	 have	 been	 implicated	 in	 the	

mechanisms	of	stress	and	stress-related	psychiatric	disorders.	While	there	are	many	studies	

pointing	 to	 the	possible	roles	of	 these	systems	 in	stress-related	disorders,	 the	etiology	of	

stress-related	mood	disorders	 is	 still	 largely	unknown.	 In	 this	 chapter,	 I	 review	 research	

focused	on	the	roles	of	the	serotonin	and	kappa	opioid	systems	in	the	mechanism	of	stress-

induced	behavioral	disorders.	A	better	understanding	of	the	interplay	of	the	serotonin	and	

kappa	opioid	systems	prior	to,	during,	and	after	stressful	events	will	improve	understanding	

of	 the	 biological	 basis	 of	 stress-related	 disorders	 and	 help	 to	 uncover	 new	 therapeutic	

targets.		

Stress	effects	on	neurochemical	systems	&	treatment	targets	

Serotonin	system	

Serotonin	 is	 a	 monoamine	 neurotransmitter	 involved	 in	 diverse	 physiological	 and	

psychological	 functions.22-24	 Serotonin	 is	 synthesized	 from	 the	 essential	 amino	 acid	

L-tryptophan.25	Serotonin	is	found	widely	throughout	the	brain	where	it	interacts	with	15	

different	receptor	subtypes.26-28 The	serotonin	system	has	been	studied	in	early	life	and	adult	

stress	 susceptibility	 and	 neuropsychiatric	 disorders.	 Studies	 suggest	 a	 bidirectional	

interaction	between	the	serotonin	system	and	stress,	i.e.,	stress	affects	the	serotonin	system	

and	 serotonin	 system	 function	 determines	 stress	 susceptibility.29-35	 Thus,	 there	 is	 a	

relationship	 between	 serotonin	 and	 stress	 for	 vulnerability	 to	 developing	 stress-related	

disorders,	specifically	MDD.	In	this	section,	I	discuss	how	the	effects	of	early	life	stress	impact	

the	 serotonin	 system,	 the	 use	 of	 SSRIs	 for	 the	 treatment	 of	 stress	 effects,	 and	 possible	

mechanisms	by	which	stress	modulates	the	serotonin	system.	
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Early	life	stress	&	serotonin	

Early	 life	stress	 is	a	 risk	 factor	 for	developing	psychiatric	disorders	 in	adulthood.1	

Stress	in	utero	can	be	thought	of	as	a	teratogen,	which	is	an	agent	that	disrupts	normal	fetal	

development.	Disruption	of	critical	developmental	processes	and/or	their	timing	by	stress	

alters	 physiological	 and	 behavioral	 outcomes	 in	 adulthood	 and	 increases	 risks	 for	

developing	neuropsychiatric	disorders.36-43	Animal	studies	also	show	a	relationship	between	

early-life	 stress	 and	 serotonin	 alterations.41	 For	 example,	 in	 rodents,	 prenatal	 maternal	

stress	was	found	to	increase	fetal	serotonin,43	increase	the	rate	of	serotonin	synthesis	in	the	

hippocampus,38	increase	tryptophan	hydroxylase	(TPH)	expression	and	serotonin	synthesis	

in	the	dorsal	raphe	nucleus	(DRN),40	and	increase	5HT1A	expression	in	the	hippocampus.42		

In	 humans,	 maternal	 depression	 during	 the	 second	 trimester	 of	 pregnancy	 was	

associated	with	reduced	methylation	of	the	serotonin	transporter	gene	(SLC6A4)	promotor	

in	 infants.36	Methylation	of	DNA	is	 important	 for	maintaining	appropriate	gene	activation	

and	silencing.	Disruption	of	DNA	methylation	can	alter	gene	expression	leading	to	disease	

phenotypes.	 A	 chronic	 stress	 paradigm	 administered	 shortly	 before	 conception	 also	

produced	 alterations	 in	 the	 serotonin	 system.37	 Miller	 et	 al.	 found	 that	 the	 serotonin	

transporter	(SERT)	of	depressed	adults	with	a	history	of	child	abuse,	had	decreased	binding	

potential.39	 Thus,	 stress	 during	 critical	 developmental	 periods	 alters	 the	 brain	 serotonin	

system.		

Serotonin	transporters	&	selective	serotonin	reuptake	inhibitors	

The	SSRIs	are	widely	prescribed	to	treat	stress-related	disorders.	These	medications	

inhibit	SERT	and	thus,	the	reuptake	of	extracellular	serotonin.	Commonly	prescribed	SSRIs	

include	citalopram,	escitalopram,	fluoxetine,	fluvoxamine,	sertraline,	and	others.	
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Studies	have	shown	that	SSRI	treatment	during	early	developmental	periods	rescues	

some	of	the	effects	of	early	life	stress.	In	utero	citalopram	exposure	attenuates	increases	in	

mouse	 forebrain	 serotonin	 levels	 induced	by	prenatal	 stress.43	 Early	postnatal	 fluoxetine	

treatment	 reduced	 the	 rate	 of	 serotonin	 turnover	 (serotonin	 to	 5-hydroxytrptamine	 (5-

HIAA))	and	elevations	in	mouse	corticosterone	levels	caused	by	prenatal	maternal	stress.38	

Corticosterone	 in	 rodents	 and	 cortisol	 in	 humans	 is	 a	 hormone	 secreted	 by	 the	 adrenal	

cortex	in	response	to	stress.	Oberlander	et	al.	examined	cortisol	 levels	and	hypothalamic-

pituitary-adrenal	axis	(HPA)	axis	responsiveness	to	a	stress	challenge	in	3-month-old	infants	

exposed	to	prenatal	SSRI.44	Prenatal	SSRI	exposure	decreased	post-stress	cortisol	levels	and	

decreased	evening	basal	salivary	cortisol	levels.		

Developmental	 fluoxetine	 exposure	 starting	 at	 postnatal	 day	 1	 rescued	 prenatal	

stress	effects	on	hippocampal	cell	proliferation	in	both	male	and	female	rats	with	effects	in	

males	being	more	prevalent.45		Additionally,	new	cell	survival	was	also	rescued	by	fluoxetine	

exposure,	however,	this	effect	was	only	seen	in	female	offspring.	Mice	exposed	to	fluoxetine	

during	the	prenatal	period	showed	reduced	anxiety-	and	depressive-like	phenotypes	when	

exposed	 to	 continuous	 stress	 in	 adulthood.29	 Though	 there	 is	 evidence	 that	prenatal	 and	

postnatal	SSRI	treatment	attenuate	the	effects	of	stress	later	in	life,	the	effects	of	concomitant	

maternal	stress	and	SSRI	treatment	are	unknown.	In	Chapter	2,	I	detail	my	research,	which	

investigates	the	neurochemical	and	behavioral	effects	of	a	maternal	chronic	stress	paradigm	

with	concomitant	SSRI	treatment	on	postnatal	and	adult	offspring.		

Preclinical	SSRI	studies	provide	evidence	in	support	of	treating	stress-related	mood	

disorders	 in	 humans.	 Chronic	 exposure	 to	 fluvoxamine,	 an	 SSRI,	 rescues	 stress-induced	

increases	in	cortical	extracellular	serotonin.30	Exposure	to	SSRIs	increases	mobility	time	in	
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the	 forced	 swim	 test	 (FST)	 in	 rodents,	 and	 repeated,	 but	 not	 acute,	 forced	 swim	 stress	

increases	serotonin	reuptake	by	SERT.46	These	findings	suggest	the	role	of	SERT	inhibition	

in	mitigating	 stress-related	 phenotypes.	 Animal	 studies	 and	 the	 effectiveness	 of	 SSRIs	 in	

some	patients	affirm	that	SSRI	treatment	helps	to	mitigate	the	effects	of	stress	on	biological	

and	behavioral	outcomes.	However,	the	mechanisms	by	which	SSRIs	alleviate	dysphoria	and	

other	symptoms,	and	why	SSRIs	take	so	long	to	become	effective	are	still	not	fully	known.	

The	SSRIs	also	have	a	number	of	side	effects	such	as	agitation,	sleep	disturbances,	sexual	

dysfunction,	serotonin	syndrome,	suicidal	ideation,	and	others.47,48		

Serotonin	receptors		

Due	to	the	unknown	mechanisms	of	action,	side	effects,	and	delayed	therapeutic	effects	of	

SSRIs,	additional	components	of	the	serotonin	system,	e.g.,	serotonin	2A	receptors	(5HT2A)49,	

and	 other	 neurotransmitter	 systems	 represent	 potential	 novel	 drug	 targets	 for	 treating	

neuropsychiatric	disorders.	 Serotonin	 receptors	play	 roles	 in	 stress	mechanisms	and	can	

serve	as	treatment	targets	via	receptor	agonists	or	antagonists.	In	rodents,	stress	paradigms	

have	been	found	to	desensitize	somatodendritic	5HT1A	receptors	and	decrease	the	potency	

of	5HT1A	agonists.50-54	Fontaine	et	al.	reported	that	stress	decreased	serotonin	1B	receptor	

(5HT1B)	 stimulation	 thus	 decreasing	 serotonin	 transmission	 in	 the	 nucleus	 accumbens	

(NAc).32	 Furthermore,	 serotonin	 2C	 receptor	 (5HT2C)	mRNA	 is	 increased	 after	 acute	 and	

chronic	 stress.55	 These	 transcriptional	 increases	 are	 correlated	 with	 stress-induced	

increases	 in	 corticosterone	 levels.	 Additionally,	 5HT2C	 agonists	 increase	 stress	 related	

hormones,	i.e.,	cortisol,	adrenocorticotropic	hormone	(ACTH),	and	prolactin,	in	humans.56		
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Serotonin	and	the	HPA	axis	

Serotonin	 system	 interactions	with	 the	HPA	axis	have	been	explored	as	another	possible	

mechanism	underlying	stress-related	disorders.	The	HPA	axis	connects	the	hypothalamus,	

pituitary	gland,	and	adrenal	glands	 in	 the	body’s	 response	 to	 stress.	Animal	 studies	have	

uncovered	 the	 importance	 of	 HPA	 axis	 activation	 by	 serotonin	 via	 the	 stimulation	 of	

corticotrophin-releasing	 factor	 (CRF)	 release,	which	 triggers	ACTH	release	and	 increased	

corticosteroid	secretion.31,33,57	Acute	and	chronic	stress	increase	brain	serotonin.58-61	Studies	

have	demonstrated	that	increased	serotonin	is	caused	by	stimulating	TPH,	the	rate-limiting	

enzyme	 in	serotonin	synthesis.59-61	The	 increase	 in	serotonin	 is	predicted	 to	 increase	 the	

sensitivity	of	cortisol	inhibition	of	CRF,	a	negative	feedback	control	in	the	hypothalamus.62	

Therapeutics	aimed	at	reversing	the	effects	of	stress	on	the	HPA	axis	either	in	conjunction	

with	SSRIs	or	alone	could	be	used	to	treat	stress-related	disorders.		

Kappa	opioid	receptors	

Another	 system	 implicated	 in	 stress	 and	 stress-related	 disorders	 is	 the	 kappa	 opioid	

receptor	 (KOR)	 system.	 The	 endogenous	 kappa	 opioid	 system	has	 received	 interest	 as	 a	

target	 for	 novel	 anxiety	 and	 depression	 therapeutics.15,16	 Studies	 have	 shown	 that	 KOR	

agonists	induce	dysphoric	mood	states,	a	core	symptom	of	anxiety	and	depressive	disorders	

in	humans,	and	aversion	in	rodents.19-21	The	KORs	are	G-protein-coupled	receptors	(GPCRs)	

of	 the	Gi/o	 subtype,	which	are	 inhibitory	GPCRs.	 Inhibitory	GPCRs	hyperpolarize	neurons	

reducing	 the	 likelihood	 of	 firing	 action	 potentials	 and	 subsequent	 neurotransmitter	

release.63		

The	 endogenous	 neuropeptide	 dynorphin	 activates	 KORs.	 Dynorphin	 is	 produced	

from	 its	 precursor	 prodynorphin	 (PDYN).	 Dynorphin	 is	 released	 under	 stressful	
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conditions64,65	and	is	a	mediator	of	the	dysphoric	component	of	stress.66	Limbic	regions	were	

shown	to	have	increased	dynorphin	immunoreactivity	after	immobilization	or	forced	swim	

stress.67	 McLaughlin	 et	 al.	 showed	 that	 disruption	 of	 the	 prodynorphin	 gene,	 using	 a	

transgenic	mouse	model,	protected	mice	from	increased	immobility	after	forced	swim	stress	

exposure.68		

KOR	activation	and	inhibition	during	stress		

Pharmacologic	 studies	 have	 demonstrated	 that	 KOR	 activation	 occurs	 in	 stress-related	

phenotypes.	Agonists	such	as	Salvinorin	A	(SalvA),	U50,488,	and	U69,593	induce	an	aversive	

phenotype	in	condition	place	aversion.66,69-72	The	KOR	agonist,	U50,488,	potentiates	cocaine-

induced	conditioned	place	preference	similar	to	stress.72	The	KOR	agonists	were	also	found	

to	elicit	depressive-like	phenotypes	in	the	forced	swim	test.73		

Antagonist	and	knockout	studies	also	provide	evidence	for	a	role	for	KORs	in	stress.	

The	most	common	KOR	antagonist	investigated	is	norbinaltorphimine	(norBNI).	Acting	as	a	

high-affinity	competitive	antagonist,	norBNI	is	selective	for	KORs	while	having	much	lower	

affinity	 for	 mu	 and	 delta	 opioid	 receptors.74	 The	 antidepressant-like	 effects	 of	 KOR	

antagonists	have	been	characterized	in	the	forced	swim	test.73	Intracerebroventricular	(i.c.v)	

injection	of	norBNI	decreased	immobility	in	the	force	swim	test	in	a	dose-dependent	manner.	

Prodynorphin	 knockout	 (Pdyn-/-)	 mice	 and	mice	 administered	 norBNI	 do	 not	 display	 a	

forced	swim	stress-induced	analgesia	phenotype.68	McLaughlin	et	al.	found	that	forced	swim	

stress	potentiated	cocaine	conditioned	place	preference	(CPP).	Treatment	of	stressed	mice	

with	norBNI	attenuates	the	stress-induced	potentiation	of	the	cocaine	CPP.	Antagonism	of	

KORs,	KOR	gene	knockout,	or	prodynorphin	gene	knockout	blocked	swim-stress-induced	

immobility	in	the	forced	swim	test.67,68,73,75	Land	et	al.	demonstrated	that	norBNI	blocks	CRF-
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induced	conditioned	place	aversion	and	CRF-induced	anxiety-like	responses.66,76	Together,	

these	 studies	make	 a	 strong	 case	 for	 inhibiting	 KOR	 activation	 during	 or	 after	 stress	 to	

attenuate	KOR-induced	stress	effects.		

Early	life	stress	&	kappa	opioid	receptors		

As	discussed,	exposure	to	early	life	stress	is	a	risk	factor	for	developing	psychiatric	disorders	

in	 adulthood.1	 Early	 life	 stress	 not	 only	 impacts	 the	 serotonin	 system,	 it	 disrupts	 the	

functioning	of	the	KOR	system.	Maternal	deprivation	stress,	a	severe	early	 life	stressor	 in	

which	pups	are	separated	from	their	mothers	and	siblings	for	24	hours,	caused	an	increase	

in	dynorphin-A	peptide	density	and	decreased	KOR	mRNA	within	the	lateral	habenula	(LHb),	

a	 brain	 region	 implicated	 in	 reward/aversion,	 depressive-like	 phenotypes,	 and	 stress.77	

Increases	 in	 dynorphin-A,	 one	 of	 the	 dynorphin	 peptides,	 could	 increase	KOR	 activation.	

Chang	et	al.	found	that	neonatal	exposure	to	a	predator	odor	induced	brain	region	and	time-

dependent	changes	in	KOR	mRNA	levels	in	brain	sections	from	female	but	not	male	mice.78	

On	postnatal	day	3,	female	stressed	mice	had	decreased	KOR	mRNA	in	the	NAc	but	not	in	the	

amygdala.	However,	by	postnatal	day	33,	no	differences	in	KOR	mRNA	levels	were	observed	

between	control	and	stressed	groups.	While	decreases	in	KOR	mRNA	levels	did	not	persist	

into	 adulthood,	 reductions	 during	 an	 important	 developmental	 time	 point	 could	 have	

impacted	 the	development	of	 other	 interacting	brain	 systems.	The	 coordinated	 effects	 of	

changes	in	the	brain	during	development	could	alter	behavioral	outcomes	in	adulthood.		

Lutz	et	al.	found	decreased	KOR	mRNA	levels	in	the	anterior	insula	of	patients	who	

died	by	suicide	and	had	a	history	of	childhood	abuse.79	Decreased	receptor	mRNA	does	not	

necessarily	 correlate	with	 decreased	 numbers	 of	 KORs	 due	 to	 the	 complex	 regulation	 of	

protein	translation.	Further	research	is	needed	to	determine	how	changes	in	KOR	mRNA	are	
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related	to	KOR	receptor	expression.	Nonetheless,	the	disruption	of	the	KOR	system	by	stress	

during	development	impacts	susceptibility	to	stress	and	neuropsychiatric	disorders	later	in	

life.		

	 Along	with	KOR	mRNA,	early	 life	stress	also	affects	KOR	receptor	sensitivity.	Early	

postnatal	 maternal	 deprivation	 stress	 desensitized	 LHb	 neuronal	 firing	 in	 response	 to	

U50,488	 in	 adolescence.77	 By	 contrast,	 Karkhanis	 et	 al.	 found	 that	 social	 isolation	 stress	

enhanced	 the	 inhibitory	 effects	 U50,488	 on	 dopamine	 neurons	 in	 the	 NAc	 compared	 to	

control	 animals.80	 Here,	 the	 half-maximal	 effective	 concentration	 (EC50)	 of	 U50,488	 was	

significantly	decreased	in	animals	who	underwent	social	isolation	stress.	Overall,	early	life	

stress	 has	 an	 impact	 on	 the	 development	 of	 KOR	 system	 function.	 Nonetheless,	 how	

developmental	disruption	of	the	KOR	system	affects	adult	behavioral	phenotypes	needs	to	

be	understood	more	deeply.	

Kappa	opioid	receptors	&	the	HPA	axis	

Like	 the	 serotonin	 system,	 the	 KOR	 system	 regulates	 the	 HPA	 axis.	 The	 KOR-HPA	 axis	

hypothesis	stems	from	the	expression	of	KORs	and	dynorphin	in	regions	implicated	in	stress	

responses,	e.g.,	amygdala,	prefrontal	cortex,	and	hypothalamus.81	Activation	of	KORs,	either	

through	 stress-induced	 dynorphin	 release	 or	 agonist	 administration	 increases	

corticosterone	levels	in	rodents	and	cortisol	in	humans.82-84	In	contrast,	corticosterone	levels	

are	reduced	in	Pdyn-/-	mice	and	in	wildtype	mice	treated	with	the	KOR	antagonist	norBNI.	

Furthermore,	Pdyn	knockout	attenuates	stress-induced	 increases	 in	corticosterone.85	The	

HPA	axis	is	regulated	by	KORs	via	CRF.	Both	stress	and	CRF	injection	increase	phosphor-KOR	

immunoreactivity,	a	marker	for	KOR	activation.66,86	Radioimmunoassay	studies	also	show	

that	CRF	induces	dynorphin	release.87,88	
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KOR	antagonists	as	a	treatment	option	

Due	to	the	copious	findings	showing	that	KOR	antagonists	block	the	effects	of	stress	and	the	

dysphoric	components	of	stress,	these	antagonists	are	being	investigated	for	the	treatment	

of	stress-related	psychiatric	disorders.66,68,73,76,82-84	Nonetheless,	discovery	and	clinical	trial	

approval	 for	 KOR	 antagonists	 have	 not	 yet	 been	 successful.	 The	 development	 of	 KOR	

antagonist	treatments	is	hindered	by	the	unusually	long	half-life	of	known	antagonists.	For	

example,	the	prototypical	KOR	antagonist	used	in	pre-clinical	research,	norBNI,	blocks	the	

effects	of	KOR	agonists	for	up	to	a	month.89	A	newer	antagonist,	JDtic,	has	inhibitory	effects	

that	last	up	to	11	days.90			

While	 JDtic	has	a	 shorter	duration	of	action	 than	norBNI,	 it	 is	 still	not	optimal	 for	

human	clinical	trials.	Drugs	with	long	half-lives	(multiple	days)	pose	safety	risks,	especially	

when	their	safety	profile	is	unknown	in	humans.	An	adverse	reaction	could	last	as	long	as	

(or	longer	than)	the	drug	is	in	the	body,	which	could	be	days	to	weeks	for	JDtic	or	norBNI,	

respectively.	Depending	on	the	severity	of	an	adverse	reaction,	prolonged	adverse	effects	

would	be	dangerous	for	patients,	particularly	without	pharmacologic	avenues	for	reversal.	

Surprisingly	the	mechanisms	behind	the	long	durations	of	action	of	KOR	antagonists	are	still	

largely	 unknown,	 though	 there	 is	 evidence	 that	 they	 occur	 in	 part	 due	 to	 activation	 and	

phosphorylation	of	c-jun	N-terminal	kinase	(JNK).91,92		

To	date,	two	Phase	I	clinical	trials	have	explored	the	safety	of	KOR	antagonists.93,94	

One	trial,	using	JDtic,	failed	Phase	I.94	The	other,	using	LY2456302,	a	newly	developed	KOR	

antagonist	from	Eli	Lilly,	passed	Phase	I	and	is	currently	moving	forward	in	Phase	II	to	test	

efficacy	 in	 treating	 psychiatric	 disorders.93	 Despite	 the	 difficulties	 described	 above,	 KOR	

antagonists	are	still	believed	to	have	the	potential	as	treatments	for	stress-related	disorders.	
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Further	research,	however,	is	needed	to	determine	whether	suitable	drug	candidates	can	be	

discovered	for	use	in	humans.	

Interplay	 of	 kappa	 opioid	 receptors	 and	 serotonin	 in	 stress	 &	

dysphoria	

 Neurochemical	 systems	 do	 not	 act	 independently	 but	 instead	 are	 highly	

interconnected.95,96	 For	 example,	 research	 connects	 the	 kappa	 opioid	 and	 dopaminergic	

systems	in	the	context	of	stress-related	disorders.20,80,97-99	Evidence	also	exists	supporting	

the	roles	of	the	serotonin	and	kappa	opioid	receptor	systems	individually	in	stress	responses	

and	stress-related	disorders,	wherein	commonalities	suggest	connections	between	the	KOR	

and	serotonin	systems.	For	instance,	both	systems	are	affected	by	early	life	stress,	involved	

in	HPA	axis	regulation	by	stress	and	are	at	work	 in	overlapping	brain	regions.	Literature	

supporting	 the	 interplay	 of	 the	 KOR	 and	 serotonin	 systems	 in	 stress	 and	 dysphoria	 is	

growing.46,67,72,97,100-102	Nonetheless,	some	of	this	research	is	contradictory.		

Microdialysis	and	fast	scan	cyclic	voltammetry	(FSCV)	have	been	used	to	show	that	

activation	of	KORs	causes	decreases	in	dopamine	levels	in	the	NAc.72,103-105	By	contrast,	the	

effects	of	KOR	activation	on	the	serotonin	system	are	less	well	studied	and	inconclusive.	In	

one	 study,	 Schindler	 et	 al.	 found	 that	 stress	 or	 U50,488	 administration	 increase	 SERT	

function	 in	 synaptosomes	 in	 a	 manner	 attenuated	 by	 prior	 norBNI	 administration.46	 In	

contrast,	Sundaramurthy	et	al.	found	ex	vivo	that	serotonin	reuptake	is	decreased	in	a	dose-

dependent	manner	after	the	administration	of	the	KOR	agonists	U50,488	or	U69,593.106		

Research	on	serotonin	transmission	upon	KOR	activation	is	furthermore	at	odds.	Tao	

et	 al.	 reported	decreases	 in	 serotonin	 efflux	 in	 the	 ventral	 striatum	 (vST)	 and	DRN	after	
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U50,488	 infusion	 into	 the	 rat	 DRN.101,102	 However,	 two	 other	 studies	 saw	 no	 changes	 in	

serotonin	 levels.	 The	 first	 study	 analyzed	 serotonin	 levels	 in	 the	 NAc	 of	 rats	 after	

intraperitoneal	administration	of	Salvinorin	A	(SalvA),	a	potent	kappa	agoinst.72	A	second	

study	involved	U69,593	infusion	into	the	hippocampus.107	Together,	these	studies	illustrate	

the	 need	 for	 further	 research	 characterizing	 the	 effects	 of	 KOR	 activation	 on	 serotonin	

transmission	and	SERT	activity,	and	the	mechanism	of	these	effects.		

Serotonin	has	been	found	to	affect	PDYN	mRNA	levels.	Di	Benedetto	et	al.	found	that	

SSRI	 administration	 increased	 prodynorphin	mRNA	 in	 the	 hypothalamus,	 but	 decreased	

levels	in	the	caudate	putamen	and	NAc.108	Pharmacologic	depletion	of	serotonin	using	para-

chloroamphetamine	 (PCA)	 decreased	 PDYN	 mRNA	 levels	 in	 the	 hypothalamus,	 caudate	

putamen,	NAc,	and	hippocampus.108	D’Addario	et	al.	 reported	that	serotonin	depletion	by	

PCA	reversed	the	effects	of	the	KOR	agonist	U69,593	on	PDYN	mRNA	levels	but	only	in	the	

hippocampus.109	 Under	 control	 conditions,	 administration	 of	 U69,593	 decreased	 PDYN	

mRNA.	 However,	 PCA-treated	 rats	 show	 increased	 PYDN	 mRNA	 after	 U69,593	

administration.	Overall,	these	results	show	that	increases	in	serotonin	increase	PDYN	mRNA,	

while	depletion	of	serotonin	decreases	PDYN	mRNA	levels.	Due	to	prodynorphin	being	the	

precursor	for	dynorphin	synthesis,	the	regulation	of	PDYN	mRNA	by	serotonin	is	thought	to	

regulate	the	production	of	dynorphin.	Dynorphin	levels	regulate	corticosterone	levels,	KOR	

activation,	 and	 stress-induced	 behavioral	 phenotypes.	 As	 a	 result,	we	 hypothesize	 that	 a	

feedback	pathway	exists	wherein	serotonin	directly	affects	the	transcription	of	PDYN	mRNA	

connecting	the	two	systems	in	stress	related	disorders.		

Behaviorally,	the	dysphoric	component	of	stress	is	studied	using	conditioned	place	

aversion	in	animals.	In	one	study,	mice	with	constitutive	loss	of	SERT	expression	(SERT-/-)	
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showed	 a	 loss	 of	 KOR-induced	 place	 aversion	 suggesting	 that	 SERT	 is	 involved	 in	 the	

mechanism	of	KOR-induced	aversion.46	In	contrast,	our	group	observed	that	SERT	wildtype	

(SERT+/+)	 mice	 as	 well	 as	 SERT-/-	 mice	 showed	 context-dependent	 place	 aversion	 to	

U50,488	 in	 a	 longer	 training	 conditioned	 place	 aversion	 task	 (Gilman,	 unpublished).	

Moreover,	Ehrich	et	al.	found	that	for	place	aversion	to	occur,	KOR	activation	is	required	in	

both	serotonin	and	dopamine	neurons.97		

Conditional	 deletion	 of	 KORs	 from	 SERT-expressing	 neurons	 attenuated	 stress-

induced	potentiation	of	cocaine	place	preference.32	In	addition,	5HT1B	receptors	are	reported	

to	 be	 increased	 in	 prodynorphin-expressing	 cells	 after	 chronic	 swim	 stress.	 Land	 et	 al.	

studied	KOR-induced	place	aversion	in	KOR-/-mice.100	The	KOR-/-	mice	showed	loss	of	KOR-

induced	aversion;	restoration	of	KOR	expression	via	 lentiviral	gene	delivery	into	the	DRN	

was	sufficient	to	rescue	aversion.	The	aversive	phenotype	was	blocked	by	the	injection	of	

norBNI	into	the	NAc.	The	findings	of	Land	et	al.	suggest	that	serotonergic	neurons	projecting	

from	the	DRN	to	the	NAc	play	a	key	role	in	CPA.	

The	contradictions	 in	current	research	may	stem	from	differences	 in	experimental	

conditions	 across	 studies.	 These	differences	 include	 the	 species	 studied,	 drug	 type,	 dose,	

route	 of	 administration,	 brain	 region	 investigated,	 type	 of	 stress,	 etc.	 Despite	 the	

contradictions	 across	 studies,	 the	 body	 of	 research	 supports	 the	 hypothesis	 that	 an	

interaction	between	the	KOR	and	serotonin	systems	exists.	Further	studies	to	understand	

the	mechanisms	of	KOR	modulation	of	serotonin	pertaining	to	the	dysphoric	components	of	

stress	and	mood	disorders	are	warranted.	 
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Conclusions	

The	 intersection	 between	 the	 serotonin	 and	 kappa	 opioid	 receptor	 systems	 is	 an	

important	avenue	for	future	research	regarding	the	etiology	of	neuropsychiatric	disorders	

where	stress	is	a	risk	factor	and	for	the	development	of	new	therapeutics.	More	research	is	

needed	to	uncover	the	mechanisms	of	stress	in	these	disorders,	specifically	focusing	on	the	

interplay	 between	 the	 KOR	 and	 serotonin	 systems.	 My	 thesis	 work	 contributes	 to	 this	

ongoing	research	by	focusing	on	how	stress	and	KOR	activation	affect	the	serotonin	system.	

In	chapter	2,	I	describe	my	studies	on	a	link	between	SERT	and	KOR	activity	in	an	animal	

model	of	in	utero	stress	exposure.	In	chapter	3,	I	describe	my	studies	examining	the	effects	

of	 local	 and	 systemic	activation	of	KORs	on	extracellular	 serotonin	 levels	 in	 the	NAc	and	

hippocampus.	
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Prenatal	citalopram	exposure	promotes	resilience		

in	male	offspring	exposed	to	maternal	stress	
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Abstract	

Mood	and	anxiety	disorders	are	highly	prevalent	during	pregnancy	and	can	lead	to	adverse	

maternal	 and	 offspring	 outcomes.	 Selective	 serotonin	 reuptake	 inhibitors	 are	 the	 most	

common	medications	used	 to	 treat	mood	and	anxiety	disorders.	Both	human	and	animal	

studies	suggest	that	serotonin	signaling	plays	an	important	role	in	the	vulnerability	to	and	

manifestation	of	stress-associated	affective	disorders.	Moreover,	the	serotonin	system	is	an	

early	orchestrator	of	brain	development.	In	this	study,	pregnant	mice	underwent	chronic,	

unpredictable	 stress	 during	 the	 latter	 two-thirds	 of	 their	 pregnancies	 using	 ethologically	

relevant	and/or	mild	stressors.	Some	of	the	mice	received	the	serotonin-selective	reuptake	

inhibitor	 antidepressant	 citalopram	 (Celexa)	 concomitantly	 in	 their	drinking	water.	After	

birth,	 brain	 tissue	 serotonin	 levels	 at	 three	 developmentally	 relevant	 timepoints	 for	

serotonin	system	maturation	were	measured	in	the	offspring.	A	subset	of	the	adult	offspring	

was	 assessed	 for	 long-term	 behavioral	 effects	 of	 in	 utero	 exposure	 to	 stress	 and/or	

citalopram.	 Finally,	 male	 adult	 offspring	 underwent	 microdialysis	 in	 the	 ventral	

hippocampus	to	investigate	neurochemical	effects.	Offspring	of	stressed	mothers	had	higher	

serotonin	tissue	levels	and	protein	concentrations	in	the	forebrain	at	postnatal	day	seven	

compared	to	control	animals.	Male	adult	offspring	displayed	greater	anxiety-like	behavior	

and	 stress	 responsiveness	 than	 sex-matched	 control	mice.	 These	 effects	were	 rescued	 in	

male	mice	whose	mothers	were	 administered	 citalopram.	 No	 changes	were	 observed	 in	

basal	 or	 stimulated	 ventral	 hippocampal	 extracellular	 serotonin	 levels	 during	 adulthood.	

Yet,	male	 adults	 exposed	 to	 in	utero	stress	had	 increased	kappa	opioid	 receptor	 agonist-

induced	 serotonin	 release	 in	 the	 presence	 of	 serotonin	 transporter	 blockade,	which	was	

attenuated	 by	 in	 utero	 exposure	 to	 citalopram.	 These	 findings	 suggest	 prenatal	 stress	
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negatively	 impacts	 neurochemical	 and	behavioral	 outcomes	 in	 offspring	 that	 persist	 into	

adulthood,	which	could	be	reversed	with	concomitant	SSRI	treatment	during	pregnancy.			
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Introduction	

According	 to	 the	 Center	 for	 Disease	 Control	 (CDC),	 one	 in	 seven	 women	 of	

reproductive	 age	 is	 prescribed	 medication	 for	 mood	 or	 anxiety	 disorders.	 Estimates	 of	

perinatal	depression	or	anxiety	range	from	5-25%.1	Approximately	3%	of	pregnant	women	

with	mood	or	anxiety	disorders	take	medication	for	the	treatment	of	their	mood	or	anxiety	

disorder.2	 The	 safety	 of	 antidepressant	 use	 during	 pregnancy	 remains	 contested	 due	 to	

incomplete	knowledge	of	how	exposure	affects	fetal	development	and	long-term	outcomes.	

By	 contrast,	untreated	maternal	mood	and	anxiety	disorders	have	known	adverse	health	

outcomes	 for	 offspring.3-5	 Epidemiological	 studies	 have	 shown	 that	 untreated	 mood	 or	

anxiety	disorders	during	pregnancy	increase	risk	for	similar	disorders	in	offspring.6,7	In	fact,	

this	risk	doubles	when	compared	to	offspring	who	were	not	exposed	to	maternal	depressive	

or	anxiety	disorders	during	pregnancy.8		

The	most	commonly	prescribed	medications	for	treating	depression	and	anxiety	are	

the	selective	serotonin	reuptake	inhibitors	(SSRIs).9	The	SSRIs	are	in	FDA	categories	C	or	D	

of	 pregnancy	medications	because	 animal	 studies	have	 identified	 some	potential	 risks	 of	

SSRIs.10,11	Furthermore,	epidemiological	studies	show	associations	between	prenatal	SSRI	

exposure	 and	 physiological	 and	 cognitive	 dysfunction.12-14	 However,	 due	 to	 the	 lack	 of	

randomized	control	trials,	risk-benefit	profiles	of	the	SSRIs	have	not	been	investigated	in	the	

absence	 of	 confounding	 variables,	 e.g.,	 maternal	 disorder	 severity.15-17	 The	 benefits	 of	

minimizing	the	effects	of	untreated	maternal	mood	and	anxiety	disorders	may	outweigh	the	

potential	effects	of	SSRIs	on	offspring.18,19		

In	humans,	stress	is	a	risk	factor	for	developing	mood	and	anxiety	disorders.20-23	In	

mice,	 exposure	 to	 prenatal	 stress	 produced	 increased	 anxiety-like	 behavior	 that	 was	
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associated	 with	 increased	 numbers	 of	 serotonin	 neurons	 in	 the	 dorsal	 raphe	

nucleus(DRN).24	In	utero	stress	exposure	with	concomitant	SSRI	treatment	has	been	less	well	

studied.	One	 study	 showed	 that	 SSRI	 treatment	 in	 rodents	during	 the	 early,	 but	not	 late,	

postnatal	 period	 attenuated	 changes	 induced	 by	 prenatal	 stress	 in	 terms	 of	 HPA	 axis	

response,	hippocampal	serotonin	levels,	and	synaptic	density.25	Another	study	showed	that	

treatment	 of	 dams	 with	 the	 SSRI	 fluoxetine	 starting	 on	 postnatal	 day	 one	 attenuated	

maternal	stress	effects	on	offspring.26	Velasquez	et	al.	previously	showed	that	administration	

of	citalopram	during	an	in	utero	maternal	stress	paradigm	reversed	the	effects	of	stress	on	

serotonin	 levels	 in	 fetuses	 at	 embryonic	 day	 17.27	 We	 hypothesized	 that	 the	 effects	 of	

citalopram	in	mitigating	adverse	stress	effects	would	carry	into	postnatal	development	and	

have	prolonged	protective	effects	throughout	development	and	into	adulthood.		

Interactions	between	the	kappa	opioid	receptor	(KOR)	and	serotonin	systems	have	

been	identified	in	stress,	anxiety,	and	depression	research.28	Land	et.	al	utilized	an	antibody	

against	phosphorylated	KORs	and	determined	 that	 stress	 induced	dynorphin	 release	and	

KOR	activation	in	the	dorsal	raphe,	nucleus	accumbens,	hippocampus,	and	ventral	tegmental	

area.29	 Repeated	 forced	 swim	 stress	 or	 KOR	 agonist	 administration	 increased	 ventral	

striatum	SERT	 surface	 expression.	 Increased	SERT	 surface	 expression	was	attenuated	by	

microinjection	of	the	KOR	antagonist,	norBNI,	into	the	DRN	but	not	the	nucleus	accumbens.30	

This	 finding	suggests	 that	KOR	activation	within	 the	dorsal	 raphe	mediates	SERT	surface	

expression	during	stressful	events.	Moreover,	constitutive	gene	deletion	of	one	(SERT+/-)	or	

both	 (SERT-/-)	 SERT	 alleles	 prevented	 KOR-agonist	 induced	 conditioned	 place	 aversion	

(CPA).31		
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Here,	 we	 investigated	 the	 effects	 of	 concomitant	 maternal	 stress	 and	 citalopram	

administration	 on	 offspring	 during	 the	 early	 postnatal	 period	 and	 adulthood.	 We	

hypothesized	that	increased	serotonin	levels	in	early	postnatal	forebrain	tissue	of	offspring	

born	 to	 stressed	 dams	 would	 be	 attenuated	 in	 offspring	 concomitantly	 exposed	 to	

citalopram.	Moreover,	we	hypothesized	that	adult	offspring	born	to	stressed	dams	would	

display	 increased	 anxiety-related	 behavior,	 which	 would	 be	 rescued	 by	 maternal	 SSRI	

administration.	Finally,	we	hypothesized	adult	offspring	born	to	stress	mothers	would	have	

increased	basal	and	stimulated	serotonin	levels	in	the	ventral	hippocampus	(vHPC).		
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Methods	

Animals	

Timed-pregnant	CD-1	mice	(N=75	purchase,	73	were	pregnant)	were	purchased	from	

Charles	River	Laboratories	(Hollister,	CA)	were	studied.	The	dams	were	12-24	weeks	old	at	

the	beginning	of	pregnancy.	Dams	were	either	singly	housed	(stressed	groups)	or	housed	in	

groups	of	2-4	mice	per	cage	until	embryonic	day	17	(E17).	All	dams	were	singly	housed	at	

E18	 until	 their	 offspring	 were	 weaned	 at	 postnatal	 day	 21	 (P21).	 Dams	 that	 received	

citalopram	 were	 dosed	 via	 drinking	 water.	 Citalopram	 hydrobromide	 (TCI	 America	

Cat#2370)	was	dissolved	in	1.5%	sucrose	(260	mg/L).32	Oral	concentrations	were	based	on	

concentrations	 	producing	 	 antidepressant	 	 effects	 	 in	 	mice.33,34	 	This	dose	was	 found	 to	

produce	 blood	 serum	 levels	 of	 CIT	 that	 fall	 within	 the	 human	 therapeutic	 range(30-

200ng/mL35)	 and	 crosses	 placental	 barrier	 to	 fetus.32	 Each	 water	 bottle	 was	 filled	 with	

~200	mL	 citalopram	 solution	 and	 was	 changed	 every	 three	 days.	 Control	 and	 CUS	 only	

groups	received	plain	drinking	water.	 	Water	bottles	for	all	groups	were	weighed	daily	to	

monitor	liquid	intake.	Food	and	water	were	available	ad	libitum	throughout	the	study,	except	

for	E16,	when	all	dams	were	food-deprived	for	22-24	h	for	the	novelty	suppressed	feeding	

(NSF)	test.		

After	weaning,	offspring	were	housed	 in	2-5	same-sex	siblings	per	cage.	The	 light-

dark	cycle	(12/12	h)	was	set	to	lights	on	at	0730	h	(ZT0)	in	the	colony	room.	The	same	light	

schedule	was	maintained	in	the	rooms	where	behavior	tests	and	microdialysis	were	carried	

out.	 The	 Association	 for	 Assessment	 and	 Accreditation	 of	 Laboratory	 Animal	 Care	

International	has	fully	accredited	UCLA.	All	animal	care	and	use	met	the	requirements	of	the	

NIH	Guide	for	the	Care	and	Use	of	Laboratory	Animals,	revised	2011.	The	UCLA	Chancellor’s	
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Animal	Research	Committee	(Institutional	Animal	Care	and	Use	Committee)	preapproved	all	

procedures.	

Maternal	chronic	unpredictable	stress	paradigm		

Experiments	were	carried	out	in	six	different	cohorts	of	mice	over	four	years.	In	the	

first	 cohort	 only	 control	 and	 maternal	 chronic	 unpredictable	 stress	 (CUS)	 groups	 were	

studied.	Latter	cohorts	included	control,	CUS,	CUS	plus	citalopram	(CUS+CIT),	and	CIT.	Initial	

cohorts	only	contained	control	and	CUS	groups	to	determine	 if	stress	 induced	embryonic	

changes	 in	serotonin32	persisted	 in	postnatal	development.	The	 first	half	of	 cohorts	were	

used	for	offspring	tissue	and	behavioral	testing,	while	the	latter	half	were	used	for	offspring	

behavior	testing	and	microdialysis.		

Timed	 pregnant	 female	 mice	 arrived	 on	 E7	 and	 were	 exposed	 to	 chronic	

unpredictable	stress	from	E8	through	E14,	equivalent	to	the	post-conception	day	22-64	in	

humans.36	On	E8,	pregnant	 females	 in	 the	stress	groups	were	restrained,	 their	ears	were	

clipped	 for	 identification,	 and	 they	were	 given	 an	 intraperitoneal	 (ip)	 saline	 injection	 as	

initial	stressors.	The	maternal	CUS	paradigm	was	carried	out	as	previously	described32	and	

is	detailed	 in	Table	S2.1.	Mice	 in	 the	stressed	groups	were	singly	housed	throughout	 the	

duration	 of	 the	 stress	 paradigm.	 On	 E9,	 stress	 dams	 were	 exposed	 to	 a	 1%	 2,4,5-

trimethylthiazole	 (Sigma	Aldrich	#W332518)	 in	water	 (v/v),	 a	 volatile	 component	of	 fox	

urine,	which	was	placed	on	a	nestlet	square	(200	µL)	on	the	wire	lid	of	their	cage	for	15	min.	

On	E10,	dams	in	the	stress	group	were	exposed	to	constant	light	overnight	from	ZT12-24.	

On	 E11,	 stressed	 dams	 were	 placed	 in	 a	 3.81	 cm	 in	 diameter	 plastic	 restraint	 tube	 for	

30	min.37	 On	 E12,	 they	 were	 exposed	 to	 constant	 white	 noise	 (70	dB)	 overnight	 from	

ZT12-24.	The	cage	of	each	stressed	dam	was	tilted	at	a	45°	angle	on	E13	for	the	duration	of	
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the	light	cycle	(ZT0-12).	On	E14,	stress	dams	were	exposed	to	83g	of	sani	chip	cage	bedding	

saturated	with	 400	mL	water	 overnight	 from	 ZT12-24.	 On	 E15-17,	 all	 pregnant	 females,	

irrespective	of	group,	underwent	the	 following	behavior	tests,	which	were	also	stressors:	

open	field	test	(OFT;	E15),	forced	swim	test	(FST;	E16),	and	the	novelty	suppressed	feeding	

test	(NSF;	E17).	

Postnatal	dissection	and	tissue	collection		

Offspring	brains	for	neurochemical	analyses	were	collected	on	P7,	P14,	and	P21.	At	

each	postnatal	developmental	timepoint,	1-3	pups	were	randomly	selected	from	each	litter	

with	fewer	pups	taken	from	smaller	litters.	The	random	selection	process	involved	spreading	

out	the	pile	of	pups	to	pick	ones	in	different	areas	of	the	nest	as	to	not	bias	based	on	litter	

dynamics,	i.e.	not	only	picking	pups	from	top	of	pile.	The	pups	were	weighed,	their	sex	was	

identified,	if	possible,	and	they	were	transported	individually	to	the	procedure	room.	Pups	

were	immediately	sacrificed	via	decapitation	without	anesthesia.	Their	brains	were	rapidly	

removed	and	placed	briefly	in	deionized	water.	The	following	brain	regions	were	collected	

at	P7:	forebrain,	midbrain,	and	hindbrain.32	At	P14	and	P21,	frontal	cortex,	hypothalamus,	

hippocampus,	 brain	 stem,	 striatum,	 and	 the	 intact	 remaining	hemisphere	were	 collected.	

Brain	 tissue	 samples	were	placed	 in	Eppendorf	 tubes	 and	 immediately	 frozen	on	dry	 ice	

before	storage	in	a	-80°	C	freezer.		

Tissue	Sample	Analysis	

All	 analyses	 were	 performed	 using	 an	 Amuza	 HTEC-500	 integrated	 HPLC	 system	

(Amuza	 Corporation,	 San	 Diego,	 CA)	 with	 an	 Amuza	 Insight	 autosampler	 for	 injecting	

standards	 and	 brain	 tissue	 extracts.	 Chromatographic	 separation	 for	 monoamine	

neurotransmitters	 and	 metabolites	 was	 attained	 using	 an	 Agilent	 Poroshell	120	 column	
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(SB-C18,	 3.0	mm	 ´	 100	mm,	 2.7	μm	 particle	 size).	 Mobile	 phase	 for	 neurotransmitters	

consisted	of	0.1	M	monochloroacetic	Acid	(Sigma	#402923),	0.2-0.4	g/L	octanesulfonic	acid	

(Acros	 #41636),	 pH	2.6,	 50	mg/L	 EDTA·Na2	 (Sigma	#03682),	 0.01%	 triethylamine	 (EMD	

TX1200)	and	5-10%	acetonitrile	(EMD	AX0145)	in	water	purified	via	a	Milli-Q	Synthesis	A10	

system	(EMD	Millipore	Corporation,	Billerica,	MA).		

Amino	acid	analyses	employed	a	Phenomenex	Kinetex	LC	Column	(C18,	100	mm	´	

3	mm,	2.6	μm	particle	size,	#00D-4462-Y0)	column.	The	amino	acid	mobile	phase	consisted	

of	 0.05-0.2	M	 sodium	 phosphate	 monobasic	 (Fluka	 #17844),	 50	mg/L	 EDTA·Na2	 (Sigma	

#03682),	pH	7.3-7.5,	and	20-25%	MeOH	(EMD	#MMX04751)	in	water	purified	via	a	Milli-Q	

Synthesis	A10	system.		

Column	temperatures	were	maintained	at	21-35	°C.	The	volumetric	flow	rates	were	

300-525	μL/min.	Electrochemical	detection	was	performed	using	an	Amuza	pure	graphite	

(PG)	 working	 electrode	 with	 an	 applied	 potential	 of	 +600	mV	 vs.	 a	 Ag/AgCl	 reference	

electrode.	Standards	were	prepared	for	serotonin	(Sigma	#H9523),	5-hydroxyindoleacetic	

acid	 5-HIAA	 (Sigma	 #	 H8876),	 norepinephrine	 (Sigma	 #	 A9512),	 dopamine	

(Sigma	#	H8502),	3,4-dihydroxyphenylacetic	acid	(DOPAC)	(Sigma	#850217),	homovanillic	

acid	(HVA)	(Sigma	#	H1252),	phenylalanine	(Sigma	#78019),	tryptophan	(Sigma	#51145),	

tyrosine	(Sigma	#93829),	valine	(Sigma	#94619),	 isoleucine	(Sigma	#12752),	and	leucine	

(Sigma	#L8000)	in	ice-cold	sonication	solution	(0.1	M	glacial	acetic	acid	and	1	mg/mL	EDTA-

Na2).	 Standard	 curves,	 which	 were	 run	 with	 each	 group	 of	 samples,	 encompassed	

physiological	 concentration	 ranges	 (31-500	nM).	 Chromatographic	 run	 times	 were	

12-18	min	for	neurotransmitters	and	20-25	min	for	amino	acids.	
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Behavior	tests	

Elevated	Plus	Maze	

The	elevated	plus	maze	(EPM)	was	used	to	assess	avoidance	of	anxiogenic	spaces.38,39	

A	single	maze	was	used	throughout	the	study	with	two	opposing	open	arms	(30	cm	length	´	

5	cm	width),	two	opposing	closed	arms	(30	cm	length	́ 	5	cm	width	́ 	15	cm	height),	and	with	

a	center	(5	cm	´	5	cm)	zone	connecting	 the	arms.	The	maze	was	raised	38.5	cm	from	the	

floor.	The	open	arms	had	a	0.5-cm	lip	around	the	edges	of	the	arms	to	prevent	animals	from	

falling.	The	closed	arms	had	clear	Plexiglas	walls	for	even	light	levels	across	all	arms.	The	

floor	of	the	maze	was	black	Plexiglas.	During	testing,	mice	that	were	naïve	to	the	apparatus	

were	placed	on	 the	center	platform	facing	a	closed	arm	and	allowed	to	explore	 the	maze	

freely	 for	5	min.	The	maze	was	 cleaned	with	Accel	 solution	 and	dried	between	 same-sex	

mice.	When	switching	between	male	and	female	mice,	the	apparatus	was	cleaned	with	70%	

ethanol	solution	followed	by	Accel	solution.		

Behavior	was	recorded	and	analyzed	using	the	ANYmaze	behavioral	tracking	system	

(Stoelting	 Co.,	Wood	 Dale,	 IL).	 Parameters	 quantified	 included	 latency	 to	 first	 open	 arm	

entry,	open	arm	distance,	closed	arm	distance,	%open	arm	time,	%closed	arm	time,	%open	

arm	distance,	%closed	arm	distance,	total	distance	traveled	and	speed.	Time	in	the	closed	or	

open	arms	were	analyzed	as	a	percentage	of	total	arm	time	excluding	time	spent	in	the	center	

zone	of	the	maze.	Likewise,	distance	traveled	in	the	open	or	closed	arms	were	analyzed	as	a	

percentage	of	total	arm	distance	excluding	the	distance	traveled	in	the	center	zone	of	the	

maze.	
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Open	Field	Test	

Locomotor	activity	 in	an	open	field	test	(OFT)	was	assessed	using	ANYmaze.	Open	

field	arenas	were	50	cm	´	50	cm	with	40-cm	walls.	The	center	area	was	defined	by	a	22	cm	

´	22	cm	central	square.	Animals	were	considered	in	the	center	after	60%	of	the	body	entered	

the	center	area.	Mice	were	placed	in	a	corner	of	the	open	field	and	allowed	to	freely	explore	

for	30	min.	Total	distance	traveled	(m)	and	the	ratio	of	center	distance	to	total	distance	were	

determined.	Additionally,	 time	spent	exploring	 the	center	region	was	analyzed.	The	open	

field	arenas	were	thoroughly	cleaned	with	Accel	solution	and	70%	ethanol	and	allowed	to	

dry	between	mice.	

Forced	Swim	Test	

The	 forced	 swim	 test	 (FST)	 was	 carried	 out	 as	 previously	 described	 with	 minor	

modifications.27	 Briefly,	 each	 mouse	 was	 placed	 in	 a	 clear	 glass	 cylinder	 containing	

autoclaved	room	temperature	water	(22±1	°C)	at	a	depth	of	15	cm.	Immobility	was	tracked	

using	ANYMaze	software	during	6-min	swim	sessions.	Afterward,	mice	were	transferred	to	

a	 warm	 environment	 while	 their	 fur	 dried	 before	 being	 returned	 to	 their	 home	 cages.	

Cylinders	were	emptied,	cleaned	with	Accel	solution,	and	refilled	with	fresh	water	between	

mice.	Time	spent	immobile	during	the	last	4	min	of	each	6	min	trial	was	summed.	

Novelty	Suppressed	Feeding	

The	 novelty	 suppressed	 feeding	 (NSF)	 test	 measures	 latency	 to	 eat	 in	 a	 novel	

environment	 and	 is	 performed	 by	 adapting	 previously	 used	 procedures.40	 Mice	 were	

weighed,	singly	housed,	and	then	fasted	for	22-24	h	prior	to	NSF	testing.	Mice	were	weighed	

again	before	testing.	Mice	that	lost	>13%	of	their	body	weight	within	the	fasting	period	were	

excluded	from	testing	and	immediately	provided	free	access	to	food	and	water	in	their	home	



 42 

cages.	The	13%	cut-off	was	determined	empirically	by	testing	different	fasting	protocols	in	

CD-1	mice.		

The	 latency	 for	 mice	 to	 bite	 a	 pellet	 in	 the	 home	 cage	 they	 were	 fasted	 in	 was	

determined	first.41	Once	the	mice	took	a	bite	of	the	pellet	or	5	min	had	passed,	whichever	

occurred	first,	the	mice	were	then	transferred	to	the	novel	arena.	Mice	were	placed	at	the	

edge	of	the	novel	arena	that	had	a	food	pellet	secured	on	a	brightly	lit	white	platform.	The	

rest	of	the	arena	was	dark	and	covered.	The	latency	for	mice	to	bite	the	pellet	in	the	novel	

arena	 was	 then	 determined.	 After	 the	 mice	 bit	 the	 pellet	 or	 10	min	 elapsed,	 they	 were	

transferred	 to	 a	 clean	 cage	 with	 free	 access	 to	 food	 and	 water.	 A	 subset	 of	 mice	 were	

transferred	back	to	their	fasting	cages	with	one	pellet	of	food.	The	pellets	were	weighed	prior	

to	and	10	min	after	mice	were	given	free	access	to	the	food	pellet	to	determine	food	intake.	

Mice	were	then	transferred	to	a	clean	cage	with	free	access	to	food	and	water.		

Microdialysis	

Male	offspring	(N=25)	undergoing	microdialysis	were	implanted	with	guide	cannulas	

at	3-6	months	of	age.	Surgeries	were	carried	out	under	aseptic	conditions	with isoflurane	

anesthesia,	and	carprofen	and	bupivacaine	as	systemic	and	local	analgesics,	on	a	KOPF	Model	

1900	Stereotaxic	Alignment	System	(KOPF,	Tujunga,	CA).	A	CMA/7	guide	cannula	(Harvard	

Apparatus	#CMAP000138)	for	a	microdialysis	probe	was	implanted	with	the	tip	in	the	vHPC	

(AP	-3.6	mm,	ML	±3.2	mm,	DV	-1.5	mm	from	Bregma).	Each	guide	cannula	was	secured	to	

the	skull	with	Bosworth	Trim	II	(Henry	Schein	#2509679).	Animals	recovered	from	surgery	

for	at	least	three	days	before	microdialysis.	Following	each	surgery,	mice	were	given	twice	

daily	carprofen	injections	(5	mg/kg,	1	mg/mL,	subcutaneously)	for	the	first	three	days.	



 43 

On	the	night	before	the	first	testing	(ZT10-12),	each	mouse	was	transferred	to	the	

testing	 room	 in	 its	 home	 cage	where	 a	 CMA/7	microdialysis	 probe	 (2	mm	 length,	 6	kDa	

cutoff,	metal	free,	CMA8010772)	was	inserted	into	the	guide	cannula.	Subjects	were	placed	

into	a	new,	smaller	cage	that	had	bedding	from	their	home	cage.	Artificial	cerebrospinal	fluid	

(aCSF)	(147	mM	NaCl	(Fluka	#73575),	3.5	mM	KCl	(Fluka	#05257),	1.0	mM	CaCl2	(Aldrich	

#499609),	1.0	mM	NaH2PO4	(Fluka	#17844),	2.5	mM	NaHCO3	(Fluka	#88208),	1.2	mM	MgCl2	

(Aldrich	#449172),	pH	7.3	±	0.03	was	continuously	perfused	through	the	probe	via	a	liquid	

swivel	(375/D/22QM,	 Instech	Laboratories	 Inc.,	Plymouth	Meeting,	PA)	at	0.3	μL/min	 for	

14-16	h	to	stabilize	the	tissue	around	the	probe.	Subjects	were	tethered	to	the	liquid	swivel	

but	otherwise	could	move	freely	in	their	home	cages	during	the	entirety	of	testing.		

Microdialysis	 experiments	 were	 carried	 out	 between	 ZT1-8	 as	 previously	

described.42-44	Basal	dialysate	samples	were	collected	from	ZT1-2,	followed	by	three	high	K+	

stimulations	each	lasting	5	min,	separated	by	an	hour	of	aCSF	infusion	from	ZT2-5.	After	the	

last	high	K+	stimulation,	animals	were	either	(1)	perfused	with	10	μM	citalopram	into	the	

vHPC	for	2	h,	(2)	systemically	injected	with	10	mg/kg,	ip,	U50,588H	(Sigma-Aldrich	#D8040)	

or	U69,593	(Sigma-Aldrich	#U103),	then	perfused	with	10	μM	citalopram	into	the	vHPC	for	

2	h,	or	(3)	perfused	with	10	μM	citalopram	into	the	vHPC	for	2	h	followed	by	an	ip	injection	

of	10	mg/kg	U50,588	or	U69,593.		

Doses	 for	citalopram,	U50,588,	and	U69,593	were	determined	empirically	 through	

pilot	 experiments.	 Citalopram	was	perfused	at	 a	 concentration	of	10	μM	 into	 the	ventral	

hippocampus.	The	U50,588	dose	was	determined	in	a	conditioned	place	aversion	behavioral	

assay,	where	10	mg/kg	ip	was	found	to	induce	the	greatest	aversion	to	the	drug-paired	side	
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in	male	mice.	 Due	 to	 issues	with	manufacturer	 availability	 of	 U50,588,	 the	 kappa	 opioid	

agonist	U69,593	at	10	mg/kg	ip	was	substituted	for	U50,588	in	the	last	N=7	mice.	

Analysis	of	microdialysis	samples	was	performed	immediately	after	collection	of	each	

sample,	i.e.,	online,	using	an	Amuza	HTEC-500	integrated	HPLC	system	(Amuza	Corporation,	

San	Diego,	CA)	equipped	with	an	Amuza	Insight	autosampler	used	for	injecting	standards	

and	an	Amuza	EAS-20s	online	autoinjector	 for	 collecting	and	 injecting	dialysate	 samples.	

Chromatographic	separation	was	achieved	using	an	Amuza	PP-ODS	III	column	(4.6	mm	ID	´	

30	mm	 length,	 2	μm	 particle	 diameter)	 and	 a	 phosphate-buffered	 mobile	 phase	 with	

14.89	g/L	NaH2PO4	(Fluka	#17844),	1.02	g/L	Na2HPO4	(Thermo	Scientific	AC448160050),	

2%	MeOH	 (EMD	#MX0475),	 50	mg/L	 EDTA·Na2	 (Sigma	 #03682),	 and	 600	mg/L	 sodium	

decanesulfonate	 (TCI	 #I0348)	 in	 Optima	 LC/MS	 grade	 water	 (Fisher	 Scientific	 CAS#	

7732-18-5).		

The	 column	 temperature	 was	maintained	 at	 25	°C.	 The	 volumetric	 flow	 rate	 was	

500	μL/min.	 Electrochemical	 detection	 was	 performed	 using	 an	 Amuza	WE-3G	 graphite	

working	electrode	with	an	applied	potential	of	+450	mV	vs.	a	Ag/AgCl	reference	electrode.	

Dopamine	(Sigma	#H8502)	and	serotonin	(Sigma	#H9523)	standards	were	prepared	in	a	

1:1	 mixture	 of	 mobile	 phase	 and	 aCSF.	 Standard	 curves,	 which	 were	 verified	 weekly,	

encompassed	 physiological	 concentration	 ranges	 (31pM-10	nM).	 All	 online	 dialysate	

samples	were	collected	at	5	min	intervals	at	a	dialysate	flow	rate	of	2.5	μL/min	and	injected	

immediately	onto	the	HPLC	system	for	analysis.	The	ES280	PowerChrom	Chromatography	

Data	System	(CDS)	Software	(eDAQ,	Denistone	East,	Australia)	was	used	to	collect,	display,	

and	analyze	all	chromatographic	peaks.		



 45 

Statistical	analysis	

Statistical	analyses	were	carried	out	using	Prism,	v.9.3.0	(GraphPad	Inc.,	La	Jolla,	CA).	

Data	are	expressed	as	group	means	±	SEMs	with	P<0.05	considered	statistically	significant.		
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Results	

Maternal	physiological	and	behavioral	outcomes	

A	 general	 experimental	 overview	 is	 shown	 in	 Figure	2.1.	 Timed-pregnant	 dams	

arrived	on	embryonic	day	7	(E7)	when	they	were	randomly	assigned	to	one	of	four	groups.	

Dams	 in	 the	 stress	 groups	 (CUS,	 CUS+CIT)	 underwent	 a	 chronic	 unpredictable	 stress	

paradigm	from	E8	through	E14	(Fig.	2.1A,	Table	S2.1).	All	dams	then	underwent	the	open	

field,	forced	swim,	and	novelty	suppressed	feeding	tests	during	E15-E17.	The	results	of	all	

statistical	analyses	are	shown	in	Table	S2.2.	

No	 physiological	 differences	 were	 observed	 in	 dams	 belonging	 to	 the	 different	

treatment	 groups	 (Fig.	S2.1).	 All	 dams	 had	 similar	 pregnancy-related	 weight	 gains	

regardless	of	group	(Fig.	S2.1A,B).	Daily	water	consumption	was	similar	regardless	of	the	

presence	of	CIT	in	the	drinking	water	in	the	CUS+CIT	and	CIT	groups	compared	to	the	control	

and	CUS	groups	(Fig.	2.1C).	Moreover,	average	 litter	sizes	(Fig.	2.1D)	and	early	postnatal	

pup	 weights	 (Fig.	 S2.2)	 were	 not	 affected	 by	 stress,	 citalopram,	 or	 their	 combination.	

Significant	correlations	between	litter	size	and	pup	weights	at	postnatal	days	7	and	14	were	

observed	(Fig.	S2.2)	and	were	similar	across	treatments.	

On	 E15,	 dams	 in	 the	 CUS	 and	 CUS+CIT	 groups	 showed	 increases	 in	 OFT	 distance	

traveled	and	perambulation	speed	during	the	first	5	min	of	the	test	where	mice	show	the	

highest	activity	levels	indicative	of	novelty-associated	exploration	(Fig.	S2.3A,B).	Dams	in	

the	CUS	groups	exhibited	a	selective	increase	in	cumulative	total	distance	traveled	over	the	

30-min	test	period,	accompanied	by	increases	in	cumulative	center	zone	distance	traveled	

and	 peripheral	 zone	 speed	 (Fig.	S2.3C-E).	 Additional	 parameters	 determined	 in	 the	

anxiogenic	center	zone	did	not	differ	across	groups	(Fig.	S2.3F-I).		
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On	E16	dams	underwent	FST	for	6	min.	No	maternal	group	differences	were	observed	

over	the	full	6	min	session	nor	in	the	last	4	min.	On	E17,	no	maternal	group	differences	were	

observed	in	either	home	cage	or	novel	arena	latencies	to	feed	in	the	NSF	test	(Fig.	S2.4A,C).	

However,	pregnancy,	regardless	of	maternal	treatment	group,	was	associated	with	a	reduced	

latency	to	feed	in	the	home	cage	and	novel	arena	when	compared	to	nonpregnant	female	

offspring	(Fig.	S2.4B,D).	Dams	in	the	CUS	group	also	took	significantly	less	time	to	take	a	

first	bite	of	a	food	pellet	in	the	novel	arena	compared	to	nonpregnant	adult	female	CUS-group	

offspring	(Fig.	S2.4C).		

Postnatal	tissue	analysis	

One	 or	 two	 mice	 per	 treatment	 group	 were	 randomly	 selected	 for	 tissue	

neurotransmitter	analysis	at	three	different	early	postnatal	timepoints	(Fig.	2.1B).	Brains	

from	 postnatal	 day	 7,	 14,	 and	 21	 (P7,	 P14,	 and	 P21,	 respectively)	 pups	 were	 analyzed	

regionally.	At	P7,	brains	were	sectioned	into	forebrain,	midbrain,	and	hindbrain	due	to	their	

small	size.	At	P14	and	P21,	larger	brains	enabled	dissection	of	frontal	cortex,	hippocampus,	

and	striatum.	At	P7,	serotonin,	norepinephrine,	and	dopamine	levels	normalized	for	tissue	

protein	 levels	 for	 forebrain,	midbrain,	and	hindbrain	showed	no	significant	differences	 in	

control	 vs.	 CUS	 groups	 (Fig.	2.2A-C).	 In	 midbrain,	 a	 significant	 decrease	 in	 the	 major	

metabolite	of	serotonin,	5-hydroxyindoleacetic	acid	(5-HIAA),	was	observed	in	pups	exposed	

to	prenatal	stress.	In	hindbrain,	an	increase	in	the	dopamine	metabolite	homovanillic	acid	

(HVA)	but	not	3,4-dihydroxyphenylacetic	acid	(DOPAC)	was	observed	in	pups	exposed	to	

prenatal	 stress.	 When	 we	 examined	 tissue	 protein	 concentrations	 used	 to	 normalized	

neurotransmitter	levels	(as	a	proxy	for	tissue	wet	weight),	we	observed	selective	increases	

in	protein	levels	in	forebrain	in	CUS	mice	compared	to	controls	at	P7	(Fig.	2.2D-F).	Analysis	



 48 

of	 raw	 nanomolar	 concentration	 show	 pups	 exposed	 to	 prenatal	 stress	 had	 increased	

serotonin,	HIAA,	and	norepinephrine	in	the	forebrain,	but	not	midbrain	or	hindbrain	(Fig.	

2.2G-I).	 Concomitant	 treatment	 of	 citalopram	 to	 stress	 dams	 rescued	 the	prenatal	 stress	

induced	 increases	 in	serotonin	 in	 the	 forebrain	of	P7	offspring	(Fig.	2.2J).	No	differences	

were	observed	in	P14	or	P21	brains.		

Adult	offspring	behavior	

At	three	months	of	age,	offspring	were	assessed	for	anxiety-	and	depressive-like	

phenotypes	using	four	widely	used	behavior	tests;	EPM,	OFT,	FST,	and	NSF.	Behavior	tests	

were	completed	in	the	order	from	least	to	most	stressful.	No	group	differences	were	

observed	in	the	EPM	(Fig.	S2.5).	In	utero	citalopram	treatment	altered	OFT	behavior	in	

male	adult	offspring	(Fig.	2.3).	Distance	traveled	in	the	arena	was	significantly	reduced	in	

the	CIT	group	compared	to	all	other	groups	for	male	offspring,	but	not	in	females	(Fig.	

2.3A-C).		For	the	entire	duration	of	testing,	exposure	to	in	utero	CIT	significantly	decreased	

center	entries,	center	distance	compared	to	entire	arena,	and	center	time	in	males	

compared	to	controls	(Fig.	2.3D-F).	The	first	five	minutes	was	analyzed	alone	since	this	is	

when	the	arena	is	most	novel	and	anxiogenic.		Within	the	first	5	min	of	testing,	in	utero	CIT	

exposure	irrespective	of	stress	decreased	center	entries	and	time	spent	in	the	center	zone	

in	males,	but	not	females	(Fig.	2.3G,I).	

In	the	FST,	prenatal	stress	significantly	decreased	immobility	time	in	males,	but	not	

females	(Fig.	2.4B),	compared	to	controls.	Concomitant	treatment	of	CIT	rescued	the	stress	

induced	decreases	in	immobility	in	males.	In	females,	immobility	time	was	increased	in	the	

CUS+CIT	group	compared	to	control	and	CUS	groups.	Irrespective	of	sex	or	group,	
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immobility	time	increased	across	the	test	duration.	Group	differences	were	seen	during	the	

last	four	minutes	of	the	test	(Fig.	2.4C,	D).		

The	last	behavior	test	performed	was	the	NSF.	Adult	offspring	were	fasted	for	24	h	

before	undergoing	the	NSF	test.		Mice	that	lost	more	than	13%	body	weight	were	excluded	

from	 the	 study.	 Interestingly,	 male	 offspring	 born	 to	 stressed	 mothers	 had	 the	 highest	

percentage	of	exclusion,	with	almost	50%	of	the	group	excluded	(Fig.	2.5A).		No	significant	

pre-fast	weight	differences	were	seen	between	groups	of	each	sex	(Fig.	2.5B).	Prenatal	stress	

significantly	increased	the	ratio	between	latency	to	feed	in	novelty	arena	compared	to	the	

home	cage	in	male	adult	offspring	but	not	females	(Fig.	2.5C).	Treatment	with	CIT	attenuated	

the	effects	of	stress	on	the	ratio	between	latency	to	feed	in	novelty	arena	compared	to	home	

cage.	To	determine	if	these	effects	were	due	to	decreased	appetite,	a	subset	of	mice	were	

given	a	pre-weighed	pellet	of	food	and	allowed	to	eat	for	10	min	post	NSF	testing	in	their	

home	cage.	At	the	end	of	the	10	min	period,	food	pellets	were	weighed	again	to	determine	

amount	eaten.		No	differences	were	observed	between	groups	for	amount	of	food	eaten	after	

10	min	(Fig.	2.5D).		

Adult	offspring	neurochemistry	

The	 adult	 offspring	 for	 microdialysis	 experiments	 were	 separated	 into	 three	

paradigms,	 in	which	the	order	of	pharmacological	agents	administered	was	varied	to	test	

different	hypotheses	To	assess	 the	effects	of	prenatal	 stress	and	SSRI	 treatment	on	adult	

offspring	neurochemistry,	male	adult	offspring	underwent	microdialysis.	Only	males	were	

used	 for	microdialysis,	 as	 behavior	 data	 pointed	 to	males	 being	more	 susceptible	 to	 the	

effects	of	prenatal	stress	than	females.	The	ventral	hippocampus	(vHPC)	was	targeted	due	to	

its	 involvement	 in	anxiety	responses	and	dense	 innervation	from	serotonin	neurons	(Fig.	
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S2.7A).	 	Peaks	were	 identified	and	quantified	based	on	standard	curves	(Fig.	S2.7B)	and	

peaks	were	confirmed	in	vivo	with	infusion	of	serotonin	and	dopamine	(Fig.	S2.7C,	D).	No	

differences	in	basal	or	stimulated	extracellular	serotonin	levels	were	observed	(Fig.	2.6A-

C).	 No	 differences	 in	 basal	 extracellular	 dopamine	 levels	 were	 observed	 (Fig.	 2.6D,	 E),	

however	 the	CUS	group	had	higher	 stimulated	dopamine	 levels	 compared	 to	 control	 and	

CUS+CIT	groups	(Fig.	2.6F).	

To	probe	potential	mechanisms	of	 stress-induced	behavioral	 changes,	 8-OH-DPAT	

injections	were	given	to	male	and	female	adult	offspring	to	determine	differences	in	5HT1A	

receptor	 activity.	No	differences	were	 seen	 and	 thus	not	 probed	 further	 in	microdialysis	

experiments	(Fig.	S2.6).	Citalopram	was	perfused	into	the	vHPC	to	determine	differences	in	

SERT	activity.	Moreover,	KOR	agonists	were	injected	to	assess	a	link	between	the	serotonin	

system	and	kappa	system.		After	basal	and	stimulated	levels	of	both	neurotransmitter,	10	uM	

citalopram	was	infused	for	2	h	then	a	KOR-agonist	was	injected	(U50,488	or	U69,593,	10	

mg/kg,	i.p.)	and	dialysate	samples	were	collected	for	additional	1.5	h	while	CIT	was	perfused	

(Fig.	2.7A,	D).	

A	significant	effect	of	CIT	infusion	and	KOR	agonist	was	observed,	but	not	for	in	utero	

treatment	on	dopamine	concentrations	(Fig.	2.7E,	F).	As	expected,	KOR	activation	decreased	

dopamine	levels,	however	unexpectedly,	CIT	perfusion	also	decreased	dopamine	levels.		A	

significant	effect	of	 treatment	and	drug	on	 serotonin	 concentrations	were	observed	 (Fig.	

2.7B,	 C).	 To	 ensure	 that	 CIT	 was	 not	 causing	 increased	 serotonin	 release	 over	 longer	

durations,	we	infused	CIT	for	more	than	3	hr	(Fig.	S2.9).	While	we	did	observe	a	significant	

correlation	between	serotonin	concentration	over	the	longer	perfusion	period,	the	increase	

was	less	than	1	nM,	confirming	that	larger	increases	in	serotonin	levels	were	the	result	of	
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KOR	agonist	 injection.	Stress	potentiated	the	increase	in	serotonin	levels	 induced	by	KOR	

activation,	which	is	rescued	in	the	CUS+CIT	group	(Fig.	2.7B).		To	test	if	these	results	were	

dependent	on	SERT	blockade,	the	KOR	agonist	was	injected	prior	to	CIT	perfusion.	Decreases	

in	dopamine	levels	were	seen,	however,	no	differences	 in	serotonin	 levels	were	observed	

post	KOR	injection	without	SERT	blockade	(Fig.	S2.8).	
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Discussion	

Our	study	points	 to	 the	 long-term	benefits	of	 treating	dams	experiencing	stressful	

pregnancies	with	SSRIs	as	a	way	to	mitigate	adverse	outcomes	in	offspring	health.	We	found	

that	 stress	 induced	 developmental	 changes	 in	 offspring	 protein,	 neurotransmitter,	 and	

amino	 acid	 tissue	 levels	 in	 early	 postnatal	 development.	 Stress	 induced	 increases	 in	

serotonin	levels	were	rescued	in	offspring	whose	mothers	were	concomitantly	treated	with	

citalopram	in	utero.	While	these	effects	were	no	longer	observed	by	postnatal	day	14	or	21,	

their	 impacts	 on	 behavior	were	 seen	 in	 adulthood.	We	 found	 that	male,	 but	 not	 female,	

animals	born	to	stressed	mothers	displayed	increased	anxiety	and	depressive-like	behavior.	

Moreover,	we	 found	 that	 stressed	males	were	more	 susceptible	 to	 stress	 challenges,	 i.e.,	

overnight	 fasting,	 than	 females.	 These	 adverse	 behavioral	 phenotypes	 were	 rescued	 in	

animals	whose	mothers	were	concomitantly	treated	with	citalopram	in	utero.		

	 Lastly,	we	assayed	neurochemical	changes	in	adult	male	mice.	While	we	did	not	see	

changes	 in	 basal	 or	 stimulated	 serotonin	 release,	 we	 did	 find	 pharmacological-induced	

changes	in	neurochemistry.	Male	mice	born	to	stressed	mothers	showed	higher	serotonin	

concentrations	in	the	vHPC	in	response	to	citalopram	administration	with	and	without	the	

presence	of	kappa	opioid	receptor	activation.	These	effects	were	rescued	in	the	male	mice	

whose	mothers	had	been	treated	with	citalopram	in	utero.		

	 Our	results	add	to	the	existing	expansive	literature	on	the	adverse	effects	of	maternal	

stress	during	pregnancy.	 Importantly,	our	 results	also	highlight	 the	 long-term	benefits	of	

pharmacological	treatments	of	stress	experienced	by	pregnant	mothers.	The	decision	to	take	

medication	 during	 pregnancy	 is	 influenced	 by	 many	 factors,	 which	 include	 severity	 of	

maternal	disorder,	type	of	medication,	and	other	complications.	However,	contrary	to	social	
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perception	that	all	medications	during	pregnancy	are	harmful	to	the	developing	fetus,	our	

results	show	that	SSRIs	do	not	cause	changes	litter	size,	fetal	birth	weight,	or	viability,	and	

are	efficacious	in	mitigating	the	effects	of	maternal	stress	in	a	mouse	model.	

	 While	we	probed	the	vHPC,	many	other	brain	regions	are	implicated	in	the	adverse	

effects	of	stress,	particularly	cortical	regions	such	as	the	prefrontal	cortex	(PFC).	Moreover,	

KOR	receptor	expression	and	 localization	on	 cell	populations,	 i.e.,	 dopaminergic	neurons,	

and	involvement	of	the	kappa	system	in	stress	responses	point	to	an	expansive	system	with	

much	 to	 be	 uncovered.	 Future	 experiments	 should	 focus	 on	 specifically	 probing	

neurochemical	pathways,	i.e.,	MRN	à	vHPC	and	MRN	à	PFC,	to	understand	how	the	brain	

adapts	to	prenatal	stress	exposure.	Moreover,	future	experiments	may	isolate	the	effects	of	

prenatal	stress	from	postnatal	maternal	care,	as	maternal	care	is	an	important	influencer	of	

offspring	development.		

In	sum,	we	showed	that	untreated	maternal	stress	during	pregnancy	has	prolonged	

developmental	effects	that	impacts	long-term	offspring	health.	This	study	fills	an	important	

gap	in	previous	literature	in	answering	how	long-term	behavioral	and	neurochemical	effects	

are	impacted	given	adverse	in	utero	exposures.	Importantly,	our	study	strongly	points	to	the	

safety	 and	 efficacy	 of	 citalopram,	 a	 commonly	 prescribed	 SSRI,	 in	 attenuating	 adverse	

neurochemical	and	behavioral	effects	induced	by	stress.	Finally,	we	show	an	important	link	

between	 stress-reactivity	 and	 the	 integral	 role	 of	 the	 serotonin	 and	 kappa	 systems	 in	

mediating	responses	to	stress.	
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Figures	

Figure	2.1		

	 	

Figure 2.1: Overview of experimental paradigms. A. Timeline of in utero exposure and subsequent 
postnatal and behavior testing schedules. B. Timelines for different microdialysis paradigms. Aspects 

of this figure were created using Biorender.com. 
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	Figure	2.2	

 	

Figure 2.2: Postnatal day 7 tissue analysis shows increased neurotransmitters and protein 
concentration for stressed pups. Normalized A. forebrain, B. midbrain, and C. hindbrain 

neurotransmitter tissue levels. D. Protein concentrations are significantly increased at P7 in the 
forebrain of stressed pups, but not the E. midbrain or F. hindbrain. Non-normalized 

neurotransmitter tissue levels show significant increases in pups born to stressed mothers in G. 
forebrain, but not H. midbrain or I. hindbrain. Concomitant treatment with CIT rescues maternal 

stress induced increases in serotonin in J. forebrain. *P<0.05, **P<0.01, ***P<0.001 
Abbreviations: Serotonin (5HT), 5-Hydroxyindolacetic acid (HIAA), norepinephrine (NE), dopamine 

(DA), 3,4-Dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA) 
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Figure	2.3	

 	

Figure 2.3: In utero citalopram exposure changes OFT behavior in male adult offspring. In utero 
treatment differences in distance traveled in first five and ten minutes in A. males, but not B. 

females. Significant effect of C. in utero treatment on total distance traveled between control and 
CIT groups and CUS and CIT groups. D-F. Center zone parameters for full 30 min OFT time course 
show significant changes in CIT group on D. number of entries into the center zone, E. distance 

travelled in the center zone compared to the entire arena, and F. time spent in the center zone. No 
changes were observed in females. G-I. Significant decreases of in utero CIT exposure on G. number 
of center entries, and I. time spent in the center zone, but not H. percent center distance during first 

5 min of test. No changes were observed in females. *P<0.05, **P<0.01, ***P<0.001 
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Figure	2.4	

 	

Figure 2.4: Adult offspring force swim test A. Cartoon of FST behavioral apparatus 
(Biorender.com). B. In utero CUS exposure significantly reduces immobility time of male adult 

offspring; these reductions are rescued in the CUS+CIT male group. In utero CUS+CIT 
significantly increases immobility time in female adult offspring, compared to control and CUS 
groups. Immobility time is summed over the last 4 minutes of the FST.  C. Male and D. female 
immobility time course shows significant effects of treatment and time. *P<0.05, **P<0.01, 

***P<0.001 
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Figure	2.5	

 	

Figure 2.5: Adult offspring novelty suppressed feeding test A. Percentages of animals excluded 
based on percent body weight loss. Adult male CUS animals were excluded at twice the rate of other 

groups. B. No differences in body weights between treatment groups of the same sex pre-24 hour 
fast.  C. Significant effect of treatment in male adult offspring on ratio between latency to feed in 
novelty area compared to the home cage. No difference in D. change in pellet weight 10 min after 

testing corresponding to amount of food eaten. *P<0.05, **P<0.01 
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Figure	2.6	

 	

Figure 2.6: No basal extracellular serotonin or dopamine differences in adult offspring exposed to 
prenatal stress. Basal serotonin (A) and dopamine (D) levels in adult offspring. Microdialysis time 

course of extracellular serotonin (B) and dopamine (E). The yellow bars indicate 120 µM potassium 
stimulation (5 min). Serotonin (C) and dopamine high potassium (F) stimulated release quantified by 

area under the curve. *P<0.05, 
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Figure	2.7	

 	

Figure 2.7: Decreases in dopamine and increases in serotonin, post concomitant CIT and KOR 
agonist. A. Time course before and after CIT infusion and KOR agonist injection for serotonin 

concentrations. Significant effect of B. treatment, and C. drug on serotonin concentrations. D. Time 
course before and after CIT infusion and KOR agonist injection for dopamine concentrations. 

Significant effect of F. CIT infusion and agonist injection, but not E. in utero treatment on dopamine 
concentrations. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
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Table	S2.1	

Monday	 Tuesday	 Wednesday	 Thursday	 Friday	 Saturday	 Sunday	
	 E7:	timed-

pregnant	dams	
arrived;	CUS	
dams	placed	
into	individual	
cages	

E8	10	am:	
ears	clipped,	
5-min	
restraint,	
saline	
injection,	and	
brief	
transportation	
stress	

E9	12	pm:	
15-min	fox	
urine	odor	
exposure	

E10	
4:30	pm-
7	am:	
overnight	
light		

E11	
10	am-
12	pm:	
30-min	
restraint	
in	tubes	

E12	4	pm-
7	am:	
overnight	
static	
noise	
(70dB)	

E13	
8	am-
4	pm:	
45°	cage	
tilt	

E14	4:30	pm-
7	am:	overnight	
wet	bedding	

E15	6	pm-
10	pm:	OFT	
test	

E16	
12	pm-
2:30	pm:	
FST	test;	
7	pm:	
begin	fast	
for	NSF		

E17	
5	pm-
7	pm:	
NSF	test	

	 	

  Table S2.1: Maternal chronic unpredictable stress paradigm 
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Figure	S2.1	

 	

Figure S2.1: Maternal measures. A. Maternal weight gains over the course of pregnancy were similar 
regardless of group. B. There were no differences dam weights at E15 across groups. C. Water 

consumption across groups by day. The drinking water for the CUS+CIT and CIT groups contained 
1.5% sucrose to mask the taste of the drug. D. Litter sizes were not different across groups.  
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Figure	S2.2	

 	

Figure S2.2: Correlations between liter size and postnatal weights. Pup weights were negatively 
correlated with litter size, as expected and regardless of group, on A. postnatal day 7 (P7) and 

B. postnatal day 14 (P14). 
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Figure	S2.3	

 	

Figure S2.3: Maternal open field test (OFT) on E15. A. Distance traveled during the initial 5-min 
exploratory period was increased in dams from both groups exposed to chronic unpredictable stress 
(CUS) during pregnancy. B. Likewise, speed during the first 5-min was increased in CUS and CUS+CIT 
groups. C. Cumulative distance traveled was increased in CUS dams. D. The CUS group also showed 

Increased peripheral zone speed, E. but not center zone speed. F. A trend toward increased distance 
traveled in the center zone was also observed in the CUS group. G-I. No differences were observed in 

other center zone parameters. *P<0.05 and **P<0.01. 
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Figure	S2.4	

 	

Figure S2.4: Maternal novelty suppressed feeding test on E17. A. No changes in home cage latency 
to feed occurred between maternal groups. B. There was a trend toward a decrease in home cage 
latency to feed between pregnant (collapsed on treatment group) and non-pregnant female mice. 
C. The latency to feed in the novel arena was not significantly different across maternal groups and 
was shorter in CUS mothers vs. their adult female offspring. D. Pregnancy generally decreased the 

latency to feed in the novel arena. **P<0.01 and ***P<0.001. 
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Figure	S2.5	

 	

Figure S2.5: No changes in the EPM of 3-month-old adult offspring. A. Cartoon of EPM behavioral 
apparatus (Biorender.com) B-D. No changes in open arm parameters between groups or sex-specific 

differences. 
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Figure	S2.6	

 	

Figure S2.6: No changes in the temperature after 5HT1A agonist. No temperature changes by A. 
treatment or by B. sex after 8-OH-DPAT i.p. injection.  
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Figure	S2.7	

 	

Figure S2.7: Microdialysis probe and peak verification. A. Cresyl violet image showing microdialysis 
cannula and probe localization to the ventral hippocampus. B. Standard curves for dopamine and 
serotonin used to quantify analyte concentrations. A standard curve was run each week prior to 
microdialysis experiments N=6/analyte. C. Overlay of five chromatograms from a representative 

mouse showing dopamine and serotonin peaks before (basal) and after pharmacological 
manipulations to verify peak identities. D. Time course from the same mouse in C. 
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Figure	S2.8	

 	

Figure S2.8: Decreases in dopamine, but not serotonin, post KOR agonist i.p. injection. A. Time 
course before and after KOR agonist injection for serotonin concentrations. No effect of B. KOR 

injection or C. in utero treatment on serotonin concentrations. D. Time course before and after KOR 
agonist injection for dopamine concentrations. Significant effect of E. KOR injection, but not C. in 

utero treatment on dopamine concentrations. *P<0.05 
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Figure	S2.9	

 	

Figure S2.9: Stable serotonin levels after three hr of CIT infusion. Serotonin concentrations 
remained stable during longer infusion of CIT. Time course is taken from N=1 animal that underwent 

basal collection and two high K+ potassium stimulations. Each point represents a 5 min sample. 
Points pre-120 min are neurotransmitter concentrations post-high K+ #2 and pre-CIT infusion. 

Infusion of CIT began at 120 min (or 2 hours into microdialysis testing day) and continued until 310 
min, for a duration of three hr and 10 min.  
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Table	S2.2	

Figure	 Comparison	 Test	and	result	
Figure	2A	 Pup	forebrain	

neurotransmitters	
(pmol/mg)	between	
treatment	

Serotonin:	Unpaired	t-test;	P<0.08	
HIAA:	Unpaired	t-test;	P>0.05	
Norepinephrine:	Unpaired	t-test;	P<0.001	

Figure	2B	
	

Pup	midbrain	
neurotransmitters	
(pmol/mg)	between	
treatment	

Serotonin:	Mann-Whitney	test;	P>0.05	
HIAA:	Unpaired	t-test;	P<0.05	
Norepinephrine:	Mann-Whitney	test;	P>0.05	
Dopamine:	Unpaired	t-test;	P>0.05	

Figure	2C	 Pup	hindbrain	
neurotransmitters	
(pmol/mg)	between	
treatment	

Serotonin:	Unpaired	t-test;	P>0.05	
HIAA:	Unpaired	t-test;	P>0.05	
Norepinephrine:	Unpaired	t-test;	P>0.05	
Dopamine:	Mann-Whitney	test;	P>0.05	
DOPAC:	Mann-Whitney	test;	P>0.05	
HVA:	Unpaired	t-test;	P<0.05	

Figure	2D	 Pup	forebrain	protein	
concentrations	
between	treatment	

Unpaired	t-test;	P>0.001	

Figure	2E	 Pup	midbrain	protein	
concentrations	between	
treatment	

Unpaired	t-test;	P>0.05	

Figure	2F	 Pup	hindbrain	protein	
concentrations	between	
treatment	

Unpaired	t-test;	P>0.05	

Figure	2G	 Pup	forebrain	
neurotransmitters	
(nM)	between	
treatment	

Serotonin:	Unpaired	t-test;	P<0.001	
HIAA:	Unpaired	t-test;	P<0.01	
Norepinephrine:	Unpaired	t-test;	P<0.001	

Figure	2H	 Pup	midbrain	
neurotransmitters	
(nM)	between	
treatment	

Serotonin:	Unpaired	t-test;	P<0.08	
HIAA:	Unpaired	t-test;	P<0.05	
Norepinephrine:	Unpaired	t-test;	P>0.05	
Dopamine:	Mann-Whitney	test;	P>0.05	

Figure	2I	 Pup	hindbrain	
neurotransmitters	(nM)	
between	treatment	

Serotonin:	Unpaired	t-test;	P>0.05	
HIAA:	Unpaired	t-test;	P>0.05	
Norepinephrine:	Unpaired	t-test;	P>0.05	
Dopamine:	Unpaired	t-test;	P>0.05	
DOPAC:	Unpaired	t-test;	P>0.05	
HVA:	Unpaired	t-test;	P>0.05	

Figure	3A	 Male	distance	traveled	
across	time	

Two-way	ANOVA	
Time	x	treatment	 F	(15,	605)	=	3.81;	P<0.001	
Time	 F	(2.6,	315)	=	221;	P<0.001	
Treatment	 F	(3,	121)	=	4.89;	P<0.01	
Subject	 F	(121,	605)	=	21.1.;	P<0.001	
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Figure	3B	 Female	distance	
traveled	across	time	

Two-way	ANOVA	
Time	x	treatment	 F	(15,	675)	=	1.15;	P>0.05	
Time	 F	(5,	675)	=	88.4;	P<0.001	
Treatment	 F	(3,	135)	=	4.89;	P>0.05	
Subject	 F	(135,	675)	=	24.0.;	P<0.001	

	

Figure	3C	 Total	distance	traveled	
between	treatments	

Kruskal-Wallis	test;	P<0.001	

Figure	3D	 Entries	into	center	zone	 Two-way	ANOVA	
Interaction	 F	(3,	256)	=	0.68;	P>0.05	
Sex	 F	(1,	256)	=	0.06;	P>0.05	
Treatment	 F	(3,256)	=	6.33;	P<0.001	

	

Figure	3E	 %	center	distance	in	
OFT	

Two-way	ANOVA	
Interaction	 F	(3,	258)	=	0.50;	P>0.05	
Sex	 F	(1,	258)	=	0.08;	P>0.05	
Treatment	 F	(3,258)	=	2.96;	P<0.05	

	

Figure	3F	 Time	spent	in	the	
center	zone	

Two-way	ANOVA	
Interaction	 F	(3,	256)	=	2.26;	P>0.05	
Sex	 F	(1,	256)	=	0.80;	P>0.05	
Treatment	 F	(3,256)	=	3.85;	P<0.05	

	

Figure	3G	 Entries	into	center	zone	
in	first	5	min	

Two-way	ANOVA	
Interaction	 F	(3,	257)	=	0.62;	P>0.05	
Sex	 F	(1,	257)	=	1.67;	P>0.05	
Treatment	 F	(3,257)	=	7.04;	P<0.001	

	

Figure	3H	 %	center	distance	in	
first	5	min	

Two-way	ANOVA	
Interaction	 F	(3,	258)	=	0.06;	P>0.05	
Sex	 F	(1,	258)	=	0.79;	P>0.05	
Treatment	 F	(3,258)	=	3.52;	P<0.05	

	

Figure	3I	 Time	spent	in	the	
center	zone	in	first	5	
min	

Two-way	ANOVA	
Interaction	 F	(3,	256)	=	0.68;	P>0.05	
Sex	 F	(1,	256)	=	0.06;	P>0.05	
Treatment	 F	(3,256)	=	6.33;	P<0.001	

	

Figure	4B	 2-6	min	immobility	
time	in	FST	

Two-way	ANOVA	
Interaction	 F	(3,	199)	=	3.23;	P<0.05	*	
Sex	 F	(1,	199)	=	0.70;	P>0.05	
Treatment	 F	(3,199)	=	8.43;	P<0.001	

	

Figure	4C	 Male	immobility	time	
across	time	

Two-way	ANOVA	
Time	x	treatment	 F	(6,	190)	=	2.42;	P<0.05	
Time	 F	(1.78,	169)	=	378;	P<0.001	
Treatment	 F	(3,	95)	=	3.68;	P<0.05	
Subject	 F	(95,	190)	=	5.32;	P<0.001	
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Figure	4D	 Female	immobility	
time	across	time	

Two-way	ANOVA	
Time	x	treatment	 F	(6,	212)	=	3.71;	P<0.01	
Time	 F	(1.90,	202)	=	371;	P<0.001	
Treatment	 F	(3,	106)	=	4.96;	P<0.01	
Subject	 F	(106,	212)	=	4.44;	P<0.001	

	

Figure	5B	 Animal	weights	pre-
NSF	fast	

Two-way	ANOVA	
Interaction	 F	(3,	165)	=	1.81;	P>0.14	
Sex	 F	(1,	165)	=	101;	P<0.001	
Treatment	 F	(3,165)	=	1.97;	P>0.12	

	

Figure	5C	 Ratio	of	latency	to	feed	
in	the	novelty	arena	
compared	to	the	home	
cage	

Two-way	ANOVA	
Interaction	 F	(3,	193)	=	2.70;	P<0.05	
Sex	 F	(1,	193)	=	2.06;	P>0.15	
Treatment	 F	(3,193)	=	3.83;	P<0.05	

	

Figure	5D	 Pellet	weight	change	10	
min	post-NSF	test	

One-way	ANOVA	
F	(3,	37)	=	0.38;	P>0.05	

Figure	6A	 Serotonin	basal	
comparison		

One-way	ANOVA	
F	(3,	19)	=	1.29;	P>0.05	

Figure	6C	 Serotonin	AUC	
comparison	

One-way	ANOVA	
F	(3,	19)	=	0.82;	P>0.05	
	

Figure	6D	 Dopamine	basal	
comparison	

One-way	ANOVA	
F	(3,	18)	=	0.19;	P>0.05	

Figure	6F	 Dopamine	AUC	
comparison	

One-way	ANOVA	
F	(3,	17)	=	3.96;	P<0.05	

Figure	7B,	
C	

Serotonin	basal,	CIT,	
and	CIT+KOR	
comparison	across	
treatments	

Two-way	ANOVA	
Drug	x	treatment	 F	(6,	14)	=	4.21;	P<0.05	
Drug	 F	(2,	14)	=	75.44;	P<0.001	
Treatment	 F	(3,	7)	=	4.70;	P<0.05	
Subject	 F	(7,	14)	=	3.79;	P<0.05	

	

Figure	7E,	
F	

Dopamine	basal,	CIT,	
and	CIT+KOR	
comparison	across	
treatments	

Two-way	ANOVA	
Drug	x	treatment	 F	(6,	14)	=	0.19;	P>0.05	
Drug	 F	(2,	14)	=	16.5;	P<0.001	
Treatment	 F	(3,	7)	=	0.71;	P>0.05	
Subject	 F	(7,	14)	=	10.0;	P>0.05	
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Figure	
S1A	

Weight	change	over	
pregnancy	

Two-way	ANOVA	
Time	x	treatment	 F	(21,	497)	=	3.42;	P<0.001	
Time	 F	(7,	497)	=	578;	P<0.001	
Treatment	 F	(3,	71)	=	2.64;	P<0.06	
Subject	 F	(71,	497)	=	7.91;	P<0.001	

	

Figure	
S1B	

Water	consumption	
over	pregnancy	

Two-way	ANOVA	
Time	x	treatment	 F	(21,	280)	=	5.60;	P<0.001	
Time	 F	(7,	280)	=	31.6;	P<0.001	
Treatment	 F	(3,	40)	=	8.71;	P<0.001	
Subject	 F	(40,	280)	=	17.6;	P<0.001	

	

Figure	
S1C	

E15	dam	weights		 One-way	ANOVA	
F	(3,	69)	=	1.33;	P>0.05	

Figure	
S1D	

Litter	size		 One-way	ANOVA	
F	(3,	71)	=	0.44;	P>0.05	

Figure	
S2A	

P7	weights	and	
maternal	liter	size	

Control:	R2	=	0.77;	P<0.001	
CUS:	R2	=	0.68;	P<0.05	
CUS+CIT:	R2	=	0.67;	P<0.05	
CIT:	R2	=	0.67;	P<0.05	

Figure	
S2B	

P14	weights	and	
maternal	liter	size	

Control:	R2	=	0.70;	P>0.16	
CUS:	R2	=	0.98;	P<0.05	
CUS+CIT:	R2	=	0.87;	P<0.07	
CIT:	too	few	pairs	

Figure	
S3A	

Dam	distance	traveled	
across	time	

Two-way	ANOVA	
Time	x	treatment	 F	(15,	280)	=	2.24;	P<0.01	
Time	 F	(2.6,	146)	=	204;	P<0.001	
Treatment	 F	(3,	56)	=	4.97;	P<0.01	
Subject	 F	(56,	280)	=	9.19.;	P<0.001	

	

Figure	
S3B	
	

Dam	speed	across	time	 Two-way	ANOVA	
Time	x	treatment	 F	(15,	280)	=	2.20;	P<0.01	
Time	 F	(2.6,	146)	=	203;	P<0.001	
Treatment	 F	(3,	56)	=	4.96;	P<0.01	
Subject	 F	(56,	280)	=	9.18.;	P<0.001	

	

Figure	
S3C	

Dam	total	distance	
traveled	in	OFT	

One-way	ANOVA	
F	(3,	56)	=	4.97;	P<0.01	

Figure	
S3D	

Dam	distance	traveled	
in	center	zone	of	OFT	

One-way	ANOVA	
F	(3,	55)	=	3.47;	P<0.05	

Figure	
S3E	

Dam	peripheral	zone	
speed	

One-way	ANOVA	
F	(3,	56)	=	5.02;	P<0.01	
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Figure	
S3F	

Dam	center	zone	speed	 One-way	ANOVA	
F	(3,	55)	=	2.60;	P<0.07	

Figure	
S3G	

Dam	time	spent	in	
center	zone	

Kruskal-Wallis	test;	P>0.05	

Figure	
S3H	

Dam	latency	to	enter	
center	zone	

Kruskal-Wallis	test;	P>0.05	

Figure	S3I	 Dam	total	entries	to	
center	zone	

Kruskal-Wallis	test;	P>0.05	

Figure	
S4A	

Latency	to	feed	in	home	
cage	between	
treatments	

Two-way	ANOVA	
Interaction	 F	(3,	169)	=	0.65;	P>0.05	
Pregnancy	 F	(1,	169)	=	4.87;	P<0.05	
Treatment	 F	(3,169)	=	0.99;	P>0.05	

	

Figure	
S4B	

Latency	to	feed	in	
novelty	arena	between	
treatments	

Two-way	ANOVA	
Interaction	 F	(3,	172)	=	0.73;	P>0.05	
Pregnancy	 F	(1,	172)	=	13.0;	P<0.001	
Treatment	 F	(3,172)	=	1.08;	P>0.05	

	

Figure	S4C	 Pregnancy	effects	in	
latency	to	feed	in	home	
cage		

Mann-Whitney	test;	P<0.06	

Figure	
S4D	

Pregnancy	effects	in	
latency	to	feed	in	
novelty	arena	

Mann-Whitney	test;	P<0.001	

Figure	
S5B	

Dam	time	spent	in	the	
open	arm	of	the	EPM	

Two-way	ANOVA	
Interaction	 F	(3,	198)	=	1.34;	P>0.05	
Sex	 F	(1,	198)	=	0.75;	P>0.05	
Treatment	 F	(3,198)	=	1.72;	P>0.05	

	

Figure	
S5C	

Dam	%	distance	
traveled	in	open	arms	of	
the	EPM	

Two-way	ANOVA	
Interaction	 F	(3,	198)	=	1.35;	P>0.05	
Sex	 F	(1,	198)	=	0.26;	P>0.05	
Treatment	 F	(3,198)	=	2.42;	P>0.05	

	

Figure	
S5D	

Dam	entries	to	the	open	
arms	of	the	EPM	

Two-way	ANOVA	
Interaction	 F	(3,	200)	=	1.19;	P>0.05	
Sex	 F	(1,	200)	=	0.22;	P>0.05	
Treatment	 F	(3,200)	=	1.47;	P>0.05	

	

Figure	
S6A	

Change	in	temperature	
after	DPAT	across	
treatment	

Repeated	measures	one-way	ANOVA	
Treatment	 F	(2.06,	10.3)	=	0.96;	P>0.05	
Time	 F	(5,	15)	=	100;	P<0.001	
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Figure	
S6B	

Change	in	temperature	
after	DPAT	across	sex	

Two-way	ANOVA	
Time	x	Sex	 F	(5,	225	)	=	2.69;	P<0.05	
Time	 F	(1,	225)	=	141;	P<0.001	
Sex	 F	(5,225)	=	0.43;	P>0.05	
Subject	 F	(45,	225)	=	1.84;	P<0.01	

	

Figure	
S8B,	C	

Serotonin	basal	vs.	KOR	
comparison	across	
treatments	

Two-way	ANOVA	
Drug	x	treatment	 F	(2,	1)	=	2.46;	P>0.05	
Drug	 F	(1,	1)	=	0.35;	P>0.05	
Treatment	 F	(2,	1)	=	16.2;	P>0.05	
Subject	 F	(1,	1)	=	0.84;	P>0.05	

	

Figure	
S8E,	F	

Dopamine	basal	vs.	
KOR	comparison	
across	treatments	

Two-way	ANOVA	
Drug	x	treatment	 F	(2,	1)	=	844;	P<0.05	
Drug	 F	(1,	1)	=	5477;	P<0.001	
Treatment	 F	(2,	1)	=	0.11;	P>0.05	
Subject	 F	(7,	14)	=	96977;	P>0.05	

	

Figure	S9	 Analyte	concentration	
changes	over	time	

Simple	linear	regression	
Serotonin:	Y	=	0.01385*X	+	9.457;	R2	=	0.25	
Dopamine:	Y	=	-0.001606*X	+	1.158;		R2	=	0.02	
	
	

 	Table S2.2: Statistical analyses for all data. 
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Introduction	

The	endogenous	opioid	system	plays	an	important	role	in	stress-related	disorders.1	

The	kappa,	mu,	and	delta	opioid	receptors	(KORs,	MORs,	and	DORs,	respectively)	are	 the	

principal	opioid	receptors.2,3	Unlike	MOR	agonists,	which	have	high	abuse	 liability	due	 to	

their	euphoric	effects,	KOR	activation	is	aversive	and	produces	dysphoria.4	Dysphoria	is	a	

state	of	profound	discomfort,	distress,	or	unease5,6	and	is	a	common	symptom	of	anxiety	and	

depressive	disorders,	as	well	as	during	withdrawal	in	substance	use	disorders.7		

The	native	neuropeptide	dynorphin	activates	KORs.	The	KORs	are	G-protein-coupled	

receptors	of	the	Gi/o	subtype.	The	KORs	are	expressed	in	brain	regions	related	to	anxiety,	

depression,	 and	 substance	 use	 disorders	 including	 the	 dorsal	 raphe	 nucleus	 (DRN),	 the	

ventral	hippocampus,	and	the	ventral	striatum	(vST).8	The	vST,	which	includes	the	nucleus	

accumbens	(NAc),	is	involved	in	natural-	and	drug-reward-seeking	behaviors	and	substance	

use	disorders.	This	brain	region	also	modulates	pro-	and	anti-depressive	phenotypes.9-12	The	

vST	receives	serotonergic	innervation	directly	from	neurons	in	the	DRN.13	Additionally,	the	

vST	receives	indirect	serotonergic	input	via	dense	innervation	of	dopaminergic	cell	bodies	

in	the	ventral	tegmental	area,	which	project	to	the	vST.14,15	The	KORs	are	highly	expressed	

in	the	vST,	as	is	their	endogenous	ligand	dynorphin.16,17		

Dysphoria	 is	 modeled	 in	 animals	 by	 aversive/avoidance	 responses	 in	 behavioral	

assessments.	Conditioned-place	aversion	(CPA)	is	commonly	used	to	assess	aversion	in	mice	

and	rats.18,19	It	still	not	well	understood	whether	the	serotonin	system,	the	dopamine	system,	

and/or	their	interactions	mediates	dysphoria.	For	example,	Ehrich	et	al.	found	that	for	place	

aversion	to	occur,	KOR	activation	is	required	in	both	serotonin	and	dopamine	neurons.20	In	
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contrast,	Chefer	et	al.	concluded	that	only	KORs	on	dopaminergic	neurons	were	necessary	

for	place	aversion.21	However,	Land	et	al.	used	a	dopamine-deficient	mouse	line	reporting	

that	dopamine	is	not	necessary	for	place	aversion.22		

Mice	with	constitutive	reductions	in	KOR	expression	(KOR-/-	mice)	fail	to	produce	a	

place	 aversion	 phenotype	 after	 KOR	 agonist	 administration.	 Here,	 restoration	 of	 KOR	

expression	via	non-cell	specific	lentiviral	gene	delivery	into	the	DRN	was	sufficient	to	rescue	

aversion.	These	findings	suggest	that	serotonin	neurons	projecting	from	the	DRN	to	the	NAc	

play	a	key	role	in	CPA.22	Furthermore,	mice	with	a	constitutive	loss	of	serotonin	transporter	

(SERT)	expression,	i.e.,	SERT-/-	mice,	do	not	show	KOR-induced	place	aversion,	suggesting	

that	SERT	or	altered	neurotransmission	associated	with	constitutive	 loss	of	SERT23-25	are	

involved	 in	 the	mechanism	of	KOR-induced	aversion.26	Fontaine	et.	al.	demonstrated	 that	

deletion	 of	 KORs	 on	 SERT-expressing	 neurons	 prevents	 stress-induced	 potentiation	 of	

cocaine-conditioned	 place	 preference.27	 These	 authors	 also	 found	 that	 optogenetic	

inhibition	of	serotonin	neurons	projecting	from	DRN	induces	a	place	aversion	phenotype.		

Behavioral	 studies	 suggest	 that	 both	 the	 dopamine	 and	 serotonin	 systems	 are	

involved	in	aversive	phenotypes.	Studies	have	been	carried	out	to	investigate	the	effects	of	

KOR	 activation	 neurochemically.	 Activation	 of	 KORs	modulates	 dopamine	 and	 serotonin	

neurotransmission.11,20-22,26,27	 The	majority	 of	 research	 investigating	 the	 role	 of	 KORs	 in	

mood,	 anxiety,	 and	 stress-related	 disorders	 have	 implicated	 the	 dopamine	 system.21,28-30	

Microdialysis	 studies	 have	 shown	 that	 activation	 of	 KORs	 causes	 decreases	 in	 dopamine	

levels	in	the	NAc.30-33	Drugs	of	abuse	increase	dopamine	levels	in	the	NAc	and	contribute	to	

rewarding	effects.34	The	opposite	effect	that	KOR	has	on	dopamine	transmission	compared	

to	drugs	of	abuse	suggests	a	mechanism	for	producing	aversive	states.	However,	given	that	
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the	 dopamine	 and	 serotonin	 systems	 are	 interconnected,35,36	 we	 hypothesize	 that	 KOR	

activation	modulates	these	systems	synergistically.	Nevertheless,	few	studies	have	looked	at	

the	interactions	between	the	dopamine	and	serotonin	systems	after	KOR	activation.		

Although	behavioral	studies	implicate	the	serotonin	system	in	KOR-induced	aversion,	

the	effects	of	KOR	activation	on	the	basal	and	stimulated	serotonin	levels	in	the	vST	and	DRN	

remain	under-studied	and	inconclusive.	Tao	et	al.	found	decreases	in	serotonin	efflux	in	the	

vST	and	DRN	after	perfusion	of	the	KOR	agonist	U50,488	into	the	DRN	in	rats.37,38	They	also	

found	 decreased	 serotonin	 efflux	 in	 the	 vST	 after	 perfusion	 of	 U50,488	 into	 the	 vST.	

Therefore,	 showing	activation	of	KOR	 in	 the	 cell	body	 region	of	DRN	and	 in	 the	 terminal	

region	of	vST.	By	contrast,	Carlezon	and	colleagues	observed	no	changes	in	serotonin	levels	

in	 the	 NAc	 after	 intraperitoneal	 injection	 of	 Salvinorin	 A	 (SalvA),	 a	 highly	 potent	 KOR	

agonist.31,39		

In	addition	to	mesolimbic	brain	regions,	the	hippocampus	(HPC)	has	been	studied	in	

the	context	of	anxiety,	depression,	stress,	and	antidepressant	medications,40	making	the	HPC	

a	region	of	interest	in	KOR-serotonin	interaction	studies.	Yoshioka	et	al.	perfused	U69,593,	

another	KOR	agonist,	 into	 rat	 ventral	 hippocampus	 and	observed	no	 changes	 in	basal	 or	

stimulated	 serotonin	 levels	 by	microdialysis.39	 However,	 Grilli	 et	 al.	 found	 that	 SalvA	 or	

U69,593	blunted	K+-stimulated	the	release	of	serotonin	from	hippocampal	synaptosomes.41	

These	 and	 other	 contradictions	 in	 the	 literature	 illustrate	 the	 need	 for	 further	 research	

characterizing	the	effects	of	KOR	activation,	particularly	on	serotonin	neurotransmission.		

Concurrent	 analyses	 of	 the	 dopamine	 and	 serotonin	 systems	 are	 needed	 to	

understand	 the	 mechanisms	 of	 KOR	 activation	 as	 they	 pertain	 to	 dysphoria	 and	 other	

behavioral	 effects.	 Here,	 I	 used	 in	 situ	 hybridization	 and	microdialysis	 to	 investigate	 the	
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relationship	between	the	dopamine,	serotonin,	and	kappa	opioid	receptor	systems.	Based	on	

previous	literature	and	the	known	mechanisms	of	action	of	Gi/o	GPCRs,	I	hypothesized	that	

systemic	 and	 local	 administration	of	 the	KOR	agonist	U50,488	would	decrease	basal	 and	

stimulated	levels	of	extracellular	serotonin	and	dopamine.	Examining	stimulated	release,	in	

addition	 to	 basal	 levels,	 is	 important	 for	 investigating	 the	 stimulus-responsivity	 of	

neurotransmitter	release.		
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Materials	&	Methods	

Animals	and	Treatment	

Mice	 were	 obtained	 from	 The	 Jackson	 Laboratory	 (C57BL/6J,	 JAX	 stock	 no.	 000664)	 or	

generated	at	 the	University	of	California,	Los	Angeles	(UCLA)	 from	an	ePetcre	 line	(B6.Cg-

Tg(Fev-cre)1Esd/J,	JAX	stock	no.	012712)	on	a	C57Bl/6J	background	via	female	carrier	and	

male	non-carrier	matings.	The	Association	for	Assessment	and	Accreditation	of	Laboratory	

Animal	 Care	 International	 has	 fully	 accredited	 UCLA.	 All	 animal	 care	 and	 use	 met	 the	

requirements	of	the	NIH	Guide	for	the	Care	and	Use	of	Laboratory	Animals,	revised	2011.	

The	 UCLA	 Chancellor’s	 Animal	 Research	 Committee	 (Institutional	 Animal	 Care	 and	 Use	

Committee)	preapproved	all	procedures. 

Drugs	

The	 following	 drugs	 were	 obtained	 from	 Sigma	 Aldrich:	 (+/-)-trans-U-50488	 methane	

sulfonate	salt	(Cat#	D8040),	(-)-trans-(1S,2S)-U-50488	hydrochloride	hydrate	(Cat#	U111),	

and	clozapine	N	oxide	(CNO)	(Cat#	C0832).	Citalopram	hydrobromide	was	obtained	from	

TCI	America	(Cat#2370).		

RNAscope	

In	 situ	 hybridization	 was	 carried	 out	 using	 RNAscope®	 (Advanced	 Cell	 Diagnostics	 Inc.,	

Newark,	CA)	and	a	fresh-frozen	V2	protocol	as	previously	described36	to	colocalize	mRNA	

for	SERT,	KOR,	vesicular	glutamate	transporter	3	(VGlut3),	and	vesicular	GABA	transporter	

(Vgat)	 in	dorsal	raphe	neurons.	Four	mice	were	sacrificed	by	cervical	dislocation	without	

isoflurane.	Their	brains	were	removed,	cryoprotected,	and	frozen.	One	section	per	mouse	

was	used	 for	analyses.	The	sections	spanned	different	areas	of	 the	DRN	with	some	being	
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more	 rostral	 and	 some	more	 caudal.	 Coronal	 sections	 were	 cut	 at	 20-μm	 on	 a	 cryostat	

at	-15-20	°C	and	mounted	on	poly-L-lysine-coated	slides	(Fisher	Scientific,	Cat	#12-550-15).		

In	situ	hybridization	probes	were	as	follows:	Sert	(Mm-Slc6a4	Cat#315851)	channel	1,	

Oprk1	 (Mm-Oprk1	 Cat#316111-C2)	 channel	 2,	 Vglut3	 (Mm-Slc32a1	 Cat#319191-C3)	

channel	3,	or	Vgat	(Mm-Slc17a8-C3	Cat#	431261-C3)	channel	3.	Opal	dyes	520,	570,	and	690	

were	paired	with	each	probe,	respectively	(Cat#	FP1487A,	FP1488A,	FP1497A).	ProLong™	

Diamond	Antifade	Mountant	with	DAPI	(Molecular	Probes	P36966)	was	added	to	visualize	

cell	bodies.	For	Vglut3,	one	section	from	each	of	four	mice	was	used.	For	Vgat	,	three	sections	

from	one	of	these	four	mice	were	used.		

Visualization	was	carried	out	using	a	Leica	DMI8	or	Zeiss	LSM800	microscope	and	images	

were	processed	with	LAS	X	and	Zen	software.	Cell	nuclei	in	each	field	of	view	were	identified	

by	DAPI	staining.	The	DAPI-labeled	nuclei	associated	with	puncta	 for	one	or	more	mRNA	

probes	were	then	counted.	Data	are	reported	as	percent	positive	cells	calculated	by	dividing	

the	number	of	 cells	 labeled	with	Sert,	Oprk1,	 and/or	Vglut3/Vgat	by	 the	 total	 number	of	

labeled	cells	or	by	the	total	number	of	Sert	labeled	cells.	

Surgical	procedures	

Surgeries	were	carried	out	under	aseptic	conditions	with isoflurane	anesthesia	on	a	KOPF	

Model	 1900	 Stereotaxic	Alignment	 System	 (KOPF,	 Tujunga,	 CA).	 The	 analgesic	 carprofen	

(5	mg/kg,	 1	mg/mL)	 was	 given	 subcutaneously	 (sc)	 just	 prior	 to	 beginning	 surgery.	

Bupivacaine	(0.05-0.1	mL)	was	administered	as	a	 local	anesthetic	under	the	skin	prior	to	

making	incisions.	Viral	vector,	i.e.,	500	nL	of	≥1×10¹³	vg/mL	7.8	´	1012/mL	pAAV-hSyn-DIO-

hM4D(Gi)-mCherry	was	 delivered	 into	 the	DRN	 (AP-4.6	mm,	ML	±1.93	mm,	DV	-2.75	mm	

from	Bregma	at	a	40°	angle)	using	a	Nanoject	II	(Drummond	Scientific,	Broomall,	PA).	The	
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pAAV-hSyn-DIO-hM4D(Gi)-mCherry	 was	 donated	 by	 Bryan	 Roth	 (Addgene	 viral	 prep	

#44362-AAV9;	http://n2t.net/addgene:44362;RRID:Addgene_44362).42		

After	the	surgery,	mice	recovered	for	two	weeks	to	allow	for	viral	vector	expression	

before	experiments.	Mice	undergoing	chemogenetics	and	microdialysis	were	implanted	with	

a	guide	cannula	at	the	same	time	as	AAV	delivery.	For	KOR	agonist	experiments,	a	CMA/7	

guide	cannula	for	a	microdialysis	probe	was	aimed	at	the	vST	(AP+1.00	mm,	ML±1.75	mm,	

DV-3.10	mm	 from	Bregma)	 or	 vHPC	 (AP-3.6	mm,	ML±3.2	mm,	DV-1.5	mm	 from	Bregma).	

Each	guide	cannula	was	secured	to	the	skull	with	Trim	II	Dental	Cement	(Keystone)	and	an	

anchor	screw.	After	surgery,	mice	were	given	daily	carprofen	injections	(5	mg/kg,	1	mg/mL,	

sc)	for	three	days.	

Microdialysis	

Microdialysis	 experiments	were	 carried	 out	 in	male	mice	 as	 previously	 described	

between	ZT1-8.23,24,36	Basal	samples	were	collected	during	ZT1-2,	followed	by	three	high	K+	

perfusions	to	stimulate	neurotransmitter	release	(ZT2-5)	each	lasting	5	min	and	separated	

by	 an	 hour	 of	 aCSF	 perfusion.	 After	 the	 last	 high	 K+	 stimulation,	 animals	 received	 an	

intraperitoneal	 (i.p.)	 injection	 of	 U50,588H	 (10	mg/kg,	 3	mL/kg).	 The	 injection	 solution	

concentration	was	based	on	the	salt	MW.	The	pH	was	adjusted	to	7.4,	and	solutions	were	

sterilized	by	filtration	through	0.22	µm	syringe	filters	(Millipore,	Billerica,	MA).	The	systemic	

U50,588	 dose	 was	 determined	 in	 a	 conditioned	 place	 aversion	 assay,	 where	 10	mg/kg	

induced	the	greatest	aversion	to	the	drug-paired	side	in	male	mice.		

For	 intracerebral	 drug	 administration,	 basal	 samples	 were	 collected	 from	 ZT1-2	

followed	by	perfusion	of	U50,588	 into	 the	vST	 from	 lowest	 to	highest	 concentrations	 for	

90	min	each.	The	U50,588	solutions	perfused	during	microdialysis	were	prepared	in	regular	
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aCSF	 at	 concentrations	 between	 10-1000	µM.	 In	 experiments	 using	 the	 SSRI	 citalopram,	

10	mM	citalopram	was	prepared	 in	 regular	 aCSF	 alone	 and	 in	 combination	with	500	µM	

U50,588.	For	chemogenetic	experiments,	an	injection	of	clozapine-N-oxide	(CNO,	1	mg/kg,	

ip,	10	mL/kg)	was	administered	following	the	collection	of	basal	dialysate	samples.		

All	 analyses	were	 performed	 using	 an	 Amuza	 HTEC	 500	 integrated	 HPLC	 system	

(Amuza	 Corporation,	 San	 Diego,	 CA)	 with	 an	 Amuza	 Insight	 autosampler	 for	 injecting	

standard	 samples	 and	 an	Amuza	EAS	20s	 online	 autoinjector	 for	 collecting	 and	 injecting	

dialysate	 samples.	Chromatographic	 separation	was	achieved	using	an	Amuza	PP	ODS	 III	

column	 (4.6	mm	 ID	 ´	 30	mm	 length,	 2	μm	 particle	 diameter)	 and	 a	 phosphate	 buffered	

mobile	phase	with	14.9	g/L	NaH2PO4	(Fluka	#17844),	1.02	g/L	Na2HPO4	(Thermo	Scientific	

AC448160050),	 2%	 MeOH	 (EMD	 #MX0475),	 50	mg/L	 EDTA·Na2	 (Sigma	 #03682),	 and	

600	mg/L	 sodium	 decanesulfonate	 (TCI	 #I0348)	 in	 Optima	 LC/MS	 grade	 water	 (Fisher	

Scientific	 CAS#	 7732-18-5).	 The	 column	 temperature	 was	 maintained	 at	 25	°C.	 The	

volumetric	flow	rate	was	500	μL/min.		

Electrochemical	detection	was	performed	using	an	Amuza	WE-3G	graphite	working	

electrode	with	an	applied	potential	of	+450	mV	vs.	a	Ag/AgCl	reference	electrode.	Dopamine	

(Sigma	#H8502)	and	serotonin	(Sigma	#H9523)	standards	were	prepared	in	a	1:1	mixture	

of	 mobile	 phase	 and	 regular	 aCSF	 (147	mM	 NaCl	 (Fluka	 #73575),	 3.5	mM	 KCl	 (Fluka	

#05257),	 1.0	mM	 CaCl2	 (Aldrich	 #499609),	 1.0	mM	 NaH2PO4,	 2.5	mM	 NaHCO3	 (Fluka	

#88208),	1.2	mM	MgCl2	(Aldrich	#449172),	pH	7.3	±	0.03.	Standard	curves	(62.5	pM−10	nM)	

encompassed	physiological	concentration	ranges.	The	limit	of	detection	was	≤65	pM,	and	the	

practical	limit	of	quantification	was	≤200	pM.	All	dialysate	samples	were	collected	online	at	
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5-min	 intervals	 at	 a	 dialysate	 flow	 rate	 of	 2.5	μL/min	 and	 injected	 immediately	 onto	 the	

HPLC	system	for	analysis.	

Conditioned	Place	Aversion	

The	testing	room	containing	the	conditioning	chambers	was	equipped	with	low	lighting.	The	

two	sides	of	the	conditioning	chamber	were	the	same	size	(22	cm	length	´	19.8	cm	width	´	

27	cm	height)	but	were	visually	distinct	via	black-and-white	checkered	or	diagonal	stripes.	

Adjacent	sides	of	the	conditioning	chamber	were	separated	by	a	20.7	cm	wide	´	30	cm	high	

sliding	partition.		

The	 U50,488	was	 dissolved	 in	 0.9%	 USP	 sodium	 chloride	 (Hospira,	 Lake	 Forest,	 IL).	

Injection	solution	concentrations	were	based	on	the	salt	MW	and	solutions	were	sterilized	

by	filtration	through	0.22	µm	syringe	filters	(Millipore,	Billerica,	MA).	On	day	0,	no	injections	

were	administered,	 and	all	mice	were	given	 free	access	 to	both	 sides	of	 the	 conditioning	

chamber	 for	 30	 min	 to	 assess	 side	 biases.	 Experimental	 groups	 were	 balanced	 for	 side	

preferences.	On	days	1-8,	ip	injections	of	saline	or	U50,488	(2-10	mg/kg;	10	mL/kg)	were	

administered	 once	 per	 day	 prior	 to	 placing	 each	 mouse	 into	 the	 paired	 side	 of	 the	

conditioning	chamber.	One	side	of	the	chamber	was	always	paired	with	saline;	the	other	side	

was	paired	with	U50,488	in	drug-treated	mice	or	saline	in	saline-treated	mice.		

During	the	8	conditioning	days,	access	was	 limited	for	30	min	to	the	single	side	of	the	

chamber	paired	with	that	day’s	treatment.	Saline-treated	mice	received	saline	every	day	on	

days	1-8.	Drug-treated	mice	received	U50,488	or	saline	on	alternating	days.	On	day	9,	mice	

were	 not	 injected	 but	 were	 placed	 on	 the	 center	 line	 randomly	 facing	 a	 side	 of	 the	

conditioning	chamber	with	free	access	to	both	sides	for	30	min.	On	day	10,	drug-	and	saline-
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treated	mice	were	administered	U50,488	or	saline,	respectively,	prior	to	being	placed	in	the	

apparatus	with	free	access	to	both	sides	for	30	min.		

Chambers	were	 cleaned	with	 DLAM-provided	 Accel	 solution	 and	wiped	 dry	 between	

mice.	 The	 chambers	were	 cleaned	with	 ethanol	 and	 then	 Accel	 solution	when	 switching	

between	males	 and	 females.	 The	 time	 spent	 in	 each	 side,	 transitions	 between	 sides,	 and	

locomotor	activity	were	tracked	and	analyzed	using	Any-Maze	software	(Stoelting	Co.).	Data	

were	analyzed	and	plotted	as	a	preference	score	defined	as	[Time	in	Test(paired)	−	Time	in	

Test(unpaired)]	 −	 [Time	 at	 baseline(paired)	 −	 time	 at	 baseline(unpaired)].	 The	 CPA	

paradigm	and	analysis	were	adapted	from	protocols	used	in	the	laboratory	of	Dr.	Catherine	

Cahill	at	UCLA.43,44		

Immunocytochemistry	for	DREADD	transfection	

Immunocytochemistry	 experiments	 to	 confirm DREADD	 (designer	 receptors	 exclusively	

activated	by	designer	drug)	transfection	were	carried	out	as	described	previously	by	Falcy	

et.	al.45	Mouse	brains	were	cut	into	35-40	μM	sections	targeting	the	DRN	using	a	cryostat.	

The	antibodies	were	from	Abcam:	rabbit	monoclonal	anti-mCherry[EPR20579]	(ab213511)	

and	donkey	anti-rabbit	IgG	H&L	with	Alexa	Fluor®	488	(ab150073).	Both	antibodies	were	

used	 at	 a	 dilution	 of	 1:1000.	 Antibodies	 were	 diluted	 in	 0.3%	 Triton-X	 (Sigma	 Aldrich	

#11332481001)	 in	 1´	 tris-buffered	 saline	 (TBS)	 (Sigma	 Aldrich	 #T5912).	 ProLong™	

Diamond	Antifade	Mountant	with	DAPI	(Molecular	Probes	P36966)	was	added	to	stain	cell	

bodies.	 Visualization	 was	 carried	 out	 using	 a	 Leica	 DMI8	 microscope	 and	 images	 were	

processed	with	LAS	X	software.		
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Data	Analysis	&	Statistics	

The	 microdialysis	 time-course	 data	 were	 analyzed	 in	 terms	 of	 absolute	 neurochemical	

concentrations	(nM)	and	as	precents	of	mean	pre-drug	basal	neurochemical	levels	(%basal).	

The	 area	under	 the	 curve	 (AUC)	 for	 each	 stimulation	peak,	 defined	by	 the	 four	dialysate	

samples	 after	 the	 onset	 of	 stimulation,	 was	 calculated	 by	 trapezoidal	 integration	 and	 is	

reported	in	nM	or	as	a	percent	of	mean	pre-drug	basal	levels.		

Statistical	analyses	were	carried	out	using	Prism	v.9.0.2	(GraphPad	Inc.,	La	Jolla,	CA).	

Data	 are	 expressed	 as	 group	means	 ±	 SEMs.	 Two-tailed	 t-tests	 (either	 unpaired	 or	 ratio	

paired,	 as	 appropriate)	 were	 used	 for	 two	 group	 comparisons.	 One-way	 and	 two-way	

ANOVAs	were	used	 for	multiple	group	comparisons.	Throughout,	P<0.05	was	 considered	

statistically	significant.		

Results	&	Discussion	

Identification	of	KOR-expressing	neuronal	populations	in	the	dorsal	raphe	nucleus	

The	 DRN	 contains	 a	 majority	 of	 the	 forebrain	 projecting	 serotonin	 neurons	 yet	 is	 a	

heterogenous	 brain	 region.46-48	 High	 throughput	 single-cell	 transcriptome	 sequencing	

showed	 that	 the	 DRN	 contains	 in	 addition	 to	 serotonergic	 neurons,	 neurons	 with	

dopaminergic,	 peptidergic,	 glutamatergic,	 and	 GABAergic	 phenotypes.46	 Fontaine	 et	 al.	

reported	co-expression	of	Sert	(serotonin	transporter),	OPRK1	(KOR),	and	Vglut3	(vesicular	

glutamate	transporter	type	3)	mRNA	in	the	DRN	using	RNAscope.27	I	carried	out	RNAscope	

experiments	 examining	 co-expression	 of	 Sert,	 OPRK1,	 Vglut3,	 and	 Vgat	 (vesicular	 GABA	

transporter)	mRNA	in	the	DRN.		

	 First,	I	analyzed	co-expression	of	Sert,	Oprk1,	and	Vglut3	in	the	DRN	of	mouse	brain	

sections	(Fig.	3.1a).	Relative	to	all	cells	counted,	~17%	expressed	Sert	alone,	~3%	expressed	
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Oprk1	alone,	and	40%	expressed	Vglut3	alone.	Moreover,	20%	co-expressed	Sert	and	Vglut3,	

4%	co-expressed	Sert	and	Oprk1,	9%	co-expressed	Vglut3	and	Oprk1,	and	6%	co-expressed	

all	three	genes	(Fig.	3.1b).	In	total,	about	10%	of	DRN	cell	bodies	co-expressed	Oprk1	and	

Sert.	I	further	analyzed	co-expression	in	terms	of	total	Sert-positive	cells	(Fig.	3.1c).	I	found	

that	35%	of	all	Sert+	cells	expressed	only	Sert,	42%	co-expressed	only	Sert	and	Vglut3,	9%	

co-expressed	only	Sert	and	Oprk1,	and	13%	co-expressed	all	three	genes.	Thus,	I	found	that	

about	22%	of	Sert+	cells	co-expressed	Oprk1	irrespective	of	Vglut3.	My	results	differ	from	

the	single	other	study	that	also	examined	Sert,	Vglut3,	and	Oprk1	co-expression.	Fontaine	et	

al.	 suggests	 almost	 100%	co-expression	of	Sert,	 Vglut3	 and	Orpk1	within	 the	DRN.27	 The	

difference	in	results	could	be	due	to	slight	variations	in	the	rostral-caudal	coordinates	of	the	

slices	analyzed	in	my	study	and	their	study.	Ideally,	the	entirety	of	the	DRN	from	most	rostral	

to	most	caudal	would	be	analyzed	to	determine	overall	expression.		

	 Next,	I	investigated	the	co-expression	of	Sert,	Oprk1,	and	Vgat	in	the	DRN	of	mouse	

brain	 sections	 (Fig.	3.2a).	 Sections	 came	 from	 one	mouse	 that	 was	 also	 used	 for	Vglut3	

experiments.	Relative	to	all	cells	counted,	~20%	expressed	Sert,	~7%	expressed	Oprk1,	and	

26%	expressed	Vgat	 alone.	Meanwhile,	5%	co-expressed	Sert	and	Vgat,	7%	co-expressed	

Sert	 and	Oprk1,	 30%	co-expressed	Vgat	 and	Oprk1,	 and	5%	co-expressed	all	 three	genes	

(Fig.	3.2b).	Similar	to	the	analysis	above	for	Vglut,	about	12%	of	DRN	cell	bodies	expressed	

Oprk1	 and	 Sert.	 I	 further	 analyzed	 co-expression	 in	 terms	 of	 total	 Sert-positive	 cells	

(Fig.	3.2c).	I	found	that	60%	of	all	Sert+	cells	expressed	only	Sert,	14%	co-expressed	only	

Sert	 and	 Vgat,	 15%	 co-expressed	 only	 Sert	 and	 Oprk1,	 and	 10%	 co-expressed	 all	 three	

mRNAs.	Again,	I	found	that	about	25%	of	Sert+	cells	co-expressed	Oprk1	irrespective	of	Vgat.		
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	 The	 results	 of	 the	 RNAscope	 experiments	 indicated	 two	 possible	 modes	 of	 KOR	

modulation	of	serotonin.	First,	by	activating	KORs	on	serotonin	neurons,	dynorphin	or	a	KOR	

agonist	would	directly	inhibit	serotonin	release	through	the	known	Gi/o	GPCR	mechanism	of	

hyperpolarization,	which	 decreases	 the	 probability	 of	 action	 potentials.	 I	 also	 found	 that	

Oprk1	and	Vgat	as	well	as	Oprk1	and	Vglut3	mRNA	were	co-localized	in	the	same	cell	bodies,	

indicating	 a	 possible	 mode	 of	 indirect	 modulation	 of	 serotonin	 via	 GABAergic	 or	

glutamatergic	neurons.	 I	 hypothesize	 that	 these	GABA+/KOR+	neurons	 are	 interneurons.	

Activation	of	KORs	on	GABAergic	neurons	inhibits	GABA	release,	leading	to	the	disinhibition	

of	serotonin	neurons.	Disinhibition	of	serotonin	neurons	could	result	in	increased	serotonin	

in	 the	 extracellular	 space	 (Fig.	 3.7).	 Fontaine	et	 al.	 suggests	SERT+DRN	neurons	 but	 not	

Vglut3+		neurons	are	responsible	for	the	consequences	of	stress	on	cocaine	CPP.27	These	data	

suggest	 these	 subpopulations	 of	 neurons	 could	 have	 differing	 effects	 upon	 activation	 or	

inhibition.	 Thus,	 further	 experiments	 would	 need	 to	 be	 carried	 out	 to	 investigate	 these	

mechanisms	 and	 to	 identify	 whether	 the	 Vgat/Vglut3	 and	 Oprk1	 expressing	 cells	 are	

interneurons	or	projection	neurons	and	their	role	in	aversion.	

Effects	of	systemic	activation	of	KORs	on	ventral	striatum	

Using	microdialysis,	I	quantified	basal	and	stimulated	extracellular	dopamine	and	serotonin	

levels	in	the	vST	prior	to	and	during	global	activation	of	KORs	with	U50,488,	a	kappa	agonist.	

Dopamine	 and	 serotonin	 were	 measured	 in	 the	 same	 dialysate	 samples.24,36	 Dialysate	

samples	were	collected	from	the	vST	(Fig.	3.3a),	a	brain	region	widely	studied	in	the	context	

of	natural-	and	drug-reward-seeking	behaviors,	substance	use	disorder	(SUD),	and	pro-	and	

anti-depressive	phenotypes.9-11,49,50		
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Standard	 curves	 were	 used	 to	 identify	 and	 quantify	 sample	 peaks	 (Fig.	3.3b).	 In	

agreement	with	the	literature,30-33	I	observed	significant	decreases	in	basal	dopamine	levels	

after	administration	of	a	KOR	agonist	(Fig.	3.4ab).	No	differences	in	K+-stimulated	dopamine	

overflow	 were	 observed	 (Fig.	3.4c).	 Regarding	 serotonin,	 I	 observed	 no	 significant	

differences	 in	 basal	 or	 stimulated	 release	 after	 the	 kappa	 agonist	 was	 administered	

systemically	(Fig.	3.4d-f).	In	a	previous	study,	we	found	that	5-6-min	K+	stimulations	caused	

maximal	neurotransmitter	release.	Thus,	the	use	of	5-min	K+	stimulations	here	might	have	

obscured	more	subtle	effects	of	U50,488	on	stimulated	dopamine	and	serotonin	levels.	

In	chapter	2,	I	report	on	increased	extracellular	serotonin	in	the	ventral	hippocampus	

(vHPC)	 after	 systemic	 injection	 of	 a	 KOR	 agonist,	 U50,488,	 with	 simultaneous	 SSRI	

administration.	 Since	 I	 did	 not	 observe	 changes	 in	 serotonin	 in	 the	 vST	 after	 systemic	

administration	 of	 a	 KOR	 agonist,	my	 combined	 findings	 suggest	 that	 KOR	modulation	 of	

serotonin	may	be	brain-region	specific.		

Local	activation	of	KORs	in	ventral	striatum	and	ventral	hippocampus	

Microdialysis	 is	 both	 a	 neurotransmitter	measurement	 technique	 and	 a	method	 of	 local	

delivery	 that	 enables	 the	 investigation	 of	 brain-region-specific	 effects	 of	 drugs.	 Hence,	 I	

quantified	extracellular	dopamine	and	serotonin	in	the	vST	in	response	to	local	perfusion	of	

the	 kappa	 agonist,	 U50,488.	 For	 dopamine,	 I	 observed	 decreases	 in	 basal	 levels	 after	

intrastriatal	 U50,488	 perfusion,	 similar	 to	 what	 I	 observed	 after	 systemic	 U50,488	

(Fig.	3.5a).	 However,	 for	 serotonin,	 in	 contrast	 to	 systemic	 administration,	 I	 observed	

increases	in	basal	levels	after	perfusion	of	U50,488	into	the	vST	(Fig.	3.5b).	Figure	5c	shows	

an	overlay	of	representative	dialysate	time	courses	and	the	dose-dependent	effects	of	local	

perfusion	of	U50,488.		
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While	I	observed	increased	serotonin	levels	upon	perfusion	of	a	kappa	agonist	into	

the	vST,	Tao	et	al.,	reported	decreased	serotonin	in	the	vST	after	perfusion	of	U50,488	(300-

1000	µM)	into	the	DRN.37,38	One	explanation	for	these	contrasting	findings	is	differences	in	

brain-region-dependent	activation	of	KORs,	 i.e.,	activation	of	KORs	on	terminals	in	vST	vs.	

cell	bodies	in	DRN.	I	hypothesize	that	within	the	vST,	serotonin	increases	are	mediated	via	

activation	of	KORs	on	GABAergic	neurons	(medium	spiny	neurons),	resulting	in	disinhibition	

of	 serotonin	 terminals.	 Meanwhile,	 activating	 KORs	 in	 the	 DRN	 might	 directly	 inhibit	

serotonin	neurons	(as	described	above),	resulting	in	decreased	serotonin	levels	in	the	vST.	

Figure	7	depicts	these	proposed	mechanisms.	I	further	hypothesize	that	activation	of	KORs	

simultaneously	in	the	DRN	and	vST	by	systemic	injection	of	a	KOR	agonist	results	in	no	net	

changes	in	vST	serotonin.			

In	addition	to	vST,	I	perfused	U50,488	into	the	vHPC	of	a	prenatally	stressed	mouse	

from	the	chronic	unpredictable	stress	project	(see	chapter	2).	The	in	vivo	microdialysis	time	

course	is	shown	in	Figure	3.6a.	Like	the	vST,	 I	saw	an	increase	in	extracellular	serotonin	

levels	within	the	vHPC	after	 local	perfusion	of	500	µM	U50,488.	The	SSRI	citalopram	was	

also	perfused	 concomitantly	with	U50,488.	The	 increase	 in	 serotonin	 after	 the	 combined	

perfusion	of	U50,488	and	citalopram	was	nearly	double	that	of	either	drug	alone	(Fig.	3.6b). 

These	preliminary	data	suggest	that	local	SERT	inhibition	and	KOR	activation	are	additive.	

Conditioned	Place	Aversion	

The	 CPA	 and	 conditioned	 place	 preference	 (CPP)	 paradigms	 are	 behavioral	 assays	

commonly	used	in	rodents	to	study	the	aversive	and	rewarding	properties,	respectively	of	

various	 stimuli,	 e.g.,	 drugs.	 Human	 studies	 have	 demonstrated	 the	 subjective	 dysphoric	

properties	of	KOR	agonists.4	In	rodents,	KOR	agonists	produce	context-dependent	CPA.3,21,51		
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Here,	experiments	were	carried	out	in	male	and	female	C57B6/J	mice	to	determine	

optimal	 doses	 of	 U50,488	 to	 induce	 CPA	 phenotypes.	 Figure	3.8	 shows	 the	 eight-day	

conditioning	paradigm.	Doses	of	0,	2.5,	5,	and	10	mg/kg	were	tested	in	male	mice	and	were	

adapted	from	previous	studies.20,44	Doses	were	reduced	(0,	2,	4,	and	6	mg/kg)	in	female	mice	

due	observations	in	pilot	work	in	SERT	(+/+)	mice	showing	that	females	are	more	sensitive	

to	the	hypolocomotor	effects	of	higher	doses	of	U50,488,	as	indicated	by	a	lack	of	movement	

within	the	CPA	apparatus	(Fig.	3.8b,c).		

On	the	context-dependent	testing	day	(day	9),	a	significant	dose-dependent	decrease	

in	preference	score	was	seen	in	male	mice	(Fig.	3.9a,	left).	The	same	trend	was	observed	in	

female	mice	(Fig.	3.9b,	left).	On	the	state-dependent	testing	day	(day	10),	mice	were	given	

an	 injection	 of	 U50,488	 or	 saline	 corresponding	 to	 experimental	 or	 control	 groups,	

respectively.	A	similar	trend	toward	decreases	in	preference	scores	was	seen	in	male	and	

female	mice.	However,	there	were	larger	individual	variations	in	the	state-dependent	data,	

which	could	be	associated	with	greater	individual	differences	in	drug	responses.		

The	results	of	the	state-depending	testing	are	not	what	I		would	initially	hypothesize,	

i.e.,	 potentiated	 aversion	during	 state-dependent	 testing.	 This	 hypothesis	 stems	 from	 the	

idea	that	a	combination	of	U50,488	and	endogenous	dynorphin	activation	of	KORs	will	result	

in	potentiated	avoidance	of	the	drug-paired	side	of	the	CPA	apparatus	A	reason	for	the	data	

trends	 could	 be	 that	 KOR	 agonists	 have	 hypolocomotive	 and	 analgesic	 properties.44,52	

Groups	 receiving	 higher	 doses	 of	 the	 KOR	 agonist	 displayed	 decreased	 locomotion	

(Fig.	3.8bc).	If	mice	were	sedated	due	to	KOR	activation,	the	ability	to	roam	freely	and	avoid	

the	“aversive”	chamber	would	be	hindered,	thus,	confounding	data	interpretation.	Overall,	
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these	results	indicate	that	the	U50,488	doses	used	for	future	studies	should	be	5-10	mg/kg	

for	male	mice	and	4	mg/kg	for	female	mice.		

Chemogenetic	inhibition	of	serotonin	neurons	during	CPA	

Serotonin	neurons	in	the	DRN	project	to	the	vST.46-48	The	inhibitory	DREADD	hM4D(Gi)	was	

selectively	expressed	in	serotonin	neurons	in	the	DRN	using	an	ePETcre	mouse	line,	which	

restricts	 gene	 expression	 to	 Pet-1	 expressing	 neurons.	 The	 Pet-1	 erythroblast	

transformation	specific	(ETS)	factor	is	a	precise	marker	for	developing	and	adult	serotonin	

neurons.53	 After	 a	 2-week	 transduction	 period,	 immunocytochemistry	was	 performed	 in	

brain	sections	to	confirm	successful	integration	and	expression	of	the	inhibitory	DREADD	

(Fig.	3.10a).	Although	the	AAV	construct	was	tagged	with	an	mCherry	fluorescent	reporter,	

an	 anti-mCherry	 antibody	 was	 used	 based	 on	 findings	 by	 Falcy	 et.	 al.	 suggesting	 that	

expression	 of	 this	 DREADD	 in	 neurons	 dampens	mCherry	 fluorescence.45	 Poor	mCherry	

fluorescence	 hinders	 the	 ability	 to	 confirm	 transfection.	 Nonetheless,	 I	 identified	 the	

DREADD	expression	through	both	mCherry	and	anti-mCherry	antibody	fluorescence	with	

mCherry	fluorescence	observed	only	after	long	exposure	times	i.e.,	>1	min.		

	 Microdialysis	 was	 used	 to	 confirm	 the	 functional	 effectiveness	 of	 the	 DREADD	

expression	to	selectively	inhibit	serotonin	release.	Basal	serotonin	and	dopamine	levels	were	

collected	for	one	hour	prior	to	an	injection	of	CNO	(1	mg/kg,	i.p.)54	to	activate	the	DREADDs	

(Fig.	3.10b).	Activation	of	inhibitory	DREADDs	by	CNO	significantly	decreased	extracellular	

serotonin	 levels	 but	 not	 dopamine	 levels	 (Fig.	3.10c).	 The	 decrease	 in	 serotonin	 but	 not	

dopamine	indicates	I	can	selectively	inhibit	serotonin	transmission	using	chemogenetics.	
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Conclusions	&	Future	Directions	

My	data	show	that	KOR	activation	 increases	extracellular	serotonin	 in	 the	vST	and	vHPC.	

Systemic	KOR-induced	increases	in	serotonin	are	dependent	on	SERT	inhibition,	while	KOR-

induced	increases	in	serotonin	due	to	local	activation	occur	with	or	without	SERT	inhibition.		

Multiple	mechanisms	of	action	are	hypothesized	to	be	the	cause	of	the	differences	in	

the	effects	of	local	vs.	systemic	KOR	administration	with	and	without	SERT	inhibition.	The	

RNAscope	data	 indicate	a	 few	possible	mechanisms.	One	 is	a	direct	mechanism	 involving	

KORs	 on	 serotonergic	 neurons,	 in	 which	 KOR	 activation	 causes	 a	 hyperpolarization	 of	

neurons.	 A	 second	 is	 an	 indirect	mechanism	 that	 involves	 GABAergic	 and	 glutamatergic	

neurons	projecting	to	vST,	causing	a	possible	disinhibitory	effect.	To	investigate	the	indirect	

role	of	GABAergic	neurons,	pharmacological	interventions	targeting	GABA	systemically	and	

locally	can	be	used	to	determine	the	role	of	GABAergic	neurons	during	KOR	activation	and	

brain	 region	 specificity.	 I	 hypothesize	 that	 activating	 GABAergic	 neurons	 will	 attenuate	

serotonin	increases	observed	after	KOR	agonist	administration.	

Third,	 is	activating	downstream	intracellular	pathways.	Schindler	et	al.	proposed	a	

mechanism	whereby	KOR	 activation	 induces	 a	mitogen-activated	 protein	 kinase	 (MAPK)	

dependent	intracellular	signaling	pathway	that	ultimately	results	in	the	phosphorylation	of	

SERT	(and	other	target	proteins).26	Phosphorylation	of	SERT	increases	plasma-membrane	

SERT	 localization	 effectively	 increasing	 serotonin	 reuptake.26,55	 This	 would	 decrease	

extracellular	serotonin,	which	is	the	opposite	of	what	I	found	but	would	match	the	findings	

of	Tao	et	al.37,38	One	way	to	test	this	theory	would	be	to	investigate	extracellular	levels	of	

serotonin	after	KOR	activation	in	SERT	deficient	mice.	Another	way	to	test	this	hypothesis	

would	 be	 to	 administer	 a	 p38	 MAPK	 inhibitor	 prior	 to	 KOR	 agonist	 administration	 to	
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determine	 whether	 the	 former	 blocks	 the	 effects	 of	 the	 KOR	 agonist	 on	 extracellular	

serotonin	levels.			

Fourth,	KORs	could	be	modulating	serotonin	via	medium	spiny	neurons	(MSN).	The	

D1	 receptor-containing	 MSNs	 express	 and	 release	 dynorphin.56-58	 These	 D1	 dynorphin-

positive	MSNs	have	been	implicated	in	reward	and	aversion.58	Soares-Cunha	et	al.	showed	

that	prolonged	optical	stimulation	of	D1	MSNs	in	the	vST	induced	aversion.58	Conversely,	

brief	 stimulation	 induced	 a	 place	 preference	 phenotype.	 These	 findings	 suggest	 that	 the	

same	MSNs	are	involved	in	reward	and	aversion	depending	on	the	time	frame	of	neuronal	

activation.		

The	 D1-containing	 MSNs	 are	 found	 to	 constitute	 the	 majority	 of	 striatal	 input	 to	

serotonergic	 neurons	 in	 the	 DRN.47	 The	 vST	MSNs	 projecting	 to	 the	 DRN	were	 found	 to	

inhibit	 serotonergic	 signaling	 directly.	 The	 inhibitory	 effect	 was	 blocked	 by	 a	 GABA-A	

antagonist	 further	 implicating	 a	 role	of	GABA	 in	 this	 inhibitory	 effect.47	While	we	do	not	

know	the	effect	of	dynorphin	released	from	these	MSNs,	there	is	a	possibility	of	dynorphin-

related	regulation	due	to	the	inhibitory	nature	of	these	neurons	and	their	projection	to	the	

DRN.	Future	studies	should	assess	the	effects	of	optogenetic	or	chemogenetic	inhibition	of	

D1	 dynorphin-positive	 MSNs	 to	 determine	 the	 effects	 on	 extracellular	 serotonin	 and	

dopamine	levels	in	multiple	brain	regions	associated	with	dysphoria	and	aversion.	

While	my	 study	 shows	 that	 KOR	 activation	 can	 increase	 serotonin	 levels,	 further	

research	 is	 needed	 to	 link	 changes	 in	 serotonin	 levels	 after	 KOR	 activation	 and	 aversive	

phenotypes.	Future	studies	should	be	aimed	at	coupling	microdialysis	with	behavior	testing.	

I	optimized	our	HPLC	methods	to	enable	5-min	(or	less)	online	dialysate	sampling	times	in	

the	vST	for	concurrent	dopamine	and	serotonin	analysis.	This	relatively	short	sampling	time	



 104 

will	allow	enough	samples	to	be	collected	during	the	30-min	CPA	behavioral	test,	as	opposed	

to	conventional	microdialysis	sampling,	which	is	on	the	order	of	10-20	min	per	sample.	By	

analyzing	 brain	 dialysate	 samples	 during	 CPA,	 we	 will	 be	 able	 to	 investigate	 whether	

serotonin	signaling	is	necessary	and	sufficient	for	the	manifestation	of	aversive	behavior,	i.e.,	

the	avoidance	of	environments	paired	with	dysphoria-producing	KOR	agonists.	Studies	can	

specifically	 target	serotonin	neuron	populations	and	subpopulations	(using	 intersectional	

genetics)	using	optogenetics	and	chemogenetics	to	determine	the	necessity	of	increased	vST	

extracellular	serotonin	in	the	aversive	phenotype.		

Based	on	my	results	showing	increased	serotonin	after	KOR	activation,	I	hypothesize	

that	disinhibiting	serotonin	neurons	via	KORs	expressed	on	GABAergic	neurons	will	increase	

extracellular	 serotonin	 and	 produce	 place	 aversion.	 My	 hypothesis	 is	 also	 supported	 by	

studies	showing	that	giving	drugs	that	increase	extracellular	serotonin	cause	place	aversion.	

For	 example,	 Marona-Lewick	 et	 al.	 found	 that	 fenfluramine	 and	 5-methoxy-6-methyl-2-

aminoindane	 (MMAI),	 both	 known	 serotonin-releasing	 agents,	 induced	 a	 place	 aversion	

phenotype	 in	 rats.59	 However,	 these	 authors	 also	 found	 that	 MDMA,	 which	 is	 known	 to	

release	serotonin,	causes	place	preference.	The	drug	MDMA	can	also	cause	norepinephrine	

and	 dopamine	 release,	 though	 not	 as	 greatly	 as	 serotonin.59	 This	 discrepancy	 in	 place	

aversion	 vs.	 preference	 associated	with	 serotonin	 releasing	 drugs	 could	 have	 to	 do	with	

interactions	 with	 and/or	 involvement	 of	 other	 neurotransmitters.	 Making	 multiplexed	

neurochemical	measurements	during	behavioral	tests	will	enable	a	better	understanding	of	

the	interplay	of	neurotransmitter	systems	during	complex	behaviors.
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Figures	&	Tables	

	
Figure	3.1

Figure	3.1:	Co-expression	of	Sert,	Oprk1,	and	Vglut3	by	RNAscope.	A.	Cell	nuclei	were	stained	
with	DAPI	(blue).	Antisense	probes	to	localize	Sert	(green),	Oprk1	(red),	and	Vglut3	(white)	
mRNA	were	visualized.	To	be	counted,	puncta	for	each	mRNA	were	colocalized	in	the	same	
nuclei	but	did	not	necessarily	overlap.	B.	Zoomed	in	area	to	show	representative	individual	cell	
types.	C.	Relative	quantification	of	cells	containing	Sert,	Oprk1,	and	Vglut3	mRNA	with	respect	to	
the	total	numbers	of	cells	counted.	D.	Relative	quantification	of	cells	containing	Sert,	Oprk1,	and	
Vglut3	mRNA	with	respect	to	the	total	number	of	Sert	expressing	cell	bodies	counted.	For	C	and	
D,	data	are	means	±	SEMs	for	N=4	mice.	Each	dot	is	the	mean	from	n=4	brain	sections/mouse.	
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Figure	3.2	

 
  

Figure	3.2:	Co-expression	of	Sert,	Oprk1,	and	Vgat	by	RNAscope.	A.	Cell	nuclei	were	
stained	with	DAPI	(blue).	Antisense	probes	to	localize	Sert	(green),	Oprk1	(red),	and	
Vgat	(white)	mRNA	were	visualized.	To	be	counted,	puncta	for	each	mRNA	were	
colocalized	in	the	same	nuclei	but	did	not	necessarily	overlap.	B.	Zoomed	in	area	to	
show	representative	individual	cell	types.	C.	Relative	quantification	of	cells	containing	
Sert,	Oprk1,	and	Vgat	mRNA	with	respect	to	the	total	number	of	cell	bodies	counted.	
D.	Relative	quantification	of	cells	containing	Sert,	Oprk1,	and	Vgat	mRNA	with	respect	
to	the	total	number	of	Sert	expressing	cell	bodies	counted.	In	C	and	D,	data	are	means	±	
SEMs	for	N=1	mouse;	each	dot	is	a	single	section	(n=3	brain	sections).	
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Figure	3.3	

 	

Figure	3.3:	In	vivo	Microdialysis	A)	Microdialysis	probe	verification	in	the	ventral	
striatum	using	cresyl	violet	staining	aligned	with	Mouse	Brain	Atlas	Fig.	21	(Paxinos,	
George,	and	Franklin.	The	mouse	brain	in	stereotaxic	coordinates:	hard	cover	edition.	
Access	Online	via	Elsevier,	2001.)	B)	Dopamine	(left)	and	serotonin	(right)	standard	
curve	plots	by	high	performance	liquid	chromatography.	
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Figure	3.4	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 	

Figure	3.4:	Neurochemical	effects	of	systemic	administration	of	a	kappa	agonist.	
A,D)	Basal	changes	in	dopamine	(red)	and	serotonin	(blue),	respectively.	
B,E)	Microdialysis	time	courses	of	dopamine	and	serotonin.	C,	F)	Areas	under	the	curve	for	
high	potassium	stimulations	(5-min	each,	yellow	bars).	Data	are	means	±SEMs.	Each	point	
in	A,C,D,and	F	represents	averages	from	one	mouse.	N=5	mice.	*P<0.05.	
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Figure	3.5	

	
	 	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	 	

Figure	3.5:	Effects	of	local	perfusion	of	the	kappa	agonist	U50,488	on	neurotransmission	in	the	
ventral	striatum.	A)	Percent	basal	dopamine	levels	before	and	after	perfusion	of	different	
concentrations	of	U50,488.	B)	Percent	basal	serotonin	levels	before	and	after	perfusion	of	U50,488.	
C)	Representative	microdialysis	chromatograms	for	each	infusion	concentration.	Data	are	means	
±	SEMs.	N=2	mice.	*P<0.05,	**P<0.01,	***P<0.001	
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Figure	3.6	

 
 
 
 
 
 

	
	
	
	
	
	
	
	
	
	
	
	

	 	

Figure	3.6:	Effect	of	local	perfusion	of	the	kappa	agonist	U50,488	on	serotonin	neurotransmission	in	
the	ventral	hippocampus.	A)	In	vivo	microdialysis	time	course.	B)	Serotonin	levels	before	and	after	
perfusion	of	U50,488,	the	SSRI	citalopram,	and	their	combination.	N=1	mouse.	
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Figure	3.7	 	

Figure	3.7:	Schematic	of	proposed	KOR,	GABA,	glutamate,	and	serotonin	circuitry	
implicated	during	KOR	activation.	Figure	was	created	with	BioRender.com.	
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Figure	3.8	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	3.8:	KOR-induced	Conditioned	Place	Aversion	A)	Conditioned	placed	
aversion	paradigm.	Significant	effect	of	U50,488	dose	and	time	on	distance	
traveled	in	the	testing	apparatus	for	male	(B)	and	female	(C)	mice	on	state-
dependent	testing	day.	
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Figure	3.9	

Figure	3.9:	Dose	response	for	KOR-induced	conditioned	place	aversion.	A)	Male	
preference	scores	for	context-dependent	(left)	and	state-dependent	(right)	
testing	days.	B)	Female	preference	scores	for	context-dependent	(left)	and	
state-dependent	(right)	testing	days.	N=6	mice	per	group	per	sex.	Data	are	
means	±	SEMs.	*P<0.05	
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Figure	3.10	

	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	 3.10:	 Chemogenetic	 inhibition	 of	 serotonin	 neurons.	
A)	Immunocytochemistry	microscopy	images	of	a	representative	brain	section	from	a	
mouse	 transfected	 with	 an	 inhibitory	 DREADD.	 Overlay	 (left),	 mCherry	 construct	
alone	(middle),	anti-mCherry	antibody	(right).	B)	Microdialysis	 time	course	before	
and	after	CNO	injection.	C)	Basal	vs.	post-CNO.	Each	point	represents	one	dialysate	
sample.	Data	are	means	±	SEMs.	N=1	mouse.	***P<0.001		
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Table	3.1	

Figure	 Comparison	 Test	and	Result	

Figure	
3.4a	

Dopamine	levels	(nM)	
between	 drug	
treatment	

Paired	t-test	P<0.04	

Figure	
3.4c	

Dopamine	AUC	 levels	
between	 drug	
treatment	

Paired	t-test	P>0.05	

Figure	
3.4d	

Serotonin	levels	(nM)	
between	 drug	
treatment	

Paired	t-test	P>0.05	

Figure	
3.4f	

Serotonin	 AUC	
between	 drug	
treatment	

Paired	t-test	P>0.05	

Figure	
3.5a	

Percent	 basal	
dopamine	 levels	
between	 drug	
concentrations	

ANOVA summary 
 

F 26.48 
P value 0.0110 
P value summary * 

	

Figure	
3.5b	

Percent	 basal	
serotonin	 levels	
between	 drug	
concentrations	

ANOVA summary 
 

F 484.2 
P value 0.0001 
P value summary *** 

	

Figure	
3.9a	

Male	 preference	
scores	 context-
dependent	

ANOVA summary 
 

F 7.582 
P value 0.0016 
P value summary ** 

	

Figure	
3.9a	

Male	 preference	
scores	 state-
dependent	

ANOVA summary 
 

F 2.577 
P value 0.0824 
P value summary ns 

	

Figure	
3.9b	

Female	 preference	
scores	 context-
dependent	

ANOVA summary 
 

F 1.541 
P value 0.2347 
P value summary ns 

	

Figure	
3.9b	

Female	 preference	
scores	 state-
dependent	

ANOVA summary 
 

F 2.674 
P value 0.0765 
P value summary ns 

 

Figure	
3.10c	

Chemogenetic	
inhibition	

Serotonin: Unpaired t-test, P<0.001 
Dopamine: Unpaired t-test, P>0.05 
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Introduction	

Optogenetics	 entails	 expressing	 light-driven	 ionotropic	 receptors	 in	 neurons	 or	 other	

excitable	cells	to	enable	spatially	and	temporally	restricted	activation	or	inhibition.4-7	Gene	

constructs	for	microbial	or	engineered	rhodopsins	packaged	in	viruses	are	used	to	transduce	

brain-region-specific	 gene	 expression	 following	 local	 delivery.	 Gene	 expression	 can	 be	

further	targeted	using	Cre	recombinase	under	the	control	of	cell-type-specific	promotors,	in	

combination	 with	 Cre-activated	 opsin	 constructs.8	 Opsins	 produce	 excitatory	 (e.g.,	

channelrhodopsin-2,	Chrimson)	or	inhibitory	(e.g.,	halorhodopsin,	archaerhodopsin)	effects	

on	neural	 activity.9-11	 The	discovery	 and	use	 of	 opsins	 have	 enabled	 the	 identification	 of	

neural	pathways	involved	in	the	modulation	of	behavior.12-15		

Opsin-targeted	 cell	 types,	 however,	 do	 not	 operate	 autonomously.	 Dopamine	 and	

serotonin	 are	 examples	 of	 functionally	 interconnected	 neurotransmitter	 systems.	 For	

instance,	 while	 dopamine	 signaling	 is	 often	 associated	 with	 reward	 prediction	 error,	

serotonin	transmission	also	plays	a	role	in	processing	reward-associated	information.16-18	

Moreover,	while	widely	used	therapeutics	for	mood	disorders	target	the	serotonin	system,19	

the	dopamine	system	encodes	information	associated	with	anhedonia,	a	core	symptom	of	

major	depressive	disorder.17,20-25	Interactions	between	the	dopamine	and	serotonin	systems	

are	 evident	 in	 drug	 mechanisms	 of	 action,	 e.g.,	 cocaine,	 methamphetamine,	 and	

3,4-methylenedioxymethamphetamine.26-29	Thus,	these	systems	act	in	concert	to	modulate	

subjective	states.30,31	

Microdialysis	 is	 a	 tissue	 sampling	 technique.	 When	 combined	 with	 chemical	

separation	 and	 detection	 methods,	 microdialysis	 enables	 the	 identification	 and	

quantification	 of	 neurotransmitters,	 metabolites,	 and	 drugs	 in	 the	 extracellular	 space.32	
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Several	groups,	including	ours,	have	optimized	microdialysis	to	monitor	brain	extracellular	

dopamine	or	serotonin	levels	via	online	coupling	with	fast	separations	by	high	performance	

liquid	chromatography	(HPLC)	and	electrochemical	detection	in	awake	mice	and	rats.33-39	

Dopamine	and	serotonin	can	be	resolved	in	the	same	dialysate	samples	enabling	biologically	

relevant	 changes	 in	 basal	 and	 stimulated	 levels	 of	 these	 neurotransmitters	 to	 be	

simultaneously	monitored.39,40		

Here,	we	set	out	to	determine	the	magnitude	of	extracellular	dopamine	release	in	the	

dorsal	 striatum	(dSTR)	upon	optogenetic	 stimulation	of	midbrain	dopaminergic	neurons.	

The	excitatory	opsin	Chrimson	was	expressed	under	the	control	of	the	dopamine	transporter	

promoter	 in	 mice.	 Optical	 activation	 of	 dopamine	 neurons	 has	 been	 used	 to	 study	

dopaminergic	encoding	of	reward	and	movement.15,41	In	addition	to	dopamine,	we	observed	

optically	induced	increases	in	the	dopamine	metabolite	3-methoxytyramine	(3-MT)	and	in	

serotonin	levels.	These	findings	demonstrate	a	functional	 link	between	the	dopamine	and	

serotonin	systems	in	the	basal	ganglia.	They	illustrate	the	importance	of	monitoring	multiple	

neurotransmitters	simultaneously.	And	they	suggest	that	opsin-induced	behavioral	changes	

may	not	be	attributable	solely	to	the	neurotransmitter	system	or	cell	type	targeted	by	opsin	

expression.	 That	 is	 to	 say,	while	 optogenetics	 imparts	 highly	 selective	 control	 of	 specific	

types	of	 neurons,	 brain	 function	 and	behavior	 arise	 from	distributed	 and	 interconnected	

networks.	
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Materials	and	Methods	

Animal	procedures	

Mice	were	generated	at	the	University	of	California,	Los	Angeles	(UCLA)	from	a	DATIREScre	

line	(The	Jackson	Laboratory,	stock	no.	006660)	on	a	C57Bl/6J	background	via	heterozygous	

matings.	Mice	were	housed	in	groups	of	2-5	same-sex	siblings	prior	to	surgery,	same-sex-

sibling	pairs	after	the	first	surgery	to	deliver	viral	vectors	and	to	implant	optical	fibers	and	

head	bars,	and	singly	after	the	second	surgery	to	implant	a	microdialysis	guide	cannula.	Food	

and	water	were	available	ad	libitum	throughout,	with	the	exception	of	microdialysis	testing	

days	where	mice	were	hand-fed	a	2:1	sweetened	condensed	milk:water	solution	via	pipette	

every	2	h.		

The	 light-dark	 cycle	 (12/12	h)	 in	 the	 animal	 colony	 room	was	 set	 to	 lights	 on	 at	

0730	h	(ZT0).	The	same	light	schedule	was	maintained	in	the	room	where	microdialysis	was	

performed.	The	Association	 for	Assessment	and	Accreditation	of	Laboratory	Animal	Care	

International	has	fully	accredited	UCLA.	All	animal	care	and	use	met	the	requirements	of	the	

NIH	Guide	for	the	Care	and	Use	of	Laboratory	Animals,	2011.	The	UCLA	Chancellor’s	Animal	

Research	Committee	(Institutional	Animal	Care	and	Use	Committee)	preapproved	all	animal	

procedures.	

Surgeries	were	carried	out	under	aseptic	conditions	with isoflurane	anesthesia	on	a	

KOPF	Model	1900	Stereotaxic	Alignment	System	(KOPF,	Tujunga,	CA).	A	pair	of	rectangular	

stainless	steel	head-bars	(9	mm	´	7	mm	´	0.76	mm,	0.6	g	each,	Fab2Order,	Brownsburg,	IN)	

were	attached	to	the	sides	of	the	skull	by	C&B	Metabond	(Parkell,	Edgewood,	NY)	for	head	

fixation	(Fig.	4.S1A,B).	Viral	vectors,	600	nL	of	7.8	´	1012/mL	AAV5/Syn-Flex-ChrimsonR-

tdTomato	 (for	 experimental	 groups)	 or	 4.4	 ´	 1012/mL	 AAV5/EF1a-DIO-eYFP	 or	 3.3	 ´	
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1012/mL	AAV5/EF1a-DIO-mcherry	 (for	 control	 subjects),	were	delivered	unilaterally	 into	

the	 SN/VTA	 (AP-3.08	mm,	ML	±1.20	mm,	DV	-4.00	mm	 from	Bregma)	 using	 a	Nanoject	 II	

(Drummond	Scientific,	Broomall,	PA).	A	200	µm	diameter	optical	fiber	(0.22	NA,	Thorlabs,	

Newton,	NJ)	with	a	total	 length	of	1	cm	was	lowered	via	 the	same	track	to	reach	the	AAV	

injection	site	for	optogenetic	stimulation.	Optical	fibers	were	secured	on	the	skull	with	C&B	

Metabond.	 The	 top	 of	 each	 optical	 fiber	 outside	 the	 skull	 was	 covered	 by	 a	 sleeve	 until	

coupling	to	a	laser	device	for	testing.	All	AAV	Cre-dependent	adeno-associated	viral	vectors	

were	obtained	from	the	University	of	North	Carolina	Vector	Core	(Chapel	Hill,	NC).	

After	the	first	surgery,	animals	recovered	for	2-3	weeks	(Fig.	4.1B)	to	allow	for	viral	

vector	expression	prior	 to	guide	cannula	 implantation	 for	microdialysis.	During	recovery,	

subjects	were	acclimated	to	being	head-fixed	over	the	course	of	6-10	training	sessions,	each	

lasting	15-30	min.	A	 second	surgery	was	 carried	out	on	each	mouse	 to	 implant	a	CMA/7	

guide	 cannula	 for	 a	microdialysis	 probe	 aimed	 at	 the	 dSTR	 (AP+1.00	mm,	ML±1.75	mm,	

DV-3.10	mm	from	Bregma)	in	the	same	hemisphere	as	the	viral	delivery	and	fiber	implant	

site.	Each	guide	cannula	was	secured	to	the	skull	with	C&B	Metabond.	Animals	recovered	

from	the	second	surgery	for	at	least	three	days	before	microdialysis.	Following	each	surgery,	

mice	were	given	daily	carprofen	injections	(5	mg/kg,	1	mg/mL,	subcutaneously)	for	the	first	

three	 days	 and	 a	 combination	 of	 an	 antibiotic	 (amoxicillin,	 0.25	mg/mL)	 and	 a	 second	

analgesic	(ibuprofen,	0.25	mg/mL)	in	their	drinking	water	for	14	days	postoperatively.	
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Microdialysis	

Virgin	female	mice	(N=23)	underwent	microdialysis	at	3-6	months	of	age.	Microdialysis	was	

carried	out	over	two	consecutive	days	for	Chrimson-transfected	mice	(N=14)	and	one	day	

for	control	mice	(N=9).	On	the	night	before	the	first	testing	day	(ZT10-12),	each	mouse	was	

transferred	 to	 the	 testing	room	 in	 its	home	cage	and	briefly	anesthetized	with	 isoflurane	

(1-3	min)	 for	 insertion	 of	 a	 CMA/7	 microdialysis	 probe	 (1	mm	 length,	 6	kDa	 cutoff,	

CMA8010771)	into	the	guide	cannula.	Subjects	were	returned	to	their	home	cages	and	aCSF	

was	 continuously	 perfused	 through	 the	 probe	 via	 a	 liquid	 swivel	 (375/D/22QM,	 Instech	

Laboratories	 Inc.,	 Plymouth	 Meeting,	 PA)	 at	 2-3	μL/min	 for	 30-60	min	 followed	 by	 a	

0.3	μL/min	flow	rate	for	an	additional	12-14	h	to	allow	the	tissue	surrounding	the	probe	to	

recover	from	acute	changes	associated	with	probe	insertion.	Subjects	were	tethered	to	the	

liquid	swivel	but	otherwise	could	move	freely	in	their	home	cages.		

Prior	 to	microdialysis,	 the	 tubing	 connecting	 the	microdialysis	probe	 to	 the	 liquid	

swivel	was	disconnected.	The	mouse	was	transferred	from	its	home	cage	and	mounted	to	

the	head-fixed	stage	via	its	head-bars	in	the	same	testing	room.	The	microdialysis	probe	was	

connected	between	the	microdialysis	syringe	pump	and	the	online	autoinjector.	The	aCSF	

was	 perfused	 at	 1.8	 uL/min	 throughout	 each	 testing	 day,	 and	 samples	were	 collected	 at	

5-min	 intervals.	Subjects	were	habituated	 for	at	 least	10-min	before	the	optical	 fiber	was	

coupled	for	stimulation	delivery.	

An	MGL-III-532	or	MGL-III-589	laser	(Opto	Engine	LLC,	Ltd,	Changchun,	P.	R.	China)	

was	used	to	deliver	light	pulses.	The	excitation	spectrum	of	Chrimson	has	a	λmax	at	590	nm.	

Due	to	the	broad	excitation	spectrum,	either	532	nm	(green)	or	589	nm	(yellow)	light	were	
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used	 to	 excite	 this	 opsin.10	 The	 output	 of	 the	 optical	 fiber	 was	 calibrated	 to	 deliver	

10	mW/mm2	immediately	before	coupling	on	each	testing	day.		

The	stimulation	pulse	width	(50	ms),	frequency	(10	Hz),	and	train	duration	(5	min)	

were	 selected	 to	 generate	 neurotransmitter	 release	 detectable	 by	 microdialysis	 using	 a	

5-min	 dialysate	 sampling	 time.	 In	 preliminary	 experiments,	 we	 investigated	 stimulation	

pulse	widths	that	varied	from	5-2500	ms.	We	also	investigated	laser	powers	ranging	from	

5-20	mW/mm2.	Longer	pulse	widths	were	ultimately	favored	over	higher	laser	power	with	

shorter	 pulses	 to	 avoid	 tissue	 damage	 over	 longer	 stimulation	 times	 needed	 for	

microdialysis.	There	were	no	significant	differences	 in	stimulation	output	 for	 frequencies	

over	10-30	Hz	using	50%	duty	cycle	and	a	5-min	train	duration.	A	longer	train	duration	was	

used	 previously	 by	 Correia	 et	 al.	 to	 investigate	 the	 role	 of	 serotonin	 transmission	 in	

locomotion.42		

The	first	stimulation	was	delivered	at	~ZT2	after	6-18	basal	dialysate	samples	were	

collected	and	analyzed.	Prior	 to	reverse	dialysis	of	drugs,	 three	optical	stimulations	were	

delivered	at	1-h	 intervals	 (Fig.	4.1B).	After	90-120	min	of	 intrastriatal	drug	perfusion,	an	

additional	three	optical	stimulations	were	delivered	at	1-h	intervals	while	drug	perfusion	

continued.	 On	 day	1,	 four	 Chrimson-transfected	 mice	 were	 perfused	 with	 the	 D1-like	

antagonist	 SCH-23390	 (100	μM)	 through	 the	 dialysis	 probe.	 On	 day	2,	 the	 same	 four	

Chrimson-transfected	mice	were	perfused	with	100	μM	eticlopride	(D2-like	antagonist).		

Eleven	 mice	 not	 receiving	 D1-	 or	 D2-like	 antagonists	 underwent	 brief	 (5	min)	

perfusion	 with	 120	mM	 K+	 (KCl	 substituted	 isotonically	 for	 NaCl	 in	 aCSF)	 to	 stimulate	

neurochemical	 overflow38,39,43	 for	 peak	 identification.	 In	 Fig.	 4.S2,	 data	 from	 a	

representative	 K+-stimulated	 mouse	 are	 shown.	 Three	 Chrimson-transfected	 mice	 were	
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perfused	with	an	SSRI	(10	μM	escitalopram)	on	day	one	to	confirm	serotonin	peak	identity	

(Fig.	4.3A,	B).	Four	mice	(three	control	and	one	Chrimson-transfected)	were	administered	

the	 COMT	 inhibitor	 tolcopone	 (10	mg/kg,	 intraperitoneal)	 to	 identify	 the	 3-MT	 peak	

(Fig.	4.2C).		

Dialysate	analysis	

High	performance	liquid	chromatography	was	performed	using	an	Amuza	HTEC-500	

integrated	system	(Amuza	Corporation	[formally	known	as	Eicom],	San	Diego,	CA).	An	Eicom	

Insight	autosampler	was	used	to	inject	standards	and	Eicom	EAS-20s	online	autoinjectors	

were	used	to	collect	and	inject	dialysate	samples	online.33	Chromatographic	separation	was	

achieved	 using	 an	 Eicom	 PP-ODS	II	 column	 (4.6	mm	 ID	 x	 30	mm	 length,	 2	μm	 particle	

diameter)	 and	 a	 phosphate-buffered	 mobile	 phase	 (96	mM	 NaH2PO4	 (Fluka	 #17844),	

3.8	mM	 Na2HPO4	 (Fluka	 #71633),	 pH	 5.4,	 2-2.8%	 MeOH	 (EMD	 #MX0475),	 50	mg/L	

EDTA·Na2	(Sigma	#03682),	and	500	mg/L	sodium	decanesulfonate	(TCI	#I0348)	in	water	

purified	via	a	Milli-Q	Synthesis	A10	system	(EMD	Millipore	Corporation,	Billerica,	MA).	The	

column	 temperature	 was	 maintained	 at	 21	°C.	 The	 volumetric	 flow	 rate	 was	

450-500	μL/min.	Electrochemical	detection	was	performed	using	an	Eicom	WE-3G	graphite	

working	electrode	with	an	applied	potential	of	+450	mV	vs.	a	Ag/AgCl	reference	electrode.	

Dopamine	(Sigma	#H8502),	3-MT	(Sigma	#65390),	and	serotonin	(Sigma	#H9523)	

standards	were	prepared	in	ice-cold	1:1	mobile	phase/aCSF	(147	mM	NaCl	(Fluka	#73575),	

3.5	mM	KCl	 (Fluka	 #05257),	 1.0	mM	 CaCl2	 (Aldrich	 #499609),	 1.0	mM	NaH2PO4,	 2.5	mM	

NaHCO3	(Fluka	#88208),	1.2	mM	MgCl2	(Aldrich	#449172),	pH	7.3	±	0.03.	(See	supplemental	

information	 in	 Liu	 et	 al.,	 2020	 for	detailed	 information	on	 formulating	 aCSF).44	 Standard	

curves	encompassed	physiological	concentration	ranges	(0-10	nM;	Fig.	4.S5).	The	 limit	of	
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detection	was	≤300	amol	(6	pM)	for	each	analyte;	the	practical	limit	of	quantification	was	

≤900	amol	 (18	pM).	 Dialysate	 samples	 were	 collected	 online	 at	 5-min	 intervals	 using	 a	

dialysate	 flow	 rate	 of	 1.8	μL/min	 and	 injected	 immediately	 onto	 the	 HPLC	 system	 for	

analysis.	

In	situ	hybridization	

We	used	RNAscope®	 technology	 (Advanced	 Cell	 Diagnostics	 Inc.,	 Newark,	 CA)	 for	 in	 situ	

hybridization	 to	 colocalize	mRNAs	 for	 D1	 receptors	 in	 dorsal	 raphe	 neurons	 expressing	

SERT,	 VGLUT3,	 or	 both.1,2,45,46	 A	 DATIREScre	 mouse	 not	 transfected	 with	 Chrimson	 was	

sacrificed	 by	 cervical	 dislocation	 without	 isoflurane	 and	 the	 brain	 was	 removed,	

cryoprotected,	and	frozen.	Coronal	sections	were	cut	at	16-μm	on	a	cryostat	at	-15-20	°C	and	

mounted	on	polylysine-coated	slides.		

In	situ	hybridization	was	conducted	using	the	RNAscope®	fresh-frozen	V2	protocol.	

Briefly,	sections	were	incubated	in	freshly	prepared	4%	paraformaldehyde	(Sigma-Aldrich	

Cat#441244)	in	phosphate	buffered	saline	for	15	min	followed	by	sequential	dehydration	in	

50%	EtOH,	70%	EtOH,	and	100%	EtOH	for	5	min	each.	Sections	were	then	incubated	with	

the	necessary	reagents	from	the	Multiplex	Fluorescent	Reagent	Kit	V2	(ACD	#323110)	in	a	

HybEZ®	oven.	Probes	were	as	follows:	Sert	(Mm-Slc6a4	Cat#315851)	channel	1,	Vglut3	(Mm-

Slc32a1	Cat#319191-C2)	channel	2,	and	Drd1	(Mm-Drd1a-C3	Cat#	406491-C3)	channel	3.	

Opal	 dyes	 520,	 570,	 and	 690	 were	 paired	 with	 each	 probe,	 respectively	 (Cat#FP1487A,	

FP1488A,	FP1497A).	ProLong™	Diamond	Antifade	Mountant	with	DAPI	(Molecular	Probes	

P36966)	was	added	to	stain	cell	bodies.		

Visualization	was	carried	out	using	a	Leica	DMI8	or	Zeiss	LSM800	microscope	and	

images	were	processed	with	LAS	X	and	Zen	software.	Cell	nuclei	in	each	field	of	view	were	
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identified	via	DAPI	staining.	The	DAPI	labeled	nuclei	associated	with	puncta	for	one	or	more	

mRNA	probes	were	then	counted.	Data	are	reported	as	percent	positive	cells	calculated	by	

dividing	the	number	of	cells	labeled	with	Sert,	Drd1,	and/or	Vglut3	by	the	total	number	of	

Sert	labeled	cells.	

Histology	

At	the	end	of	each	experiment,	the	microdialysis	probe	was	removed	and	the	brain	of	each	

mouse	 was	 prepared	 for	 histology	 to	 verify	 probe	 and	 optical	 fiber	 placements,	 and	

Chrimson,	mCherry,	or	eYFP	expression.	Subjects	were	exsanguinated	with	an	overdose	of	

100	mg/kg	pentobarbital	(2	mL/kg	administered	at	50	mg/mL,	ip)	followed	immediately	by	

transcardial	perfusion	with	4%	paraformaldehyde	in	PBS.	Sections	from	the	midbrain	and	

dSTR	were	cut	using	a	vibratome	and	mounted	on	microscope	slides.	Images	were	acquired	

using	 a	 Zeiss	 Axio	 Examiner	 microscope	 as	 follows:	 tdTomato	 and	 mCherry	 (550	nm	

excitation/605	nm	emission),	or	eYFP	(470	nm	excitation/525	nm	emission).	Microdialysis	

probe	 and	 optical	 fiber	 tracks	 were	 visualized	 via	 light	 microscopy.	 Three	 of	 the	 23	

microdialysis	 subjects	 failed	 histology	 verification	 for	 probe	 or	 fiber	 placement.	Data	 for	

these	subjects	were	excluded	from	analyses.		

Data	analysis	and	statistics	

The	 microdialysis	 time-course	 data	 were	 analyzed	 in	 terms	 of	 absolute	 neurochemical	

concentrations	 (nM)	and	as	percents	of	mean	pre-stimulation	basal	neurochemical	 levels	

(%basal).	 Overflow	 peaks	 following	 optical	 stimulation	 were	 identified	 and	 analyzed	

individually	using	 the	 following	 criteria	 and	procedures.	 (1)	For	 each	 control	mouse,	 the	

concentrations	of	six	dialysate	samples	for	each	neurochemical	immediately	preceding	the	

onset	of	the	first	optical	stimulation	were	averaged	(nM)	and	converted	to	mean	100%	basal	
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levels.	 (2)	 For	 Chrimson-expressing	 mice	 on	 experimental	 days	1	 and	 2,	 basal	 levels	 of	

individual	neurochemicals	were	determined	separately	by	day.	The	concentrations	of	the	six	

dialysate	samples	immediately	preceding	the	onset	of	the	first	pre-drug	or	post-drug	optical	

stimulation	were	averaged	(nM)	and	converted	to	mean	100%	basal	levels.	(3)	The	AUC	for	

each	stimulation	peak,	defined	by	the	four	dialysate	samples	after	the	onset	of	stimulation,	

was	calculated	by	trapezoidal	integration	and	is	reported	in	nM	or	as	a	percent	of	mean	pre-

stimulation	basal	levels.		

Statistical	analyses	were	carried	out	using	Prism,	v.9.0.2	(GraphPad	Inc.,	La	Jolla,	CA).	

Data	 are	 expressed	 as	 group	means	 ±	 SEMs.	 Two-tailed	 t-tests	 (either	 unpaired	 or	 ratio	

paired,	 as	 appropriate)	 were	 used	 for	 two-group	 comparisons.	 Throughout,	 P<0.05	 was	

considered	statistically	significant.	Detailed	statistics	are	summarized	in	Table	4.S1.	
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Results	and	discussion	

Using	 microdialysis,33,38,39	 we	 quantified	 extracellular	 dopamine	 in	 a	 dopamine-rich	

projection	region—the	dSTR—during	optical	stimulation	of	midbrain	dopamine	cell	bodies	

(Fig.	4.1,	Fig.	4.S1).	To	induce	dopamine	release,	we	applied	50-ms	square	pulses	at	10	Hz	

and	10	mW/mm2	laser	power.	Stimulation	pulse	train	durations	were	5	minutes	to	match	

dialysate	 sampling	 times.	 These	 parameters	 were	 optimized	 to	 produce	 reproducible	

neurotransmitter	 release	 detectable	 via	microdialysis.	 Activation	 of	 the	 excitatory	 opsin	

Chrimson10	 produced	 temporally	 specified	 increases	 in	 striatal	 extracellular	 dopamine	

levels	(Fig.	4.2A).	Control	mice	expressing	mCherry	or	yellow	fluorescent	protein	(YFP)	in	

dopamine	cell	bodies	showed	no	detectable	changes	in	dopamine	upon	optical	stimulation	

(Fig.	4.2B).	

Basal	 (unstimulated)	 dialysate	 dopamine	 levels	 were	 not	 statistically	 different	 in	

Chrimson-expressing	vs.	control	mice	(Fig.	4.2C;	see	Table	4.S1	for	detailed	statistics).	Basal	

dopamine	levels	for	control	animals	were	normally	distributed	around	the	mean.	In	contrast,	

basal	 dopamine	 levels	 for	 Chrimson-expressing	 animals	 were	 not	 normally	 distributed.	

Individual	dopamine	concentrations	fell	mostly	below	the	mean,	apart	from	three	animals,	

one	of	which	was	an	outlier.	Notably,	this	outlier	is	not	the	same	animal	that	is	an	outlier	for	

basal	serotonin	levels	in	Chrimson-transfected	mice	(Fig.	4.4A	vide	infra).	As	such,	we	chose	

to	not	to	exclude	outliers	from	analysis,	although	exclusion	would	have	led	to	a	statistically	

significant	 reduction	 in	 basal	 dopamine	 levels	 in	 Chrimson-transfected	 vs.	 control	 mice.	

Stimulated	dopamine	overflow,	quantified	as	area	under	 the	 curve	 (AUC),	was	greater	 in	

Chrimson-expressing	 vs.	 control	mice	 (Fig.	4.2D;	 t18=3.0,	P<0.01).	 Dopamine	 levels	were	

increased	~200	pM	by	optical	stimulation.		
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In	addition	to	dopamine,	optical	activation	appeared	to	lead	to	increases	in	two	other	

chromatographic	peaks	(Fig.	4.S2).	We	initially	hypothesized	that	the	larger	peak	(peak	2)	

was	serotonin.	However,	since	retention	times	commonly	shift	between	standards	and	brain	

dialysate	 samples,	 we	 could	 not	 definitively	 identify	 peak	2	 using	 serotonin-containing	

standards.	We	perfused	a	selective	serotonin	reuptake	inhibitor	(SSRI)	through	the	dialysis	

membrane	during	intracerebral	dialysis	to	investigate	peak	identity.	Increases	in	peak	areas	

in	response	to	serotonin	transporter	inhibition	identified	a	small,	later	eluting	peak	(peak	3)	

as	serotonin	(Fig.	4.3A,	B;	t2=5.7,	P<0.05).		

Previous	experience	analyzing	striatal	tissue	samples	then	led	us	to	suspect	that	the	

remaining	 optically	 responsive	 peak	 was	 3-methoxytyramine	 (3-MT).	 Dopamine	 is	

metabolized	 by	 catechol-O-methyltransferase	 (COMT)	 to	 produce	 3-MT,	 which	 is	

hypothesized	 to	 function	 as	 a	 neuromodulator.47,48	We	 administered	 the	 COMT	 inhibitor	

tolcapone	systemically49	and	found	that	peak	2	was	selectively	decreased	(Fig.	4.3C;	t3=9.6,	

P<0.01).	 We	 also	 perfused	 3-MT	 through	 the	 dialysis	 membrane	 into	 dSTR,	 i.e.,	 in	 vivo	

standard	addition,	and	observed	a	retention	time	match	confirming	the	identity	of	peak	2	as	

3-MT	and	ruling	out	the	possibility	that	this	peak	was	serotonin	(Fig.	4.3D).		

Having	 identified	 two	 optically	 (i.e.,	 biologically)	 responsive	 neurochemicals,	 in	

addition	to	dopamine,	we	quantified	their	basal	dialysate	levels.	We	found	no	differences	in	

basal	 3-MT	 or	 serotonin	 levels	 in	 Chrimson-expressing	 vs.	 control	 mice	 (Fig.	4.4A).	

Optogenetic	stimulation	of	midbrain	dopaminergic	neurons	evoked	reproducible	increases	

in	3-MT	and	serotonin	 in	Chrimson-expressing	but	not	 control	mice	 (Fig.	4.4B,C;	 t18=3.1,	

P<0.01,	 t15=4.4,	 P<0.001,	 respectively).	 Since	 basal	 neurochemical	 levels	 varied	 across	

individual	mice	(Fig.	4.2C,	4A),	we	also	analyzed	optically	stimulated	neurochemical	levels	
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normalized	 to	 mean	 pre-stimulation	 basal	 levels	 (Fig.	4.S3).	 Concentration	 and	 %basal	

analyses	similarly	indicated	that	in	addition	to	dopamine,	3-MT	and	serotonin	overflow	were	

increased	 in	 response	 to	 optogenetic	 stimulation	 of	 Chrimson-transfected	 dopamine	

neurons.	Optical	stimulation	of	control	mice	lacking	opsin	expression	showed	no	nonspecific	

increases	in	neurochemicals	associated	with	light-induced	arousal.		

We	parsimoniously	hypothesized	that	the	increased	overflow	of	serotonin	associated	

with	 optical	 stimulation	 of	 dopamine	 neurons	 was	 mediated	 by	 activation	 of	 dopamine	

receptors	on	serotonin	terminals	in	striatum.	The	mRNAs	for	DRD2	and	DRD3	receptors	(i.e.,	

D2-like)	were	previously	identified	in	dorsal	raphe.50,51	Ren	et	al.45	and	Spaethling	et	al.52	

used	single-cell	transcriptomics	to	localize	Drd2	transcripts	to	serotonergic	neurons.	Using	

RNAseq,	Dymecki	and	colleagues	identified	Drd2	mRNA	in	dorsal	raphe	serotonin	neurons	

specified	by	Pet1	expression.53		

A	small	number	of	DRN	serotonin	neurons	has	also	been	reported	to	contain	Drd1a	

mRNA.45,53	We	carried	out	in	situ	hybridization	to	investigate	colocalization	of	D1	receptor	

(Drd1)	and	serotonin	transporter	(Sert)	mRNAs	in	the	dorsal	raphe	nucleus	(Fig.	4.5A,B).	

We	 included	 a	 probe	 for	 the	 vesicular	 glutamate	 transporter	 type	3	 (VGLUT3)	because	 a	

subpopulation	 of	 serotonergic	 neurons	 co-expresses	 VGLUT354	 and	 projects	 to	 the	

striatum.54,55	 We	 found	 that	 ~25%	 of	 total	 Sert-positive	 cells	 in	 the	 dorsal	 raphe	 were	

positive	 for	 Sert	 mRNA	 alone	 (Fig.	4.5C).	 Approximately	 10%	 of	 total	 Sert-positive	 cells	

showed	colocalization	of	Sert	and	Drd1	mRNA,	while	an	additional	35%	of	Sert-positive	cells	

showed	Drd1	and	Vglut3	mRNA	colocalization.	Positive	and	negative	 in	situ	hybridization	

controls	are	shown	in	Figure	S4.		
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Since	 our	 data	 suggested	 that	 almost	 half	 of	 dorsal	 raphe	 serotonin	 neurons	may	

express	 heterologous	 D1	 receptors,	 we	 investigated	 whether	 blocking	 striatal	 D1-like	

receptors	prevents	optically	stimulated	serotonin	overflow.	We	perfused	SCH	23390,	a	D1-

like	 receptor	 antagonist,	 into	 the	 dSTR.	 Basal	 dopamine	 (t3=4.4,	 P<0.05)	 and	 serotonin	

(t3=3.5,	 P<0.05)	 levels	 were	 increased	 by	 local	 D1-like	 receptor	 inhibition	 (Fig.	4.6A,B).	

Stimulated	dopamine	(t3=6.2,	P<0.01),	3-MT	(t3=4.8,	P<0.05),	and	serotonin	(t3=4.5,	P<0.05)	

levels	 were	 also	 increased	 by	 local	 perfusion	 of	 SCH	23390	 (Fig.	4.6B,C).	 Elevations	 in	

striatal	 dopamine	 levels	 in	 response	 to	 SCH-23390	 have	 been	 previously	 reported.56	 In	

addition	 to	 serotonin	 neurons,	 medium	 spiny	 neurons	 (MSNs)	 in	 striatum	 express	 D1	

receptors.	 Blocking	 D1-receptors	 on	 MSNs	 disinhibits	 dopamine	 neurons	 causing	 an	

increase	in	dopamine	levels.57,58		

To	focus	on	optically	stimulated	neurochemical	levels,	we	normalized	the	SCH	23390	

time-course	data.	Data	prior	to	drug	perfusion	were	normalized	to	pre-drug/pre-stimulation	

basal	neurochemical	levels	determined	in	each	mouse	(Fig.	4.7A).	Data	collected	during	drug	

perfusion	were	normalized	to	post-drug/pre-simulation	basal	neurochemical	levels.	When	

normalized	 to	 the	 respective	 basal	 levels,	 elevation	 of	 stimulated	 3-MT	 (t3=3.7;	 P<0.05)	

remained	 (Fig.	4.7A,B).	 In	 contrast,	 potentiation	 of	 optically	 stimulated	 dopamine	 and	

serotonin	levels	were	no	longer	evident	during	striatal	SCH	23390	perfusion	(Fig.	4.7A,B).	

Thus,	 increases	 in	 the	 stimulated	 AUC	 for	 serotonin	 calculated	 using	 dialysate	

concentrations	(Fig.	4.6C)	was	 largely	the	result	of	SCH	29930-induced	increases	 in	basal	

dialysate	concentrations.		

The	D1-like	receptor	inhibitory	increase	in	basal	serotonin	levels	(Fig.	4.6A)	can	be	

explained	by	a	circuit	connecting	dSTR	to	the	DRN.1	Approximately,	95%	of	projections	from	
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the	dSTR	to	the	DRN	are	D1-expressing	MSNs,1	which	tonically	inhibit	DRN	(and	presumably	

serotoninergic)	 neurons.	 Blocking	 D1-like	 receptors	 on	 MSNs	 dendritic	 spines59	 could	

reduce	tonic	inhibition	of	DRN	cell	populations	leading	to	increased	serotonin	levels	in	the	

dSTR.	 Regardless,	 local	 inhibition	 of	 D1	 heteroreceptors	 on	 serotonin	 terminals	 and/or	

MSNs	did	not	prevent	optically	evoked	striatal	serotonin.		

Mice	that	received	the	D1-like	inhibitor	on	day	1	of	microdialysis	were	perfused	with	

eticlopride	(ETC),	a	D2-like	receptor	antagonist,	on	day	2	(Fig.	4.1A).	Inhibition	of	D2-like	

receptors,	 which	 are	 expressed	 as	 dopaminergic	 heteroreceptors	 and	 autoreceptors	 in	

striatum,60	was	not	associated	with	changes	in	basal	levels	of	dopamine,	3-MT,	or	serotonin	

(Fig.	4.8A).	 Though	 not	 statistically	 significant	 due	 to	 small	 sample	 sizes,	 eticlopride	

perfusion	into	the	dSTR	potentiated	optically	evoked	dopamine	and	3-MT	analyzed	either	as	

basal	 (nM)	 concentrations	 (Fig.	4.8B,C)	 or	 %basal	 levels	 normalized	 to	 pre-stimulation	

basal	(Fig.	4.9A,B).	Previous	studies	have	shown	that	extracellular	dopamine	is	increased	

upon	inhibition	of	presynaptic	D2	receptors.61,62	Importantly,	in	the	context	of	our	current	

hypothesis,	and	similar	to	striatal	D1-like	receptor	inhibition,	D2-like	inhibition	did	not	block	

serotonin	overflow	associated	with	optically	evoked	dopamine	release.		

Functional	 interactions	 between	 the	 dopamine	 and	 serotonin	 systems	 have	 been	

investigated	for	more	than	50	years.63-65	In	prefrontal	cortex,	dopamine	receptor	activation	

by	 the	 nonselective	 agonist	 apomorphine,	 local	 dopamine	 perfusion,	 or	 D2	 autoreceptor	

inhibition	 by	 haloperidol	 each	 produced	 increases	 in	 serotonin	 levels	 in	 rats.66	 Systemic	

administration	 of	 apomorphine	 was	 also	 shown	 to	 increase	 extracellular	 serotonin	 in	

striatum	and	hippocampus.67	Our	findings	indicate	that	optogenetic	activation	of	midbrain	 
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dopamine	neurons	expressing	the	excitatory	opsin	Chrimson	produces	temporally	specified	

increases	in	striatal	serotonin,	as	well	as	an	active	dopamine	metabolite,	3-MT.		

We	tested	hypotheses	linking	striatal	dopamine	and	serotonin	based	on	the	idea	that	

these	neurotransmitters	are	released	 from	different	 terminals	 in	striatum.	We	 found	that	

serotonin	overflow	was	not	prevented	by	inhibition	of	striatal	D1-like	or	D2-like	receptors	

(Figs.	4.6-9).	 Our	 findings	 suggest	 that	 optically	 evoked	 dopamine	 does	 not	 produce	

serotonin	 release	 by	 stimulating	 dopamine	 receptors	 on	 striatal	 serotonin	 terminals	 (or	

direct/indirect	pathway	MSNs).		

Our	 findings	 contrast	 with	 those	 of	 Jacobs	 and	 coworkers	 where	 apomorphine-

induced	or	behaviorally	evoked	increases	in	striatal	extracellular	serotonin	were	inhibited	

by	systemic	and	intrastriatal	D2-like	receptor	inhibition.67,68	Differences	in	species	(rats	vs.	

mice),	drug	(raclopride	vs.	eticlopride)	and/or	perfusion	concentration	(10	uM	vs.	100	uM)	

might	account	for	the	discrepancies	between	studies.	Jacobs	and	colleagues	did	not	report	

on	striatal	dopamine	levels	in	their	studies,	i.e.,	apomorphine	and	the	tail-pinch	and	light-

dark-transition	 behaviors	 may	 have	 direct	 receptor/serotonin	 system	 effects	 that	 are	

different	from	those	mediated	by	evoked	dopamine.69	Artigas	and	colleagues	reported	that	

reverse	dialysis	of	D1-like	or	D2-like	agonists	into	striatum	in	rats	did	not	alter	serotonin	

levels	supporting	the	idea	that	dopamine-serotonin	interactions	are	not	mediated	by	striatal	

dopamine	receptors.40		

Another	possibility	is	that	serotonin	is	released	from	dopaminergic	terminals	via	co-

transmission	or	co-release.	Co-transmission	involves	release	of	different	neurotransmitters	

from	different	vesicle	populations	within	the	same	neurons;	co-release	entails	release	of	two	

or	more	 neurotransmitters	 from	 the	 same	 vesicles.70	 Anatomical,	 genetic,	 and	 functional	
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evidence	shows	that	neurons	can	have	mixed	neurochemical	phenotypes	(for	review	see70-

73	among	others)	and	argues	specifically	for	a	serotonin/glutamate	mixed	phenotype.54,55	

Regarding	 serotonin/dopamine	 interactions,	 under	 conditions	 where	 serotonin	

transporters	are	genetically	or	pharmacologically	inactivated,	serotonin	appears	to	be	taken	

up	 by	 dopamine	 transporters	 into	 dopamine	 neurons,	 indicated	 by	 double	

serotonin/tyrosine	 hydroxylase	 immunoreactivity	 in	 the	 substantia	 nigra	 pars	 compacta	

and	ventral	tegmental	area.74	Thus,	SSRI	treatment	may	result	in	serotonin	being	used	as	a	

‘false’	transmitter	by	dopamine	neurons.	Studies	on	chronic	SSRI	administration	using	in	vivo	

neurochemical	monitoring	are	needed	to	test	this	hypothesis	further.	In	any	case,	mice	with	

wildtype	 serotonin	 transporter	 expression	 did	 not	 show	 serotonin	 colocalization	 in	

midbrain	 dopamine	 neurons	 suggesting	 that	 under	 typical	 circumstances,	 such	 as	 those	

investigated	 here,	 evidence	 is	 lacking	 for	 serotonin	 co-transmission	 or	 co-release	 by	

dopaminergic	neurons.74	

Beyond	striatum,	a	dopaminergic	pathway	connects	the	substantia	nigra	to	the	dorsal	

raphe,	which	contains	a	majority	of	 forebrain-projecting	serotonin	cell	bodies	(Fig.	4.10).	

Mesostriatal	 serotonergic	 afferents	 project	 from	 the	 dorsal	 raphe	 to	 the	 striatum.2	 In	

addition	 to	 striatum,	 optical	 activation	 of	 dopamine	neurons	 could	 increase	 extracellular	

dopamine	 in	 the	 vicinity	 of	 midbrain	 dopamine	 cell	 bodies.	 Substantia	 nigra	 dopamine	

neurons	 exhibit	 activity-dependent	 somatodendritic	 dopamine	 release	 and	 D2-mediated	

autoinhibition.3,75-77	 Activation	 of	 nigral	 D2	 autoreceptors	 might	 increase	 extracellular	

serotonin	 in	 the	 dorsal	 raphe	 via	 disinhibition.78	 Furthermore,	 optical	 stimulation	 of	

dopamine	cell	bodies	could	activate	dopamine	projections	to	the	dorsal	raphe	(Fig.	4.10).	
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Both	 scenarios	 produce	 dopamine	 interactions	with	 dorsal	 raphe	 serotonin	 neurons	 and	

ostensibly,	could	increase	release	of	serotonin	in	striatum	(and	other	brain	regions).		

Alternately,	 indirect	mechanisms	involving	SNr-thalamus-cortex-dSTR	and/or	SNr-

thalamus-cortex-DRN	pathways	cannot	be	ruled	out.79-82	Moreover,	recent	reports	describe	

the	 presence	 of	 dopamine	 neurons	 in	 the	 rostral	 dorsal	 raphe	 nucleus.83,84	 Future	

experiments	to	parse	out	specific	contributions	from	dopamine	neurons	in	the	SNr,	SNc,	VTA	

and	DRN	to	dopamine-induced	serotonin	release	will	be	informative.	It	is	also	possible	that	

optical	 stimulation	 of	 dopamine	 neurons	 in	 Chrimson-transfected	 mice,	 in	 addition	 to	

releasing	dopamine,	is	interoceptively	detected	by	mice.85	The	perception,	increased	arousal,	

and/or	reward	associated	with	dopaminergic	activity	could	lead	to	increases	in	extracellular	

serotonin	by	complex	mechanisms	not	involving	direct	connections	between	the	dopamine	

and	serotonin	systems.	

Regardless	of	mechanism,	the	present	findings	indicate	that	optogenetic	stimulation	

of	 midbrain	 dopamine	 neurons	 evokes	 striatal	 serotonin	 release.	 We	 recently	 reported	

similar	findings	elucidated	by	rapid-pulse	voltammetry.86	Dopamine-serotonin	coupling	is	

likely	to	be	of	importance	to	the	facilitation	of	reward	prediction,	locomotor	control,	habit	

formation,	and	anhedonia.		
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Figures	

Figure	4.1	

Figure	4.1:	Optogenetic	stimulation	of	dopamine	cell	bodies.	A.	Experimental	paradigm	and	
timelines.	Chrimson-expressing	mice	underwent	microdialysis	over	two	consecutive	days.	Control	mice	
(transfected	with	mCherry	or	eYFP)	were	dialyzed	only	on	Day	1.	B.	Representative	optical	microscopy	
image	of	unilateral	Chrimson-positive	neurons	in	the	substantia	nigra	and	ventral	tegmental	area.	The	
coronal	brain	atlas	plate	58,	adapted	from	The	Mouse	Brain	in	Stereotaxic	Coordinates,	Paxinos	and	

Franklin,	2nd	edition	(2001)	Academic	Press,	is	overlaid	on	the	hemisphere	contralateral	to	transfection.	
Ventral	tegmental	area	(VTA),	substantia	nigra	pars	compacta	(SNc),	and	substantia	nigra	pars	

reticulata	(SNr)	C.	Model	showing	the	location	of	the	microdialysis	probe	in	the	dorsal	striatum	(dSTR)	
relative	to	Chrimson	transfection	and	optical	stimulation	in	the	ipsilateral	VTA,	SNc,	and	SNr.	Ventral	

striatum	(vSTR),	artificial	cerebrospinal	fluid	(aCSF).	
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Figure	4.2	

	
	 	

Figure	4.2:	Optical	stimulation	of	dopaminergic	cell	bodies	produces	dopamine	release	in	striatal	
terminal	regions.	A.	Dialysate	dopamine	levels	were	increased	in	response	to	optical	stimulation	in	mice	

expressing	Chrimson	(N=11)	B.	but	not	in	control	mice	(N=9).	The	yellow	bars	indicate	optical	
stimulations	(10	mw/mm2,	50	ms	pulse	width	@	10	Hz	for	5	min).	C.	Basal	dopamine	levels	in	mice	

transfected	with	Chrimson	relative	to	control	mice.	D.	Dopamine	overflow,	quantified	by	area	under	the	
curve,	was	increased	in	Chrimson	expressing	but	not	control	mice.	Data	are	means	±	SEMs.	**P<0.01.		
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Figure	4.3	
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Figure	4.3:	A.	The	left	panel	shows	the	effects	of	intrastriatal	perfusion	of	10	µM	escitalopram	on	dopamine	
(DA;	top,	red)	and	serotonin	levels	(5-HT;	bottom,	blue).	Basal	serotonin	levels	were	significantly	increased	
after	escitalopram	administration	(right).	B.	Representative	chromatograms	showing	dopamine	(peak	1),	
3-MT	(peak	2),	and	serotonin	(peak	3)	from	a	control	mouse	under	basal	conditions	(gray)	and	during	

perfusion	of	the	selective	serotonin	reuptake	inhibitor	(SSRI)	escitalopram	(green).	Peak	3	showed	a	large	
increase	in	response	to	local	delivery	of	the	SSRI	suggesting	that	this	peak	was	serotonin.	A	standard	

containing	500	pM	dopamine	(peak	1)	and	serotonin	(peak	3)	is	overlaid	in	black.	C.	The	left	panel	shows	the	
effects	of	systemic	administration	of	tolcapone,	a	catechol-O-	methyltransferase	(COMT)	inhibitor	on	

dopamine	(DA;	top,	red),	3-methyltyramine	(3-MT;	middle,	pink),	and	serotonin	levels	(5-HT;	bottom,	blue).	
The	enzyme	COMT	converts	dopamine	to	3-MT.	Only	3-MT	(pink)	was	significantly	reduced	after	tolcapone	
administration	(right).	D.	Representative	chromatograms	showing	dopamine	(peak	1),	3-MT	(peak	2),	and	
serotonin	(peak	3)	after	the	intrastriatal	perfusion	of	50	nM	3-MT	(red)	vs.	a	basal	dialysate	sample	from	the	
same	control	mouse	(gray).	Reverse	dialysis	of	3-MT	confirms	peak	2	as	3-MT.	A	standard	containing	5	nM	
dopamine	(peak	1),	3-MT	(peak	2),	and	serotonin	(peak	3)	is	overlaid	in	black.	Data	in	A	and	C	are	means	±	
SEMs.	*P<0.05,	**P<0.01.	A	peak	sometimes	appearing	between	peaks	1	and	2	was	not	responsive	to	optical	

stimulation	or	high	K+	perfusion,	therefore,	we	did	not	attempt	to	identify	this	peak.	
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Figure	4.4	

	

	 	

Figure	4.4:	Optical	stimulation	of	midbrain	dopamine	neurons	evokes	overflow	of	
3-methyltyramine	(3-MT)	and	serotonin	in	dorsal	striatum	(dSTR).	A.	Basal	dialysate	levels	of	3-MT	
(left,	pink)	and	serotonin	(right,	blue)	in	mice	with	vs.	without	Chrimson	transfection.	B.	Time	course	of	
stimulated	3-MT	(pink)	and	serotonin	(blue)	in	mice	transfected	with	Chrimson	(left)	compared	to	mice	
transfected	with	a	control	protein	(right).	Yellow	bars	indicate	5-min	optical	stimulations.	C.	Comparisons	
of	areas	under	the	curve	(AUC)	for	the	overflow	of	3-MT	or	serotonin	produced	by	optical	stimulation	of	
dopamine	neurons	expressing	Chrimson	with	respect	to	control	mice.	Data	are	means	±	SEMs.	**P<0.01,	

***P<0.001.	In	two	mice	per	group,	data	for	serotonin	were	below	the	detectable	limit.	
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Figure	4.5	
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Figure	4.5:	Co-localization	of	serotonin	transporter	(Sert),	D1	dopamine	receptor	(Drd1),	and	
vesicular	glutamate	transporter	3	(Vglut3)	mRNA	in	the	dorsal	raphe	nucleus.	A.	Cell	nuclei	were	
stained	with	DAPI	(top	left,	blue).	Antisense	probes	to	localize	Sert	(top	right,	green),	Drd1	(bottom	left,	
red),	and	Vglut3	(bottom	right,	white)	mRNA	were	visualized.	Puncta	for	each	mRNA	were	colocalized	in	
some	nuclei	but	did	not	necessarily	overlap.	B.	Overlay	of	images	in	A.	Arrows	indicate	examples	of	the	
three	mRNAs	colocalized	in	the	same	nuclei.	C.	Relative	quantification	of	cells	containing	Sert,	Drd1,	and	
Vglut3	mRNA	with	respect	to	the	total	number	of	Sert	expressing	cell	bodies.	(SEMs	are	for	n=3	z-stack	

planes	in	a	single	mouse.	A	total	of	248	cells	were	counted).	

20 µm 

Sert 

Drd1 Vglut3 
20 µm 
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Figure	4.6	 	

Figure	4.6:	Intrastriatal	perfusion	of	a	D1-like	receptor	inhibitor.	A.	Basal	levels	for	the	three	
neurochemicals	pre-	vs.	post-SCH	23390.	B.		Time	courses	before	and	during	intrastriatal	perfusion	of	
100	�M	SCH	23390	showing	optically	stimulated	increases	in	dopamine	(red,	top),	3-methyltyramine	
(3-MT;	pink,	middle),	and	serotonin	(blue,	bottom).	C.	Area	under	the	curve	(AUC)	comparisons	of	

overflow	induced	by	optical	stimulation	prior	to	(Pre)	and	during	(Post)	SCH	23390	striatal	perfusion.	
Following	three	pre-drug	stimuli,	SCH	23390	was	perfused	for	90-120	min	in	each	mouse	prior	to	the	first	
post-drug	stimulation	(see	Fig.	III.1A	for	timeline).	The	data	30	min	prior	to	the	first	post-drug	stimulus	
were	used	to	calculate	post-drug	basal	levels.	The	drug	was	continuously	perfused	throughout	the	post-
drug	stimulation	period.	Data	are	means	±	SEMs.	Some	error	bars	in	B	cannot	be	seen	due	to	scale.	
*P<0.05,	**P<0.01	pre-	vs.	post-	initiation	of	drug	perfusion.	N=4	mice.	Each	basal	data	point	in	A	
represents	the	mean	of	six	measurements	taken	just	prior	to	the	first	pre-	or	post-drug	stimulation	

(errors	not	shown).	The	AUC	data	points	in	C	are	means	of	each	of	the	three	stimuli	(errors	not	shown).	
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Figure	4.7	

	 	

Figure	4.7:	Effects	of	intrastriatal	perfusion	of	a	D1-like	receptor	inhibitor	analyzed	with	respect	to	
pre-stimulation	basal	levels.	A.	Time	courses	of	optically	stimulated	neurochemical	levels	before	and	
during	intrastriatal	perfusion	of	SCH	23390	(100	�M).	B.	Optically	evoked	overflow	expressed	as	area	
under	the	curve	for	data	normalized	to	pre-stimulation	basal	levels	(AUC	(%)).	Data	are	means	±	SEMs.	
N=4	mice.	*P<0.05.	The	AUC	datapoints	in	C	are	means	of	the	three	stimuli	for	each	mouse	(errors	not	

shown).	
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Figure	4.8	

	 	

Figure	4.8:	Intrastriatal	perfusion	of	a	D2	antagonist	does	not	prevent	optically	evoked	serotonin.	
A.	Pre-	vs.	post-eticlopride	basal	levels	of	all	three	neurochemicals.	B.	Time	course	before	and	during	
intrastriatal	infusion	of	the	D2-like	receptor	inhibitor	eticlopride	(100	�M).	C.	Areas	under	the	curve	
(AUC)	for	optically	stimulated	neurochemical	release	prior	to	(Pre)	and	during	(Post)	eticlopride	

perfusion	into	striatum.	Data	are	means	±	SEMs	for	N=4	mice.	Serotonin	levels	for	one	mouse	were	not	
detectable.	Basal	data	points	in	A	represent	the	means	of	six	measurements	just	prior	to	the	first	

stimulation	(errors	not	shown).	The	AUC	datapoints	in	C	represent	the	means	of	three	stimuli	(errors	not	
shown).		
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Figure	4.9	

		 	

Figure	4.9:	Effects	of	intrastriatal	perfusion	of	a	D2	antagonist	analyzed	with	respect	to	pre-
stimulation	basal	levels.	A.		Time	courses	before	and	during	intrastriatal	perfusion	of	eticlopride	

(100	�M)	showing	basal	and	stimulated	neurochemical	levels	expressed	as	percents	of	respective	pre-
stimulation	basal	levels.	B.	Optically	evoked	overflow	expressed	as	area	under	the	curve	for	data	

normalized	to	pre-stimulation	basal	levels	(AUC	(%)).	Data	are	means	±	SEMs	for	N=4	mice.	Serotonin	
levels	for	one	mouse	were	not	detectable.	*P<0.05	vs.	pre-drug.		%Basal	data	points	in	A	represent	the	

means	of	six	measurements	just	prior	to	the	first	stimulation	(errors	not	shown).	The	AUC	datapoints	in	C	
are	the	means	of	the	three	stimuli	(errors	not	shown).		
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Figure	4.10	

	 	

Figure	4.10:	Proposed	mechanisms	of	dopamine-mediated	serotonin	release.	The	substantia	nigra	(SN)	
sends	dense	dopaminergic	projections	to	the	striatum	(nigrostriatal	pathway)	and	to	the	dorsal	raphe	nucleus	
(DRN).1	The	DRN	sends	serotonergic	projections	to	dopaminergic	cell	bodies	in	the	SN	and	to	the	striatum.2	We	
found	that	optical	activation	of	midbrain	dopamine	neurons	produces	striatal	serotonin	release	that	was	not	
blocked	by	striatal	D1-	or	D2-like	receptor	inhibition.	Another	possible	mechanism	for	dopamine-mediated	
serotonin	release	is	that	an	optogenetically	induced	increase	in	dopamine	in	the	SN,	which	promotes	D2	

somatodendritic	autoreceptor	activation3	and	subsequent	disinhibition	of	serotonin	cell	bodies	in	the	DRN,	
produces	serotonin	release	in	the	striatum.	Alternately,	optically	induced	dopamine	release	in	DRN	could	act	via	
local	D1	or	D2-like	receptors	to	increase	the	probability	of	firing	of	DRN	serotonin	neurons	projecting	to	dSTR.	
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Figure	4.S1		

	 	

Figure	4.S1:	Head-fixed	recording	set-up.	A.	Schematic	showing	the	locations	of	the	head-bar	implants	
(in	blue	and	to	scale)	and	the	stimulation	(stim)	and	recording	(dSTR)	site	craniotomies	relative	to	a	
mouse	skull.	B.	Schematic	of	the	head-bar	plate	holder	(in	gray	and	to	scale).	The	head-bar	plate	holder	
was	30	mm	long,	28	mm	wide,	and	1.3	mm	thick.	The	mini-plates,	which	attach	the	holder	to	the	head	
bars,	were	9	mm	long,	7	mm	wide,	and	0.65	mm	thick,	with	a	10	mm	gap	between	them.	C.	Schematic	of	
the	custom	head-fixed	tube	used	for	fast	microdialysis	recordings	with	optical	stimulation.	The	restraint	

tube	(2”	diameter),	constructed	of	opaque	(black)	plexiglass,	provided	loose	restraint	to	reduce	
spontaneous	and	stimulated	physical	movement,	which	can	evoke	movement-induced	dopamine	release	

artifacts	in	dorsal	striatum.		
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Figure	4.S2	

	 	

Figure	4.S2:	Optical	stimulation	of	midbrain	dopamine	neurons	increases	in	striatal	serotonin	and	
3-methoxytyramine.	Representative	chromatograms	from	a	Chrimson-transfected	mouse	under	basal	
conditions	(gray),	and	in	response	to	optical	stimulation	(orange)	or	high-K+	perfusion	(red).	Both	optical	
stimulation	and	high-K+	perfusion	induced	increases	in	neurochemicals	(peaks	2	and	3),	in	addition	to	
dopamine	(peak	1).	Chromatogram	of	a	standard	containing	250	pM	dopamine	(peak	1)	and	serotonin	
(peak	3)	is	shown	in	black.	Peaks	2	and	3	in	the	dialysate	samples	could	not	be	definitively	identified	

based	on	comparison	with	retention	times	in	the	standard	chromatogram.		

1= dopamine, 2= 3-MT, 3= serotonin 
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Figure	4.S3	 	

Figure	4.S3:	Normalized	responses	to	optical	stimulation.	A.	Time	courses	of	%basal	dialysate	levels	
for	DA	(top,	red),	3-MT	(middle,	pink),	and	serotonin	(5-HT;	bottom,	blue)	in	mice	expressing	Chrimson	
(left)	vs.	mice	transfected	with	a	control	protein	(right).	Optically	induced	overflow	of	dopamine,	3-MT,	

and	serotonin	were	only	detected	in	the	Chrimson	animals.	B.	The	magnitudes	of	overflow	are	
represented	as	areas	under	the	curve	percent	(AUC	(%)).	Dialysate	serotonin	concentrations	were	below	
the	detectable	threshold	in	2/11	Chrimson	mice	and	2/9	control	mice.	The	yellow	bars	indicate	optical	

stimulations	(5	min).	**P<0.01	and	***P<0.001.		
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Figure	4.S4	

	
	 	

Figure	4.S4:	RNAscope	in	situ	hybridization	controls	in	dorsal	raphe.	A.	The	RNAscope®	Multiplex	
Fluorescent	Assay	as	a	3-plex	positive	control.	The	RNA	polymerase	II	subunit	RPB1	(Polr2a,	C1	channel),	
cyclophilin	B	(PPIB,	C2	channel),	and	ubiquitin	C	(UBC,	C3	channel)	are	mRNAs	found	in	all	mouse	cells.	Cell	
nuclei	stained	by	DAPI	are	shown	in	blue.	The	overlay	is	shown	on	the	right	B.	The	RNAscope®	Multiplex	

Fluorescent	Assay	as	a	3-plex	negative	control.	A	probe	for	DapB,	an	mRNA	that	codes	for	a	reductase	enzyme	
from	Bacillus	subtilis,	was	used	in	all	three	channels	with	each	of	the	opal	dyes	to	evaluate	background	staining.		
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Figure	4.S5	

	
	 	

Figure	4.S5:	Standard	curves	for	dopamine,	3-methyltyramine	3-MT),	and	serotonin.	
Fourteen	standards	(0	nM,	0.008	nM,	0.016	nM,	0.032	nM,	0.063	nM,	0.125	nM,	0.250	nM,	0.500	
nM,	0.625	nM,	1	nM,	1.25	nM,	2.5	nM,	5	nM,	and	10	nM)	were	injected	into	the	HPLC	(20	µL	

volumes)	to	create	standard	curves.	Insets	are	zoomed	in	on	the	lower	concentrations	ranging	
from	0-1	nM.	Quadratic	curve-fits	were	applied	to	A.	dopamine,	B.	3-MT,	and	C.	serotonin	

standards.	Each	point	represents	N=3	replicates	measured	on	different	days.	Error	bars	(standard	
errors	of	the	means)	are	too	small	to	be	visualized	in	some	cases.	
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Table	4.S1	

	
FIGURE	 COMPARISON	 TEST	 RESULTS	 SIGNIFICANT?	

2C	 Basal	DA:	control	vs.	
Chrimson		

Unpaired	two-tailed	
t-test	

t	(18)=1.6;	P>0.1	 No	

2D	
AUC	DA:	control	vs.	
Chrimson	

Unpaired	two-tailed	
t-test	 t	(18)=3.0;	P<0.01	 **	

3A	
DA:	5	mins	pre-	vs.	60	
mins	post-ESC	 Paired	two-tailed	t-test	 t	(2)=0.92;	P>0.4	 No	

3A	
5HT:	5	mins	pre-	vs.	
60	mins	post-ESC	

Paired	two-tailed	
t-test	 t	(2)=5.7;	P<0.05	 *	

3C	
DA:	5	mins	pre	vs.	60	
mins	post	TOL	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	0.83;	P>0.46	 No	

3C	
3MT:	5	mins	pre	vs.	
60	mins	post	TOL	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	9.6;	P<0.01	 **	

3C	
5HT:	5	mins	pre	vs.	60	
mins	post	TOL	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	1.3;	P>0.29	 No	

4A	
Basal	3MT:	control	vs.	
Chrimson	

Unpaired	two-tailed	
t-test	 t	(18)=0.27;	P>0.7	 No	

4A	
Basal	5HT:	control	vs.	
Chrimson	

Unpaired	two-tailed	
t-test	 t	(18)=0.52;	P>0.6	 No	

4C	
AUC	3MT:	control	vs.	
Chrimson	

Unpaired	two-tailed	
t-test	 t	(18)=3.1;	P<0.01	 **	

4C	
AUC	5HT:	control	vs.	
Chrimson	

Unpaired	two-tailed	
t-test	 t	(15)=4.4;	P<0.001	 ***	

6A	
Basal	DA:	pre-	vs.	
post-SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)=4.4;	P<0.05	 *	

6A	
Basal	3MT:	pre-	vs.	
post-SCH	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	0.17;	P>0.87	 No	

6A	
Basal	5HT:	pre-	vs.	
post-SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	3.5;	P<0.05	 *	

6C	
AUC	DA:	pre-	vs.	post-
SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	6.2;	P<0.05	 **	

6C	
AUC	3MT:	pre-	vs.	
post-SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	4.8;	P<0.05	 *	

6C	
AUC	5HT:	pre-	vs.	
post-SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	4.5;	P<0.05	 *	

7B	
AUC	(%)	DA:	pre	vs.	
post	SCH	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	2.4;	P<0.1	 Trend	

7B	
AUC	(%)	3MT:	pre	vs.	
post	SCH	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	3.7;	P<0.05	 *	

7B	
AUC	(%)	5HT:	pre	vs.	
post	SCH	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	0.41;	P>0.71	 No	

8A	
Basal	DA:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	0.31;	P>0.78	 No	

8A	
Basal	3MT:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	0.81;	P>0.47	 No	

8A	
Basal	5HT:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(2)	=	2.7;	P>0.11	 No	

8C	
AUC	DA:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	1.5;	P<0.23	 No	

Table S1: Statistical summary  
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8C	
AUC	3MT:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	3.1;	P<0.06	 Trend	

8C	
AUC	5HT:	pre	vs.	post	
ETC	

Ratio	paired	two-tailed	
t-test	 t	(2)	=	1.4;	P>0.28	 No	

9B	
AUC	(%)	DA:	pre	vs.	
post	ETC	

Ratio	paired	two-tailed	
t-test	 t	(3)	=	2.6;	P<0.08	 Trend	

9B	
AUC	(%)	3MT:	pre	vs.	
post	ETC	

Ratio	paired	two-
tailed	t-test	 t	(3)	=	4.4;	P<0.05	 *	

9B	
AUC	(%)	5HT:	pre	vs.	
post	ETC	

Ratio	paired	two-tailed	
t-test	 t	(2)	=	1.8;	P>0.21	 No	

S3B	
AUC	(%)	DA:	control	
vs.	chrimson	

Unpaired	two-tailed	
t-test	 t	(18)	=	5.9;	P<0.001	 ***	

S3B	
AUC	(%)	3MT:	control	
vs.	chrimson	

Unpaired	two-tailed	
t-test	 t	(18)	=	4.1;	P<0.001	 ***	

S3B	
AUC	(%)	5HT:	control	
vs.	chrimson	

Unpaired	two-tailed	
t-test	 t	(15)	=	3.1;	P<0.01	 **	
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Sex	differences	in	prenatal	stress	and	SSRI	exposure	

In	Chapter	2,	 I	 show	evidence	 that	male	 offspring	 are	more	 susceptible	 to	 the	 long-term	

effects	of	prenatal	stress.	However,	the	behavioral	tests	and	analyses	were	completed	during	

non-stressful	conditions.	The	adult	offspring	receive	no	more	stressful	stimuli	from	birth	to	

adult	analyses.	This	informs	us	that	prenatal	stress	is	affecting	male	baseline	behavior	but	

not	 female.	 	 I	 hypothesize	 that	prenatal	 stress,	while	not	 altering	baseline	behavior,	may	

cause	female	offspring	to	be	more	susceptible	to	stressful	events.	Sex	differences	in	risk	of	

developing	anxiety	and	depression,	specifically	pertaining	to	stress	have	been	found.1,2	For	

example,	Herbison	et	al.	saw	in	a	human	pregnancy	cohort	study	prenatal	stress	had	a	higher	

contribution	to	male	depression	and	anxiety	symptoms	than	females.2	Whereas,	postnatal	

and	early	life	stress	contributed	more	to	female	depression	and	anxiety	symptoms.		One	way	

to	 investigate	 these	 sex	 differences	 would	 be	 to	 stress	 the	 offspring	 as	 adults	 prior	 to	

behavioral	or	neurochemical	testing.	In	Chapter	2,	I	also	only	neurochemically	analyzed	male	

mice	due	to	their	behavioral	differences	found.	It	is	imperative	to	further	test	females	as	well	

to	 get	 a	 full	 picture	 of	what	 is	 occurring	 neurochemically	 in	 both	male	 and	 female	 adult	

offspring.		

	 Second,	it	would	be	interesting	to	further	dive	into	why	males	are	more	susceptible	

to	prenatal	stress	than	females.	I	suggest	in	the	future	to	conduct	histological	experiments	to	

determine	 if	 there	 are	 any	 transporter,	 receptor,	 or	 neuronal	 innervation	 differences	

between	sexes.		Specifically,	the	serotonin	transporter	(SERT)	could	be	a	key	factor	in	these	

differences	since	I	did	see	differences	in	SSRI	induced	serotonin	overflow	in	males	born	to	

stressed	 mothers	 (Chapter	 2).	 There	 has	 also	 been	 interesting	 in	 targeting	 some	 of	 the	

serotonin	 receptors	 as	 novel	 therapeutics	 for	 anxiety	 and	 depression,	 i.e.	 serotonin	 2A.3		
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Investigating	if	there	are	serotonin	2A	expression	differences	in	stressed	offspring	compared	

to	controls	could	further	uncover	the	role	of	this	receptor	in	depression	and	anxiety.		I	do	not	

believe	serotonin	1A	is	involved	since	experiments	using	8OH-DPAT,	a	serotonin	1A	agonist,	

did	not	show	any	significant	differences	between	groups.		

	 Finally,	due	 to	 the	 interactions	between	stress,	 the	serotonin	system,	and	the	HPA	

axis4-10,	which	I	outlined	in	Chapter	1,	I	suggest	looking	more	into	stress	hormones	in	the	

offspring.		I	hypothesize	that	stressed	males	will	have	elevated	corticosterone	levels	under	

basal	 and	 stressful	 conditions,	 whereas	 stress	 females	 will	 only	 have	 increased	

corticosterone	levels	under	stressful	conditions.		

KOR	modulation	of	serotonin	in	dysphoria	

My	secondary	project	focused	on	how	kappa	opioid	receptors	(KOR)	modulate	serotonin	in	

dysphoria.	In	animals,	dysphoria	is	detected	via	aversive/avoidance	responses	in	behavior	

assessments.	The	KOR	agonists	are	known	to	cause	dysphoric	effects	in	humans11,	and	

aversive	effects	in	animals.12-15	However,	as	discussed	in	chapter	3,	the	role	of	serotonin	in	

KOR	induced	aversion	is	still	up	for	debate	due	to	contradictory	data.		While	this	data	is	

preliminary	for	a	much	larger	project,	I	found	a	possible	explanation	for	the	discrepancies	

in	studies	within	the	literature.	I	hypothesize	these	discrepancies	are	due	to	1)	

route/location	of	KOR	agonist	administration,	2)	location	of	analysis,	and	3)	neuronal	

subtypes	being	activated,	i.e.,	GABA	or	serotonin.		

	 With	my	own	data,	 I	 found	systemic	administration	of	a	KOR	agonist	produced	no	

changes	 in	serotonin.	However,	 local	administration	of	 the	agonist	 into	either	 the	ventral	

striatum	 (vST)	 or	 the	 ventral	 hippocampus	 (vHPC)	 caused	 dose	 dependent	 increase	 in	

serotonin	within	the	same	region.	Future	studies	should	investigate	perfusing	the	agonist	
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into	the	dorsal	raphe	nucleus	(DRN),	where	the	serotonin	cell	bodies	are	found,	and	taking	

samples	from	the	vST	or	vHPC.		I	hypothesize	this	route	and	location	of	administration	will	

result	in	a	decrease	in	serotonin	in	the	vST	and	vHPC.		Furthermore,	I	hypothesize	activation	

of	KOR	in	the	DRN	is	on	serotonin	neurons,	while	activation	in	the	projection	regions	of	vST	

or	 vHPC	 are	 activating	 KOR	 on	 GABAergic	 interneurons.	 Future	 studies	 involving	

pharmacological	manipulations	should	then	be	carried	out	to	investigate	the	indirect	role	of	

GABAergic	neurons	with	regard	to	KOR-induced	increases	in	serotonin.		

Finally,	my	work	set	up	and	optimized	conditioned	place	aversion	(CPA)	paradigm	in	

the	lab	for	future	studies	to	occur.	In	addition,	I	have	optimized	our	HPLC	methods	to	enable	

5-min	 (or	 less)	 online	 dialysate	 sampling	 time	 for	 concurrent	 dopamine	 and	 serotonin	

sampling.	This	short	sampling	time	will	allow	sufficient	samples	to	be	collected	during	the	

30-min	CPA	behavioral	test,	as	opposed	to	conventional	microdialysis	sampling,	which	is	on	

the	order	of	10-20	min	per	 sample.	Analyzing	brain	dialysate	 samples	during	CPA	would	

allow	 for	 direct	 correlation	 between	 neurotransmitter	 levels	 and	 behavior.	 	 Since	 I	 have	

already	 shown	 serotonin	 increases	 with	 local	 perfusion,	 I	 hypothesize	 that	 disinhibiting	

serotonin	 neurons	 via	KORs	 expressed	 on	GABAergic	 neurons	will	 increase	 extracellular	

serotonin	 and	 produce	 place	 aversion.	 Studies	 can	 specifically	 target	 serotonin	 neuron	

populations	 and	 subpopulations	 (using	 intersectional	 genetics)	 using	 optogenetics	 and	

chemogenetics	 to	determine	 the	necessity	of	 increased	vST	extracellular	 serotonin	 in	 the	

aversive	phenotype.
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Interplay	of	KOR,	serotonin,	and	stress	in	anxiety	and	depression	

The	serotonin	and	kappa	opioid	systems	have	been	implicated	in	the	mechanisms	of	stress	

and	 stress-related	 psychiatric	 disorders.	 While	 there	 are	 many	 studies	 pointing	 to	 the	

possible	 roles	 of	 these	 systems	 in	 stress-related	 disorders,	 the	 etiology	 of	 stress-related	

mood	disorders	is	still	largely	unknown.			My	work	begins	to	explore	how	these	systems	work	

together	 in	 a	 prenatally	 stress	mouse	model.	 	 	 I	 found	 adult	male	mice	 born	 to	 stressed	

mothers	showed	increased	serotonin	concentrations	in	the	vHPC	in	response	to	citalopram	

administration.	 Furthermore,	 the	 presence	 of	 kappa	 opioid	 receptor	 activation	 caused	 a	

potentiation	of	these	increases	with	citalopram.	These	effects	were	rescued	in	the	male	mice	

whose	mothers	had	been	treated	with	citalopram	in	utero.		This	suggests	the	mice	born	to	

stressed	mothers	could	have	alterations	in	kappa	opioid	receptors	and	SERT.		I	hypothesize	

that	prenatal	stress	increases	KOR	receptor	expression	and	sensitivity.	 	There	is	evidence	

that	 stress	 and	 KOR	 activation	 cause	 increased	 SERT	 surface	 membrane	 expression.16		

Future	studies	should	examine	KOR	and	SERT	expression	in	stressed	compared	to	control	

mice	 using	 RNAscope	 and	 immunocytochemistry.	 I	 hypothesize	 stressed	 mice	 to	 have	

increased	KOR	and	SERT	expression	compared	to	controls.			

	 Though	my	 two	projects	were	completely	slightly	separately,	 in	 the	 future	studies	

should	conjoin	 these	 two	projects	 to	 further	understand	 these	system	 interactions.	 	 	One	

potential	 experiment	 is	 to	 give	 stressed	 dams	 a	 KOR	 antagonist	 to	 determine	 if	 KOR	

antagonism	 also	 protects	 offspring	 from	 stress-induced	 behavioral	 and	 neurochemical	

alterations.		Second,	future	studies	should	examine	how	stress,	whether	prenatal	or	adult,	

effects	susceptibility	to	KOR-induced	place	aversion	and	alterations	 in	neurotransmission	

during	 testing	 days.	 	 	 I	 hypothesize	 stress	 to	 potentiate	 the	 place	 aversion	 phenotype.		
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Furthermore,	 investigate	whether	SSRI	administration	 rescues	 the	aversive	phenotype	 in	

stress	and	control	mice.		These	experiments	could	help	further	knowledge	on	how	these	two	

systems	are	interacting	in	the	presence	of	stress.	

Conclusion	

In	conclusion,	my	work	furthers	the	knowledge	in	the	field	of	stress,	serotonin,	and	kappa	

opioid	receptors.		The	prenatal	stress	work	suggests	the	possibility	of	benefits	for	mothers	

with	 mood	 and	 anxiety	 disorders	 to	 continue	 taking	 medications	 through	 pregnancy.	

Continuing	 SSRI	 use	 could	 lead	 to	 resilience	 of	 offspring	 developing	 mood	 and	 anxiety	

disorders.	 	 Furthermore,	 continued	 work	 involving	 stress,	 serotonin,	 and	 kappa	 opioid	

receptors	 in	 relation	 to	 mood	 and	 anxiety	 disorders	 could	 offer	 new	 insights	 on	 novel	

therapeutic	targets	through	the	better	understanding	of	the	mechanisms	of	these	disorders.	
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