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Abstract
Sex	steroid	hormones	are	major	regulators	of	sexual	characteristic	among	species.	These	
hormones,	however,	are	also	produced	in	the	brain.	Steroidal	hormone-	mediated	signalling	
via	the	corresponding	hormone	receptors	can	influence	brain	function	at	the	cellular	level	
and	thus	affect	behaviour	and	higher	brain	functions.	Altered	steroid	hormone	signalling	
has	 been	 associated	 with	 psychiatric	 disorders,	 such	 as	 anxiety	 and	 depression.	
Neurosteroids	are	also	considered	to	have	a	neuroprotective	effect	in	neurodegenerative	
diseases.	So	far,	the	role	of	steroid	hormone	receptors	 in	physiological	and	pathological	
conditions	has	mainly	been	investigated	post	mortem	on	animal	or	human	brain	tissues.	To	
study	the	dynamic	interplay	between	sex	steroids,	their	receptors,	brain	function	and	be-
haviour	in	psychiatric	and	neurological	disorders	in	a	longitudinal	manner,	however,	non-	
invasive	 techniques	 are	 needed.	 Positron	 emission	 tomography	 (PET)	 is	 a	 non-	invasive	
imaging	tool	that	is	used	to	quantitatively	investigate	a	variety	of	physiological	and	bio-
chemical	parameters	in	vivo.	PET	uses	radiotracers	aimed	at	a	specific	target	(eg,	receptor,	
enzyme,	transporter)	to	visualise	the	processes	of	interest.	In	this	review,	we	discuss	the	
current	status	of	the	use	of	PET	imaging	for	studying	sex	steroid	hormones	in	the	brain.	So	
far,	PET	has	mainly	been	investigated	as	a	tool	to	measure	(changes	in)	sex	hormone	recep-
tor	expression	 in	 the	brain,	 to	measure	a	key	enzyme	 in	 the	steroid	synthesis	pathway	
(aromatase)	and	to	evaluate	the	effects	of	hormonal	treatment	by	imaging	specific	down-
stream	processes	in	the	brain.	Although	validated	radiotracers	for	a	number	of	targets	are	
still	warranted,	PET	can	already	be	a	useful	technique	for	steroid	hormone	research	and	
facilitate	the	translation	of	interesting	findings	in	animal	studies	to	clinical	trials	in	patients.
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1  | INTRODUCTION

Sex	steroid	hormones	are	a	family	of	steroidal	hormones	that	can	be	
divided	 into	3	classes:	oestrogens,	progestins	and	androgens.	These	
hormones	are	major	regulators	of	sexual	functions,	 including	the	re-
productive	 cycle,	 reproductive	 physiology	 and	 the	 development	 of	
accessory reproductive organs.1	However,	our	vision	of	the	function	

of	these	hormones	has	been	expanded	because	they	not	only	regu-
late	sexual	behaviour,	but	also	affect	brain	 functions,	 such	as	mem-
ory,2	 anxiety-	related	 behaviour3	 and	 other	 functions	 at	 the	 cellular	
level.4 Sex steroid hormones are mainly synthesised by the ovaries 
and	 testis.	 The	 hypothalamic-	pituitary-	gonadal	 (HPG)	 axis	 is	 the	
main	 system	by	which	 the	production	and	 release	of	 sex	steroids	 is	
regulated.5	 Circulating	 sex	 hormones	 can	 stimulate	 the	 release	 of	
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gonadothropin-	release	hormones	(GnRH)	at	the	hypothalamus.	GnRH	
induces	the	release	of	luteinising	hormone	(LH)	and	follicle-	stimulating	
hormone	 (FSH)	 in	 the	pituitary,	which	activate	 the	 secretion	of	 ste-
roidal	 sex	 hormones	 from	 the	 gonads	 (Figure	1A).	 Peripheral	 sex	
hormones	 are	 present	 in	 the	 plasma,	where	 they	 are	mainly	 bound	
to	plasma	proteins	such	as	sex	hormone	binding	globulin	 (SHBG)	or	
corticosteroid	binding	globulin	(CBG).6	SHBG	has	high	affinity	for	both	
oestrogens	and	androgens,	whereas	progesterone	 is	bound	by	CBG.	
These	 globulins	 protect	 steroid	 hormones	 against	 metabolic	 degra-
dation	 and,	 consequently,	 the	 fraction	 of	 free	 steroid	 hormones	 in	
plasma	is	small.	Yet,	this	small	fraction	of	unbound	steroid	hormones	
can	readily	cross	the	blood-	brain	barrier	by	passive	diffusion	as	a	re-
sult	of	the	lipophilic	nature	of	steroids.	However,	there	is	also	a	sig-
nificant	contribution	of	de	novo	synthesised	steroid	hormones	in	the	
brain	because	 the	brain	 itself	 contains	 the	enzymes	needed	 for	 the	
synthesis	of	these	steroids.7 Sex hormones produced in the brain in-
clude 17β-	oestradiol,	testosterone	and	progesterone,	along	with	other	
neuroactive	steroids	such	as	pregnenolone,	dehydroepiandrosterone	
and allopregnanolone.8

In	recent	decades,	the	specific	receptors	for	sex	steroid	hormones	
were	found	to	be	expressed	in	the	brain.9	Currently,	most	information	
has	been	obtained	from	animal	experiments,	which	cannot	easily	be	
translated	to	humans,	as	well	as	from	post-	mortem	analysis	of	human	
brain tissue.10,11	In	most	studies,	western	blotting	and	in	situ	hybridi-
sation	have	been	used	to	quantify	hormone	receptors	in	the	brain.9,12 
Such	techniques	would	not	allow	research	on	the	biology	of	steroid	
hormones	and	their	receptors	in	the	living	human	brain.	One	approach	
with	respect	to	non-	invasively	investigating	sex	hormone	receptors	in	
the	brain	is	the	use	of	positron	emission	tomography	(PET)	with	radio-
labelled	receptor	 ligands.	PET	allows	the	quantification	of	functional	
parameters,	such	as	receptor	density	and	occupancy.13	PET	imaging	of	
steroid receptors is already widely used in oncology to visualise recep-
tor	expression	and	receptor	occupancy	in	hormone-	sensitive	tumours	
such as breast and prostate cancer.14	 By	 contrast,	 sex	 hormone	 re-
ceptor	imaging	in	the	brain	is	still	in	its	infancy.15 Sex steroid receptor 
imaging	in	neuroscience	suffers	from	some	additional	hurdles,	such	as	
the low receptor expression in some brain regions16 and a poor pene-
tration	of	radioligands	through	the	blood-	brain	barrier.

F IGURE  1 Effects	of	sex	steroids	at	both	physiological	and	cellular	levels.	(A)	The	regulatory	processes	for	the	synthesis	of	sex	steroids	by	
the	hypothalamic-pituitary-gonadal	(HPG)	axis.	The	hypothalamus	regulates	the	production	of	luteinising	hormone	(LH)	and	follicle-	stimulating	
hormone	(FSH)	via	the	release	of	gonadotrophin-	releasing	hormone	(GnRH).	Both	LH	and	FSH	stimulate	the	synthesis	and	release	of	oestrogens	
and	progesterone	from	the	ovaries	in	females,	as	well	as	testosterone	from	the	testis	in	males.	At	the	same	time,	these	sex	steroids	can	regulate	
the	release	of	GnRH	from	the	hypothalamus,	as	well	as	LH	and	FSH	from	the	pituitary.	(B)	General	scheme	of	sex	steroid	effects	at	cellular	level.	
Sex	hormones	can	bind	to	either	cytoplasmatic	receptors	or	membrane-	associated	receptors.	When	the	molecules	bind	to	membrane	receptors,	
the receptor (coupled to G protein subunits complex: Gα,	Gβ and Gγ)	activates	phospholipase	C	(PLC)	to	exert	a	rapid	nongenomic	responses	via	
the	second	messengers	inositol	phosphate	3	(IP3+)	and	diacylglycerol	(DAG).	On	the	other	hand,	when	they	bind	to	cytoplasmatic	receptors,	the	
complex	is	translocated	to	the	nucleus	(with	the	help	of	different	co-	activators)	to	exert	genomic	effects
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In	this	review,	we	survey	the	available	literature	about	the	use	of	
PET	imaging	in	the	field	of	neuroendocrinology,	in	which	imaging	data	
are directly or indirectly correlated with sex steroid hormone (recep-
tor)	levels.	We	discuss	the	role	of	sex	steroids	in	brain	function	and	be-
haviour,	give	an	overview	of	the	tracers	that	are	currently	available	for	
PET	imaging	of	hormone	receptors	and	their	applicability	in	brain	re-
search,	and	summarise	the	results	of	PET	imaging	of	the	downstream	
effects	of	sex	steroids	in	the	brain.	Based	on	these	data,	we	propose	
that	PET	is	a	promising	technique	for	future	translational	research	in	
this	field.

2  | SEX STEROID HORMONES AND 
BRAIN FUNCTION

Oestrogens	 can	 exert	 their	 effects	 through	 either	 intracellular	 or	
membrane-	associated	 oestrogen	 receptors	 (ERs);	 in	 particular,	 the	
intracellular receptors ERα and ERβ,	 and	 membrane-	associated	 G-	
protein	 regulator	motifs.	Upon	binding	of	 oestrogen	 to	 the	ER,	 the	
ligand-	receptor	complex	dimerises	and	migrates	to	the	nucleus,	where	
the	dimer	can	bind	to	hormone	response	elements	(HRE)	in	the	pro-
motor	region	of	oestrogen-	responsive	genes.	Activation	of	the	HRE	
leads	to	the	induction	or	the	repression	of	gene	transcription.	In	ad-
dition	 to	 this	 genomic	 signalling	 pathway,	 sex	 steroids	 can	 act	 via	
nongenomic	signalling	 (Figure	1B)	 (for	a	 review,	see	Kawata	et	al17).	
Oestrogen	signalling	can	affect	various	aspects	of	brain	function	and	
behaviour.	Most	information	about	the	relationship	between	oestro-
gens	and	brain	disorders	was	obtained	from	studies	in	female	animals	
or	women	demonstrating	behavioural	differences	between	the	differ-
ent	stages	of	the	menstrual	cycle.	There	is	ample	evidence	for	a	role	
of	oestrogens	in	anxiety	and	depression,	both	from	animals	and	hu-
mans.18 Women are vulnerable to depression when the concentration 
of	 sex	hormones	 changes	markedly.	This	 can	 lead	 to	pre-	menstrual	
dysphoric	 disorder,	 post-	partum	 depression	 and	 perimenopausal	 or	
postmenopausal depression.19	 Oestrogens	 have	 antidepressant	 ef-
fects	 when	 they	 are	 administered	 either	 alone	 or	 in	 combination	
with antidepressants20,21	 and,	 consequently,	 oestrogen	 replacement	
therapy	can	be	used	to	prevent	the	development	of	depression	in	in-
dividuals who are at risk.22	Oestrogens	can	also	have	neuroprotective	
effects.	High	levels	of	circulating	oestrogens	are	associated	with	less	
ischaemia-	induced	brain	injury.23	A	similar	effect	is	also	observed	when	
high	levels	of	endogenous	oestrogens	are	synthesised	in	the	brain.24 
Oestrogens	were	found	to	play	a	role	in	neuronal	plasticity	and	spine	
synapse	formation.25,26	Furthermore,	many	studies	have	shown	posi-
tive	 effects	 of	 oestrogens	 on	 cognition.27-29	 In	Alzheimer’s	 disease,	
oestrogens have been shown to protect neurones against the toxic-
ity	of	amyloid	plaques.30	Nevertheless,	more	studies	are	necessary31 
because	 investigators	 from	 the	Women’s	 Health	 Initiative	Memory	
Study	found	that	therapy	with	a	combination	of	oestrogen	and	pro-
gestin	increased	the	risk	for	dementia	in	postmenopausal	women	and	
did	not	improve	their	performance	in	mild	cognitive	tasks.32 For this 
reason,	the	contribution	of	oestrogens	and	the	molecular	dynamics	of	
their interaction with other hormones and neurotransmitters should 

be	determined	to	obtain	a	better	understanding	of	the	role	of	these	
steroids	in	brain	function	and	neuroprotection.

Progestins	can	exert	 their	effects	 through	both	 intracellular	pro-
gestin	 receptors	 (PR-	A	and	PR-	B)	and	membrane-	associated	PRs.	 In	
addition,	 these	 neuroactive	 steroids	 can	 also	 interact	 with	 several	
other receptors and ion channels.33	For	example,	several	steroid	hor-
mones,	including	progesterone,	were	found	to	bind	to	sigma-	1	recep-
tors.34	Progesterone	can	act	as	a	sigma-	1	receptor	antagonist.35	Under	
ischaemic	conditions,	progesterone	antagonism	of	sigma-	1	receptors	
can	 be	 neuroprotective	 because	 it	 attenuates	 the	 NMDA-	induced	
influx	of	Ca2+	via	 the	NMDA	receptor	 ion	channel.36 Progestins can 
also	interact	with	oestrogens	in	the	brain,	such	as	in	the	regulation	of	
synapse	formation.37 Progestins are also involved in processes such as 
maintenance	of	the	structural	integrity	of	myelin,38	regulation	of	spino-
genesis,	synaptogenesis,	neuronal	survival	and	dendritic	growth.39-41 
There	is	evidence	indicating	that	the	administration	of	exogenous	pro-
gesterone	 in	 animal	models	 of	 traumatic	 brain	 injury	 and	 ischaemia	
can decrease the lesion volume in the brain42 and decrease cognitive 
deficits.43	Likewise,	progestins	can	exhibit	a	neuroprotective	effect	in	
spinal cord injury.44 Evidence has also been presented suggesting a 
neuroprotective	effect	of	progestins	in	other	brain	disorders,	such	as	
peripheral	nerve	injury,	demyelinating	disease,	motoneurone	diseases,	
seizures,	depression	and	Alzheimer’s	disease.18,45-47

Androgens	exert	their	effects	through	the	androgen	receptor	(AR)	
subtypes	AR-	A	and	AR-	B.	Androgens	are	known	to	affect	various	brain	
functions	and	behaviour.	The	most	common	behavioural	 role	of	an-
drogens	 is	 related	 to	aggression.	An	excess	of	circulating	androgens	
induces	aggressive	behaviour	in	both	males	and	females.48	Androgens	
are	also	 involved	 in	depression	and	anxiety-	like	disorders,	especially	
after	 menopause	 in	 women	 and	 during	 hypogonadism	 in	 men.49 
Alterations	of	testosterone	 levels	were	associated	with	an	 increased	
risk	of	mood	disorders	and	psychosis.50	Anabolic	abuse	and	hyper-		or	
hypoandrogenism are related to mood changes51 and the incidence 
of	depression.52	On	the	other	hand,	androgens	can	also	have	a	neu-
roprotective	role.	Long-	term	exposure	to	androgens	increases	hippo-
campal	neurogenesis	and	modulates	the	survival	of	new	neurones.53 
Androgens	also	play	a	role	in	synapse	formation	and	they	are	capable	
of	 inducing	 the	 formation	of	 spine	 synapses,54 which appears to be 
mediated	by	NMDA	activity.55

3  | PET TRACERS FOR STEROID HORMONE 
RECEPTORS IN BRAIN RESEARCH

Despite	 the	 increasing	 knowledge	 on	 the	 roles	 of	 sex	 steroid	 hor-
mones,	many	aspects	of	the	functions	and	mechanisms	of	action	of	
sex steroid hormones in the brain are still incompletely understood 
and	require	further	research.	Non-	invasive	imaging	tools	such	as	PET	
could	facilitate	such	research.	Several	PET	tracers	for	steroid	hormone	
receptors	are	available	and	have	been	successfully	used	in	oncology,	
although,	to	date,	there	are	only	few	studies	in	which	they	have	been	
used	for	brain	research.	Most	studies	with	PET	tracers	for	steroid	hor-
mone receptors use either autoradiography or ex vivo tissue counting. 
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So	far,	only	a	few	studies	have	measured	the	 in	vivo	distribution	of	
steroid	 receptor	 ligands	 in	 rodents,	whereas	 imaging	 studies	 of	 the	
human brain are lacking.

The	most	frequently	used	PET	tracer	for	imaging	oestrogen	recep-
tors is 16α-[	18F]	 fluoro-	17ß-	oestradiol	 ([18F]FES).	 [18F]FES has been 
successfully	 used	 in	 both	 preclinical	 and	 clinical	 studies,	 mostly	 in	
breast cancer.56	 [18F]FES	was	 the	 first	 PET	 tracer	 to	 be	 applied	 for	
quantitative	ex	vivo	assessment	of	oestrogen	receptors	 in	the	brain.	
The	brain	of	 female	rats	was	dissected	and	radioactivity	 in	different	
brain areas was measured ex vivo with a γ	counter.	By	applying	dif-
ferent	distribution	times,	information	about	the	kinetics	of	the	tracer	
in the rat brain was obtained.16	Specific	binding	of	the	tracer	was	ob-
served	only	in	brain	regions	with	high	ER	density,	such	as	the	pituitary	
and	hypothalamus.	Specific	binding	could	be	quantified	both	by	equi-
librium and dynamic kinetic analysis.16	Two	years	later,	[18F]FES	PET	
was	successfully	used	to	identify	ER	expression	in	the	tumour	of	six	
patients with brain meningiomas.57	Later	studies,	 including	our	own,	
have	shown	that	[18F]FES	PET	is	able	to	detect	ER-	expression	in	brain	
metastases	of	ER-	sensitive	tumours	such	as	breast	cancer.

More	 than	 a	 decade	 after	 the	 experiments	 of	 Moresco	 et	al,57 
our group investigated whether ER in the rat brain could be quanti-
fied	 in	vivo	using	 [18F]FES	with	 a	dedicated	 small-	animal	PET	 scan-
ner.58	The	results	obtained	were	in	agreement	with	the	ex	vivo	data	
of	Moresco	et	al.16	Specific	binding	was	observed	in	the	pituitary	and	
hypothalamus,	which	are	both	brain	 regions	with	a	high	ER	density,	
but	not	 in	other	parts	of	the	brain.58	Ovariectomy	resulted	 in	an	 in-
crease	 in	 tracer	 uptake	 in	 the	 pituitary	 and	 hypothalamus,	whereas	

administration	of	exogenous	oestradiol	decreased	[18F]FES uptake in 
these	regions,	indicating	that	tracer	uptake	was	sensitive	to	circulating	
oestrogens	 competing	 for	 the	binding	 site	of	 the	ER.	Driven	by	 the	
promising	results	in	rats,	we	performed	a	small	[18F]FES	PET	study	in	
healthy	volunteers.	In	postmenopausal	women,	[18F]FES	PET	showed	
a	significantly	higher	 tracer	uptake	 in	 the	pituitary	compared	to	any	
other	brain	region,	with	only	slight	differences	in	[18F]FES uptake be-
tween	these	brain	regions.	Besides	the	pituitary,	[18F]FES mainly accu-
mulated	in	white	matter	(Figure	2).	Administration	of	an	experimental	
ER	antagonist	 significantly	 reduced	 [18F]FES in the pituitary but not 
in	 any	other	brain	 region.	 [18F]FES uptake in white matter was also 
unaffected	by	the	antagonist,	suggesting	that	white	matter	uptake	was	
dominated	by	nonspecific	binding	of	the	lipophilic	tracer.	[18F]FES	PET	
could	be	applied	to	assess	ER	receptor	occupancy	of	this	experimental	
drug in pituitary59.	By	contrast	to	the	aforementioned	of	PET	studies	
in	rats,	[18F]FES	did	not	show	any	specific	binding	in	the	hypothalamus	
in	humans.	This	discrepancy	might	be	 related	 to	species	differences	
in	 receptor	 expression,	 nonspecific	 binding,	 plasma	 levels	 of	 SHBG	
or	blood-	brain	barrier	penetration	of	the	tracer.	However,	there	is	no	
concrete	evidence	available	yet	for	any	of	these	hypotheses.

Consequently,	[18F]FES	PET	could	be	useful	for	assessing	ER	den-
sity	in	brain	regions	with	high	ER	expression	(pituitary),	although	it	does	
not	appear	to	be	sufficiently	sensitive	for	evaluating	ER	density	in	other	
brain	 regions.	Therefore,	 the	development	of	novel	PET	 tracers	with	
higher	affinity	is	urgently	warranted	to	boost	the	research	in	this	area.

Some	PET	tracers	have	been	developed	for	 imaging	of	proges-
tin	receptors	as	well.	21-	[18F]Fluoro-	16α-	ethyl-	19-	norprogesterone	

F IGURE  2  (A)	Positron	emission	tomography	(PET)	images	of	the	distribution	of	the	oestrogen	receptor	tracer	16α-[	18F]		fluoro-	17ß-	
oestradiol	([18F]FES)	in	the	brain	of	a	healthy	postmenopausal	woman.	The	images	were	acquired	60-	90	min	after	injection	of	200	MBq	of	
[18F]FES.	Tracer	uptake	is	presented	as	kBq/cc	images.	The	pituitary	is	clearly	visible	as	a	hotspot	(red)	in	the	sagittal	image	(top	right).	In	
addition,	the	images	mainly	show	uptake	in	white	matter.	(B)	PET	scan	of	a	naïve	female	rat	brain,	60-	90	min	after	injection	of	25	MBq	of	
[18F]FES.	The	PET	scan	is	co-	registered	with	a	magnetic	resonance	imaging	template	of	the	brain	to	provide	an	anatomical	reference.	The	
highlighted	spot	represents	the	activity	of	the	tracer	in	the	pituitary/hypothalamus

(A) (B)
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([18F]FENP)	was	evaluated	as	candidate	tracer	for	the	progestin	re-
ceptor	and	 initially	appeared	to	show	specific	uptake	 in	the	uterus	
and	in	tumours	of	both	rats	and	humans.60	However,	further	stud-
ies	in	cancer	patients	revealed	that	[18F]FENP	could	not	detect	the	
PR	 in	 a	 large	 fraction	 of	 positive	 tumours.	 [18F]FENP	 uptake	 did	
not	 correlate	 with	 PR	 levels	 and	 the	 tumour-	to-	background	 ratio	
was low.61	Moreover,	 the	 tracer	was	 rapidly	metabolised	 not	 only	
in	 the	 liver	 and	 blood,	 but	 also	 by	 tumour	 cells.62	 Subsequently,	
tracers with increased metabolic stability have been developed and 
tested	for	imaging	of	PR	in	human	breast	cancer,	including	21-	[18F]
fluoro-	16α,17α-	[(R)-	(1′-	α-	furylmethylidene)-	dioxy]-	19-	norpregn-	4-	
ene-	3,20-	dione	 ([18F]FFNP)63	 and	 4-	[18F]fluoropropyl-	tanaproget	
([18F]FPTP).64	 Both	 tracers	 showed	 specific	 uptake	 in	 the	 uterus,	
although,	after	the	initial	reports,	no	further	studies	have	been	pub-
lished	and	none	of	the	tracers	has	yet	been	tested	for	imaging	of	PR	
in the brain.

Several	promising	PET	tracers	for	androgen	receptors	have	been	
developed,	especially	for	 imaging	of	prostate	cancer.	The	first	tracer	
for	PET	 imaging	of	 the	androgen	 receptors	was	20-	[18F]fluoromibo-
lerone	 ([18F]Fmib),	which	was	 tested	 in	 both	 rats	 and	baboons	with	
promising results.65,66	More	tracers	have	been	synthesised	and	tested	
as	markers	of	prostate	cancer,67	of	which	16ß-	[18F]fluorodihydrotes-
tosterone	 ([18F]FDHT)	 is	 the	most	 promising	 so	 far.	 [18F]FDHT	was	
successfully	applied	to	image	the	expression	of	AR	in	tumours	not	only	
in	preclinical	studies,	but	also	in	patients	with	prostate	cancer.68	Our	
group	has	tested	[18F]FDHT	for	PET	imaging	of	AR	in	the	rat	brain.69 
Our	study	showed	that	[18F]FDHT	is	metabolised	very	rapidly	in	rats,	
and its uptake in the brain is very low.69	This	results	in	a	poor	signal-	
to-	noise	ratio,	which	precludes	the	detection	of	AR	in	the	rat	brain.	By	
contrast	 to	 rats,	 humans	 express	 SHBG,	which	 can	protect	 steroids	
such	as	[18F]FDHT	from	metabolic	degradation.70	Despite	the	disap-
pointing	results	obtained	in	rats,	the	stabilising	effect	of	SHBG	in	men	
would	 still	warrant	 investigation	 of	 the	 ability	 of	 [18F]FDHT	PET	 to	
visualise	AR	receptors	in	the	brain	of	humans.

In	conclusion,	it	can	be	proposed	that	PET	has	potential	as	a	non-	
invasive	tool	for	assessing	the	expression	of	steroid	receptors	in	the	
brain,	provided	tracers	become	available	that	can	penetrate	the	blood-	
brain	barrier	and	have	higher	affinity	and	metabolic	stability.

4  | PET IMAGING OF AROMATASE AS A 
BIOMARKER FOR OESTROGEN SYNTHESIS

Aromatase	 is	a	key	enzyme	in	the	biosynthesis	of	oestrogens;	 it	ca-
talyses	 the	 conversion	of	 testosterone	 into	oestradiol.71	Aromatase	
is	 expressed	 in	 a	wide	 variety	 of	 tissues,	 including	 ovaries,	 adipose	
tissue,	 skin,	 testicles,	muscle,	 liver	 and	 the	 central	 nervous	 system.	
Aromatase	 has	 been	 suggested	 as	 a	 biomarker	 for	 neuroprotection	
because	it	increases	the	local	levels	of	oestrogens	in	injured	neurones	
in the brain.72	Aromatase	is	not	expressed	constitutively	in	the	brain	
but can be induced by testosterone or dihydrotestosterone.73	Brain	
aromatase	 is	 involved	 in,	 amongst	 others,	 the	 regulation	 of	 sexual	
behaviour,	 emotional	 behaviour,	 aggression,	 cognition,	memory	 and	

neuroprotection,73	making	 this	enzyme	an	 interesting	 target	 for	 the	
study	of	sex	steroid	hormones	in	the	brain.

Tracers	 for	 aromatase	 are	 generally	 based	 on	 enzyme	 inhibi-
tors.	The	nonsteroidal	aromatase	inhibitor	[11C]vorozole is the most 
tested	 tracer	 in	 this	 field.	 PET	 imaging	 studies	with	 [11C]vorozole 
in	rhesus	monkeys	showed	specific	binding	to	aromatase	ex	vivo	in	
the	medial	amygdala,	bed	nucleus	stria	terminalis	and	the	pre-	optic	
area,	whereas	in	vivo	binding	only	occurred	in	the	medial	amygdala	
and	the	pre-	optic	area.	Specific	tracer	uptake	could	be	quantified	by	
pharmacokinetic	modelling,	using	cerebellum	as	a	reference	tissue.74 
The	same	group	subsequently	applied	this	tracer	in	a	nonhuman	pri-
mate	and	a	rodent	model	of	anabolic	steroid	abuse.75	PET	with	[11C]
vorozole demonstrated increased aromatase levels in the bed nu-
cleus	of	the	stria	terminalis	and	the	pre-	optic	areas	of	rats	treated	
with	anabolic	 androgenic	 steroids,	 as	well	 as	 in	 the	hypothalamus	
of	macaque	monkeys	treated	with	these	steroids.76,77	[11C]vorozole 
PET	imaging	in	baboons	showed	that	the	menstruation	cycle	had	a	
significant	effect	on	 tracer	binding	 in	 the	brain.78	The	 first	human	
PET	study	with	[11C]vorozole	was	performed	in	2010,79 demonstrat-
ing	 the	 specificity	 and	 kinetics	 of	 this	 tracer	 in	 the	 human	 brain.	
This	study	was	followed	by	recent	studies	evaluating	the	radiation	
dosimetry	and	binding	kinetics	of	[11C]vorozole in healthy men and 
women.80,81

Besides	 [11C]vorozole,	 two	other	tracers	 for	 the	assessment	of	
brain	aromatase	were	tested.	[11C]Letrozole	was	investigated	in	ba-
boons	and	it	was	concluded	that	this	tracer	is	not	suitable	for	brain	
research	because	of	the	absence	of	regional	specific,	saturable	bind-
ing in the brain.82	A	 later	 study	 tested	 the	 tracer	 [11C]cetrozole in 
rhesus	monkeys.	In	this	subsequent	study,	[11C]cetrozole displayed 
better	selectivity	and	specificity,	as	well	as	a	higher	signal-	to-	noise	
ratio,	 than	 [11C]vorozole.	 Therefore,	 it	 was	 better	 suited	 for	 the	
quantitative	analysis	of	aromatase	expression	in	the	amygdala,	hy-
pothalamus and nucleus accumbens in monkeys.83	So	far,	however,	
no	studies	on	 the	use	of	 [11C]cetrozole	PET	 in	humans	have	been	
published.

Accordingly,	2	suitable	PET	tracers	for	imaging	of	aromatase	ex-
pression	in	animals	have	recently	become	available	and	one	of	them	
has	been	successfully	evaluated	in	healthy	volunteers.	Further	eval-
uation in clinical studies to obtain more insight regarding the value 
of	 these	 tracers	 is	 required.	 If	 successful,	 this	 PET	 imaging	 could	
provide	a	new	impetus	for	clinical	trials	on	the	role	of	aromatase	in	
health	 and	disease.	The	 chemical	 structure	of	 radiotracers	 for	 sex	
hormone	receptors	and	aromatase	tested	 in	the	brain,	 is	shown	in	
Figure 3.

5  | USE OF PET TRACERS TO STUDY SEX 
STEROID HORMONE- INDUCED CHANGES 
IN BRAIN FUNCTION

PET	imaging	using	radioligands	of	receptors	related	to	sex	steroid	hor-
mone	signalling	may	provide	valuable	information	about	the	interac-
tion	of	these	hormones	with	other	signalling	systems	in	the	brain,	as	
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well	as	the	possible	behavioural	outcome	of	that	interaction,	thus	of-
fering	a	wide	range	of	possible	studies.	PET	imaging	may	also	be	used	
to	study	the	impact	of	steroid	hormones	on	physiological	or	metabolic	
biomarkers.	Below,	we	discuss	some	studies	in	which	the	downstream	
effects	of	hormonal	changes	were	evaluated	by	PET	imaging.

5.1 | Impact of sex steroid hormones in cerebral 
blood flow

A	general	 approach	 for	 studying	 the	 impact	 of	 steroid	hormones	 is	
to	detect	activation	of	specific	brain	regions	by	measurement	of	the	
regional	cerebral	blood	 flow	 (rCBF).	Changes	 in	cerebral	blood	 flow	
can	be	detected	with	PET	using	the	tracer	[15O]H2O.

84,85	Such	rCBF	
changes	can	be	related	to	specific	changes	in	the	physiological	con-
centrations	of	sex	hormones.

Only	a	 few	studies	have	applied	 [15O]H2O	PET	to	study	 the	 im-
pact	of	hormonal	changes	on	brain	activity	so	far.	[15O]H2O	PET	has	
been	used	 to	 investigate	 the	 effect	 of	 oestrogen	 replacement	 ther-
apy	 on	 the	 rCBF.	 Significant	 longitudinal	 differences	were	 found	 in	
rCBF	activation	patterns	during	cognitive	tasks	between	controls	and	
women on oestrogen replacement therapy.84,85	 In	particular,	oestro-
gen	 replacement	 users	 showed	 higher	 rCBF	 in	 the	 memory	 circuit	
hippocampus-	parahippocampal	 gyrus-	temporal	 lobe	 than	non-	users.	
In	another	study,	[15O]H2O	PET	was	used	to	investigate	the	effect	of	
endogenous	 testosterone	on	 the	 rCBF	 in	 elderly	men.86 Higher en-
dogenous	 testosterone	concentrations	were	 found	to	correlate	with	
a	higher	rCBF	in	brain	regions	associated	with	memory	and	attention.	
Recently,	 [15O]H2O	PET	was	used	 to	 investigate	 the	correlation	be-
tween	a	decreased	production	of	progesterone	and	oestradiol	by	the	
ovaries	 and	 hippocampal	working	memory,	 although	 no	 statistically	
significant	changes	in	blood	flow	were	found.87

Thus,	the	limited	number	of	available	studies	suggests	that	mea-
surement	 of	 the	 rCBF	 with	 [15O]H2O	 PET	 could	 be	 a	 useful	 tool	
for	 investigating	 the	 impact	 of	 sex	 steroid	 hormones	 on	 cognition.	
However,	a	disadvantage	of	[15O]H2O	PET	is	the	exposure	of	subjects	
to	 a	 radioactive	 substance.	 For	 many	 research	 questions,	 magnetic	

resonance	 imaging	 (MRI)	 techniques	 have	 now	 replaced	 [15O]H2O	
PET.	 Functional	 MRI	 using	 blood-	oxygen-	level	 dependent	 (BOLD)	
imaging	 is	a	 frequently	used	 technique	 for	measuring	 regional	brain	
activity.	Although	the	BOLD	signal	 is	dependent	on	blood	flow,	 it	 is	
not	a	direct	measure	of	the	rCBF.	Functional	MRI	using	arterial	spin	
labelling	(ALS),	on	the	other	hand,	measures	the	transit	of	magnetically	
labelled	water	and	thus	can	provide	a	direct	measure	of	the	rCBF.	In	
many	situations,	ALS	can	therefore	provide	a	suitable	alternative	for	
[15O]H2O	PET.

5.2 | Brain metabolism and sex hormones: [18F]FDG

2-	Deoxy-	2-	[18F]fluoro-	d-	glucose	 ([18F]FDG)	 is	 the	 most	 frequently	
used	 radiotracer	 in	 PET	 imaging.	 Because	 the	metabolic	 properties	
of	 [18F]FDG	are	similar	 to	 those	of	d-	glucose,	 [18F]FDG	PET	can	be	
used	to	detect	tissues	with	changed	glucose	metabolism.	[18F]FDG	is	
mainly	used	for	the	diagnosis	of	cancer,	infections	and	cardiovascular	
diseases.88	Glucose	is	the	primary	source	of	energy	for	the	brain	and,	
consequently,	[18F]FDG	PET	can	also	be	used	to	assess	brain	glucose	
metabolism,	which	is	often	used	as	a	surrogate	marker	for	brain	ac-
tivity.	Thus,	[18F]FDG	PET	can	be	used	to	assess	changes	in	cerebral	
activity	of	specific	brain	areas	during	the	time	course	of	diseases	and	
to	evaluate	the	effect	of	treatment.

Few	preclinical	studies	using	[18F]FDG	PET	have	been	performed	
to	 investigate	 the	 effect	 of	 sex	 steroid	 hormones	 on	 brain	 glucose	
metabolism.	The	first	study	 in	 this	specific	 field	aimed	to	determine	
the	neural	correlates	of	sexual	competition	in	male	rhesus	macaques.	
The	 study	 showed	 metabolic	 differences	 between	 male	 monkeys	
confronted	with	 threats	 to	 their	exclusive	sexual	access	 to	a	 female	
mate	and	controls.	The	differences	in	brain	glucose	metabolism	were	
correlated	 with	 differences	 in	 testosterone	 levels.89	 [18F]FDG	 PET	
studies	in	a	rat	model	of	traumatic	brain	injury	aimed	to	visualise	the	
effects	of	hormone	therapy,	using	either	synthetic	or	endogenous	oes-
trogens.90,91	These	studies	demonstrated	 that	 the	steroid	hormones	
reduced	the	trauma-	induced	decrease	in	glucose	metabolism,	suggest-
ing	a	beneficial	effect	on	cellular	survival.

F IGURE  3 Chemical	structure	of	
tested	radiotracers	in	the	brain	for	both	
sex hormone receptors and oestrogen 
synthesis. 16α-[	18F]		fluoro-	17ß-	oestradiol	
([18F]FES)	is	the	radioligand	used	for	
oestrogen	receptors	(ER).	16ß-	[18F]
fluorodihydrotestosterone	([18F]FDHT)	
corresponds to the tracer tested in the 
rat brain to visualise androgen receptors 
(AR).	[11C]vorozole,	[11C]letrozole	and	[11C]
cetrozole	are	all	tracers	for	aromatase	
quantification,	which	is	the	enzyme	
responsible	for	oestrogen	production	using	
testosterone as substrate
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[18F]FDG	PET	was	 also	 used	 in	 several	 human	 studies	 to	 inves-
tigate	 the	 effect	 of	 steroid	 hormones	 on	 brain	metabolism.	 Reiman	
et al92	measured	[18F]FDG	uptake	in	specific	brain	regions	of	female	
volunteers	 aiming	 to	 study	 the	 effect	 of	 circulating	 oestrogens	 on	
brain	 glucose	 metabolism.	 Different	 [18F]FDG	 distribution	 patterns	
were	observed	during	the	different	phases	of	the	menstrual	cycle.	In	
particular,	 a	 higher	 [18F]FDG	uptake	was	observed	 in	 thalamic,	 pre-
frontal,	temporoparietal	and	inferior	temporal	regions	during	the	mid-	
follicular	 phase,	 whereas	 the	 mid-	luteal	 phase	was	 associated	with	
higher	 [18F]FDG	uptake	 in	 superior	 temporal,	 anterior	 temporal,	 oc-
cipital,	cerebellar,	cingulate	and	anterior	insular	regions.	Other	studies	
investigated	the	effect	of	hormonal	therapy	or	hormonal	administra-
tion	on	brain	metabolism.	A	useful	approach	for	an	assessment	of	the	
impact	of	steroid	hormones	on	the	metabolism	of	the	human	brain	is	
the	use	of	postmenopausal	women	or	hypogonadal	males	because	of	
the	significant	decrease	in	basal	levels	of	sexual	hormones	in	the	body	
of	these	subjects.	Eberling	et	al93	studied	the	effect	of	oestrogen	ag-
onists	and	antagonists	in	postmenopausal	healthy	women,	or	women	
with breast cancer. Changes in glucose metabolism were mainly ob-
served	 in	 the	 frontal	 lobe	 and	 the	 hippocampus.	 A	 small	 [18F]FDG	
PET	study	in	men	with	hypogonadism	investigated	the	effect	of	tes-
tosterone substitution therapy on brain glucose metabolism during a 
mental rotation test.94	In	4	out	of	6	subjects,	testosterone	substitution	
improved the mental rotation score and only these subjects showed 
an	 increase	 in	 [18F]FDG	uptake	 in	one	specific	brain	area	compared	
to	baseline.	Remarkably,	each	of	these	individuals	revealed	a	different	
area	with	enhanced	tracer	uptake	(right	inferior	occipital	gyrus,	right	

inferior	frontal	gyrus,	right	middle	temporal	gyrus,	left	primary	visual	
cortex),	which	makes	it	difficult	to	draw	any	conclusions.

Besides	 the	 investigation	 of	 regional	 glucose	 metabolism,	 it	 is	
possible to study the connectivity and network changes associ-
ated	with	steroid	hormone	 treatment	using	 [18F]FDG	PET.	Ottowitz	
et al95	 investigated	whether	 the	 connectivity	 of	 specific	 brain	 areas	
was	 associated	 with	 systemic	 hormone	 levels.	 They	 observed	 that	
oestradiol	 injections	 induced	significant	changes	 in	 [18F]FDG	uptake	
and	prefrontal-	hippocampal	connectivity	in	postmenopausal	women.	
When	pre-		and	postmenopausal	subjects	were	compared,	changes	in	
the	amygdala-	cortical	network	connectivity	were	observed	as	well.96

[18F]FDG	PET	can	also	be	used	to	study	secondary	effects	asso-
ciated	 to	hormonal	 therapies.	 [18F]FDG	PET	was	 applied	 to	 investi-
gate	possible	neurobiological	factors	underlying	the	hot	flashes	as	a	
secondary	effect	of	hormone	adjuvant	treatment	in	breast	cancer	pa-
tients. Reduced glucose metabolism in the hypothalamus and insular 
cortex	was	found	to	be	a	predictor	of	the	development	of	hot	flashes.97 
Other	studies	investigated	the	risk	of	developing	neurocognitive	disor-
ders by hormone therapy in menopausal and postmenopausal women. 
Silverman et al98	 investigated	 the	 effect	 of	 oestrogen-	containing	
hormone therapies on brain glucose metabolism in postmenopausal 
women	at	risk	of	Alzheimer’s	disease.	[18F]FDG	PET	demonstrated	that	
oestrogens	had	a	neuroprotective	effect,	which	was	associated	with	
a	better	score	on	verbal	memory.	Women	continuing	on	oestrogen-	
based	hormone	therapy	showed	a	preservation	of	glucose	metabolism	
in	the	precuneus/posterior	cingulate	cortical	area,	comprising	a	brain	
region	known	to	show	significant	degeneration	in	the	early	stages	of	

F IGURE  4  (A)	2-	Deoxy-	2-	[18F]fluoro-	d-	glucose	([18F]FDG)	positron	emission	tomography	(PET)	images	of	the	brain	of	a	healthy	woman.	The	
subject	had	fasted	for	6	hours	prior	to	the	scan.	Static	PET	images	were	acquired	30-	35	min	after	injection	of	200	MBq	of	[18F]FDG.	[18F]FDG	
uptake	is	presented	as	standardised	uptake	values	(SUV)	and	is	a	surrogate	marker	for	brain	glucose	metabolism.	(B)	[18F]FDG	PET	images	of	the	
brain	of	a	healthy	female	Wistar	rat.	The	images	were	reconstructed	from	a	30-	min	static	scan	that	was	acquired	45	min	after	i.v.	injection	of	17	
MBq	of	[18F]FDG.	[18F]FDG	uptake	is	presented	as	the	SUV

(A) (B)
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Alzheimer’s	disease.99	[18F]FDG	PET	has	also	been	used	to	study	the	
correlation between brain metabolism and oestradiol brain levels in 
postmenopausal	women	with	Alzheimer’s	 disease.	 In	 a	 small	 study,	
a	 direct	 linear	 correlation	was	 found	 between	 hippocampal	 glucose	
metabolism	 and	 oestradiol	 levels	 in	 the	 cerebrospinal	 fluid.100	 [18F]
FDG	PET	was	 also	 able	 to	 reveal	 regional	 changes	 in	 brain	 glucose	
metabolism	 as	 a	 result	 of	 testosterone	 replacement	 therapy	 in	 two	
hypogonadal	patients	with	Alzheimer’s	disease.101	Furthermore,	[18F]
FDG	PET	was	able	to	demonstrate	a	compensatory	effect	of	testoster-
one administration on brain hypometabolism in women with anorexia 
nervosa.102	An	example	of	[18F]FDG	imaging	in	the	brain	is	provided	
in Figure 4.

5.3 | Sex steroid hormones and neurotransmitter 
activity regulation

Sex steroid hormones are known to participate in many developmen-
tal	and	 regulatory	processes	 in	 the	brain.	Most	of	 these	effects	are	
mediated by either direct actions on hormone receptors or by indirect 
modulation	of	other	neurotransmitter	systems.103

Serotonin is an important neurotransmitter that plays a central role 
in	brain	development,	stress	reactivity,	mood	and	several	psychiatric	
disorders.104	Serotonin	signalling	can	be	affected	by	sex	steroid	hor-
mones.103	Serotonin	receptors	(5-	HTR)	are	part	of	a	complex	signalling	
pathway	in	the	brain	and	can	be	divided	into	7	different	families,	each	
with	different	subtypes.	PET	tracers	are	available	 for	several	5-	HTR	
subtypes.	So	far,	only	few	5-	HTR	tracers	have	been	used	to	study	the	
interactions between sex hormones and serotonin neurotransmission.

[11C]-	WAY100635	can	be	used	to	measure	the	expression	of	the	
5-	HTR1A subtype. Some studies have used this tracer to assess pos-
sible	 correlations	 between	 5HTR1A expression and circulating hor-
mone	concentrations	in	humans.	PET	imaging	with	[11C]-	WAY100635	
showed	 that	 5-	HTR1A	 expression	 in	 the	 hippocampus	 of	 healthy	
women	is	positively	correlated	with	levels	of	the	androgen	and	oestro-
gen	precursor	dehydroepiandrosterone	(DHEA),	suggesting	a	role	for	
the	serotoninergic	system	in	the	up-	regulation	of	sex	steroids.105	PET	
also	 showed	 that	 lateralisation	of	5-	HTR1A in language areas (hemi-
spheric	asymmetry)	 is	positively	correlated	with	plasma	levels	of	sex	
hormones.106	Other	PET	studies	with	[11C]-	WAY100635	have	shown	
that	increased	5HTR1A expression was associated with enhanced pro-
gesterone	 and	DHEA	 levels	 in	 pre-		 and	postmenopausal	women.107 
Sex	hormone	levels	were	found	to	be	correlated	with	test	scores	for	
aggression	and	5-	HTR1A	 tracer	uptake	 in	 frontal	 areas.

108 Serotonin 
changes	have	also	been	studied	 in	 the	brain	of	menopausal	women	
treated	with	hormone	therapy,	but	no	significant	differences	in	[11C]-	
WAY100635	uptake	were	found	between	subjects	treated	with	oes-
tradiol alone or oestradiol + progesterone.109

Another	 receptor	 of	 interest	 is	 the	 5-	HTR2A.	 Longitudinal	 PET	
studies	 with	 the	 tracer	 [18F]altanserin	 showed	 increased	 5-	HTR2A 
binding	 in	 the	whole	brain	and	 in	 specific	brain	 regions	 (eg,	 the	hy-
pothalamus	 and	 cortex)	 of	 postmenopausal	 women	 that	 were	 first	
treated	with	oestradiol	 alone,	 and	were	 later	 treated	with	 the	 com-
bination	of	oestradiol	with	progesterone.110,111	Another	 study	using	

the same radiotracer showed a positive correlation between cortical 
[18F]altanserin	binding	and	levels	of	endogenous	oestradiol	in	men.112

A	 recent	 study	 used	 [11C]SB207145,	 a	 specific	 tracer	 for	 im-
aging	 of	 5-	HTR4.	 A	 negative	 correlation	 was	 observed	 between	
binding	of	 [11C]SB207145	to	5-	HTR4 receptors in the whole brain 
and both oestradiol and testosterone levels in healthy men.113 
Several	 studies	 used	 the	 radiolabelled	 serotonin	 precursor	 [11C]-	
5-	hydroxytryptophan	 ([11C]-	5-	HTP)	 and	 tracers	 for	 the	 serotonin	
transporter	 (SERT).	 [11C]5-	HTP	and	 [15O]H2O	were	used	 to	 inves-
tigate	 the	correlation	between	 regional	 serotonin	synthesis,	blood	
flow	and	the	levels	of	sex	hormones	and	symptoms	of	premenstrual	
dysphoria	in	women,	showing	an	inverse	correlation	between	men-
strual phase changes in plasma oestradiol levels and changes in the 
right-	to-	left	[11C]5-	HTP	uptake	ratios	in	the	dorsolateral	prefrontal	
cortex.114	Two	PET	imaging	studies	with	different	tracers	examined	
the	 interplay	between	 sex	hormones	 and	 the	 expression	of	 SERT,	
which	 is	 known	 to	 be	 related	 to	 brain	 processes	 affected	 in	 psy-
chiatric disorders.115 Frokjaer et al116	 investigated	the	 influence	of	
therapy	 with	 GnRH	 agonists	 on	 depressive	 symptoms	 and	 SERT	
availability	 using	 PET	 with	 the	 tracer	 [11C]DASB.	 GnRH	 therapy	
decreased	oestrogen	 levels,	 induced	depressive	symptoms	and	 in-
creased	SERT	availability	in	neocortex.	Jovanovic	et	al117	used	[11C]
MADAM	PET	and	showed	a	decrease	in	SERT	expression	after	long-	
term	treatment	of	postmenopausal	women	with	oestrogen	alone	or	
a	combination	of	oestrogen	and	testosterone.

A	small	study	with	the	dopamine	receptor	 ligand	[11C]raclopride 
aimed	to	visualise	changes	 in	dopamine	D2/D3	receptor	availability	
over	 the	different	phases	of	 the	menstrual	cycle	 in	healthy	women.	
However,	no	significant	changes	in	[11C]raclopride binding were ob-
served.118	Another	 study	 evaluated	 the	 effect	 of	 circulating	 testos-
terone	 and	 oestradiol	 on	 D2/D3	 receptor	 availability	 in	 Göttingen	
minipigs	treated	with	chronic	amphetamine	 in	a	 longitudinal	design,	
using	[11C]raclopride	PET.	The	study	did	not	reveal	any	significant	cor-
relation between the imaging results and the plasma concentrations 
of	testosterone	or	oestradiol	either.119	A	later	study	used	a	different	
tracer	 for	 the	 same	 receptor	 ([18F]fluoroclebopride)	 in	 female	cyno-
molgus	 monkeys	 and	 demonstrated	 differences	 in	 the	 distribution	
volume ratio in the caudate nucleus and the putamen between the 
luteal	and	follicular	phase.120	Two	additional	studies	on	the	dopami-
nergic	system	have	been	reported	upon.	Kindlundh	et	al121 used three 
different	 tracers	 to	measure	 dopaminergic	 changes	 in	 the	 rat	 brain	
as	a	result	of	 treatment	with	anabolic-	androgenic	steroids.	Changes	
in	 the	 density	 of	 dopamine	 transporters	were	 assessed	 using	 [11C]
FE-	β-	CIT,	changes	in	the	density	of	D1	receptors	were	assessed	with	
[11C]-	(+)-	SCH23390	and	changes	in	D2/D3	receptors	were	assessed	
with	 [11C]raclopride.	Treatment	with	 the	 androgen	nandrolone	only	
caused	an	increased	in	[11C]FE-	β-	CIT	binding	in	striatum,	indicative	of	
up-	regulation	of	dopamine	transporters.121	Dopamine	receptor	avail-
ability	was	not	affected.	Another	study	assessed	the	effect	of	steroid	
hormones	on	dopamine	metabolism	in	ovariectomised	female	rhesus	
monkeys,	using	the	tracer	[18F]6-	fluoro-	l-	m-	tyrosine.	However,	signif-
icant	changes	in	the	concentrations	of	the	dopamine	precursor	were	
not detected.122
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Interactions	of	steroid	hormones	with	the	GABAergic	neurotans-
mitter	 systems	 have	 been	 studied	 using	PET	with	 [18F]flumazenil,	 a	
tracer	for	GABAA	receptors.	The	effect	of	ovariectomy	and	oestradiol	
replacement	on	GABAA receptor expression was investigated in a social 
subordination	model	of	female	rhesus	monkeys.	Ovariectomy	caused	
an	 increase	 in	 [18F]flumazenil	 binding	 in	 the	 cortex	 and	 other	 brain	
areas.	This	effect	was	reversed	by	hormone	replacement	therapy.123

The	aforementioned	 studies	 show	 that	 sex	 steroid	hormones	 can	
have	an	effect	on	brain	neurotransmitter	systems	and	also	that	 these	
effects	can	be	monitored	non-	invasively	with	PET.	So	far,	only	few	publi-
cation	describe	the	use	of	this	approach	in	neuroendocrinology	studies,	
indicating	an	area	of	research	that	still	remains	unexplored.	Most	of	the	
studies	showed	interactions	of	sex	hormones	with	major	neurotransmit-
ter systems involved in psychiatric disorders such as serotonin and do-
pamine,	positioning	them	as	likely	targets	for	future	research	in	this	field.

6  | CONCLUSIONS

There	is	ongoing	research	on	the	influence	of	sex	steroid	hormones	on	
brain	development	and	brain	function.	Although	the	expression	of	sex	
steroid hormone receptors in the brain has been demonstrated9 and 
some	roles	of	 these	hormones	 in	the	brain	have	been	elucidated,2-4 
there	is	still	a	large	gap	in	our	knowledge	of	these	hormone	system.	
This	can	be	partly	be	ascribed	to	the	lack	of	suitable	techniques	avail-
able	 for	assessing	 the	dynamics	and	 interplay	of	 these	molecules	 in	
the	living	brain.	Non-	invasive	imaging	could	offer	a	good	opportunity	
to	investigate	the	role	of	sex	steroid	hormones	and	their	receptors	in	
the brain in health and disease.

Specific	radiotracers	for	PET	imaging	of	oestrogen,	progestin	and	
androgen	receptors	have	been	developed,	although	only	few	of	them	
have	 been	 tested	 in	 the	 brain.	 Some	 successful	 studies,	 especially	
using	the	ER	tracer	[18F]FES,	have	been	performed,	although	low	up-
take	in	brain	areas	with	low	receptor	density,	rapid	tracer	metabolism	
and	unfavourable	kinetics	of	many	tracers	limit	the	application	of	these	
tracers	 for	 the	visualisation	and	quantification	of	changes	of	steroid	
receptor	density	 in	specific	brain	areas.	Tracers	with	higher	affinities	
and	metabolic	stability	and	better	blood-	brain	barrier	penetration	are	
needed	to	expand	this	research	field.

PET	imaging	can	also	be	used	to	quantify	the	effects	of	sex	steroids	
on	brain	perfusion	and	metabolism.	Hormone	treatment	in	conditions	
such	as	menopause,	hypogonadism	and	steroid	abuse	appears	to	pro-
vide	useful	paradigms	for	studying	the	effect	of	steroid	signalling	on	
brain activity or examining the relationship between stress hormone 
levels	and	biological	outcomes	in	humans.	Studies	of	the	correlations	
between hormone levels in plasma and regional tracer uptake may 
also	provide	useful	 information	on	the	 involvement	of	specific	brain	
regions	and	regional	connectivity.	The	use	of	animal	models	may	also	
be	useful	because	many	experimental	manipulations	can	be	applied	in	
animals but not in humans.

Furthermore,	a	plethora	of	PET	tracers	for	specific	neurotransmit-
ter	receptors	and	transporters	are	available.	These	tracers	enable	the	
investigation	of	 the	 interaction	between	sex	steroid	hormones	and	

various	 neurotransmitter	 systems.	These	 studies	 could	 help	 to	 un-
ravel	the	mechanisms	that	are	responsible	for	the	impact	of	sex	ste-
roid	hormones	on	brain	function	and	neuroprotection.	An	improved	
understanding	of	 these	effects	 could	 result	 in	 the	 improvement	of	
existing	hormone	therapies.	Studies	could	focus	on,	for	example,	dis-
crimination	of	specific	receptor	functions	 in	terms	of	fast	and	slow	
effects,	sex	differences	and	the	mechanisms	of	action	of	steroids	in	
diseases	of	the	brain.	We	have	reviewed	PET	studies	related	to	the	
function	of	sex	hormones	in	the	brain.	If	the	limitations	identified	can	
be	overcome,	PET	may	prove	to	be	a	promising	non-	invasive	tech-
nique that can be applied in both experimental animals and human 
subjects,	which	would	facilitate	the	translation	of	interesting	findings	
from	studies	in	experimental	animals	into	clinical	trials	in	humans.

ACKNOWLEDGEMENTS

We	are	grateful	 to	Bruno	Lima	Giacobbo	and	Anna	Schildt	for	their	
useful	comments.

CONFLICT OF INTERESTS

The	authors	declare	that	they	have	no	conflicts	of	interest.

AUTHOR CONTRIBUTIONS

RM,	 EdV,	 AvW	 and	 JD	 co-	wrote	 the	 manuscript.	 RM	 collated	 the	
material.

ORCID

E. F. J. de Vries  http://orcid.org/0000-0002-6915-1590 

REFERENCES

	 1.	 Simerly	RB.	Wired	on	hormones:	endocrine	regulation	of	hypotha-
lamic development. Curr Opin Neurobiol.	2005;15:81-85.

	 2.	 Frick	KM,	Kim	J,	Tuscher	JJ,	Fortress	AM.	Sex	steroid	hormones	mat-
ter	for	 learning	and	memory:	estrogenic	regulation	of	hippocampal	
function	in	male	and	female	rodents.	Learn Mem.	2015;22:472-493.

	 3.	 Maeng	 LY,	 Milad	 MR.	 Sex	 differences	 in	 anxiety	 disorders:	 inter-
actions	 between	 fear,	 stress,	 and	 gonadal	 hormones.	Horm Behav. 
2015;76:106-117.

	 4.	 Diamanti-Kandarakis	 E,	Dattilo	M,	Macut	D,	 et	 al.	Mechanisms	 in	
endocrinology :	aging	and	anti-	aging:	a	combo-	endocrinology	over-
view. Eur J Endocrinol	2017;176:R283-R308.

	 5.	 Handa	 RJ,	 Weiser	 MJ.	 Gonadal	 steroid	 hormones	 and	 the	
hypothalamo-	pituitary-	adrenal	 axis.	 Front Neuroendocrinol. 
2014;35:197-220.

	 6.	 Hammond	GL.	Plasma	steroid-	binding	proteins:	primary	gatekeepers	
of	steroid	hormone	action.	J Endocrinol.	2016;230:R13-R25.

	 7.	 Shibuya	 K,	 Takata	 N,	 Hojo	 Y,	 et	 al.	 Hippocampal	 cytochrome	
P450s synthesize brain neurosteroids which are paracrine neuro-
modulators	 of	 synaptic	 signal	 transduction.	 Biochim Biophys Acta. 
2003;1619:301-316.

	 8.	 Baulieu	 EE.	 Neurosteroids:	 a	 novel	 function	 of	 the	 brain.	
Psychoneuroendocrinology.	1998;23:963-987.

http://orcid.org/0000-0002-6915-1590
http://orcid.org/0000-0002-6915-1590


10 of 12  |     MORAGA- AMARO et Al.

	 9.	 Mitra	SW,	Hoskin	E,	Yudkovitz	J,	et	al.	Immunolocalization	of	estro-
gen receptor β in the mouse brain: comparison with estrogen recep-
tor α. Endocrinology.	2003;144:2055-2067.

	 10.	 Laws	KR,	Irvine	K,	Gale	TM.	Sex	differences	in	cognitive	impairment	
in	Alzheimer’s	disease.	World J Psychiatry.	2016;6:54-65.

	 11.	 Bao	 A-M.	 Colocalization	 of	 corticotropin-	releasing	 hormone	 and	
oestrogen	receptor-		in	the	paraventricular	nucleus	of	the	hypothala-
mus in mood disorders. Brain.	2005;128:1301-1313.

	 12.	 Shughrue	PJ,	Lane	MV,	Merchenthaler	I.	Comparative	distribution	of	
estrogen	receptor-	alpha	and	-	beta	mRNA	in	the	rat	central	nervous	
system. J Comp Neurol.	1997;388:507-525.

	 13.	 Takano	 A.	 The	 application	 of	 PET	 technique	 for	 the	 develop-
ment	 and	 evaluation	 of	 novel	 antipsychotics.	 Curr Pharm Des. 
2010;16:371-377.

	 14.	 Hospers	GAP,	Helmond	FA,	de	Vries	EGE,	Dierckx	RA,	de	Vries	EFJ.	
PET	 imaging	of	 steroid	 receptor	expression	 in	breast	and	prostate	
cancer. Curr Pharm Des.	2008;14:3020-3032.

	 15.	 Höfer	P,	Lanzenberger	R,	Kasper	S.	Testosterone	in	the	brain:	neuro-
imaging	findings	and	the	potential	role	for	neuropsychopharmacol-
ogy. Eur Neuropsychopharmacol.	2013;23:79-88.

	 16.	 Moresco	RM,	Casati	R,	Lucignani	G,	et	al.	Systemic	and	cerebral	ki-
netics	of	16	alpha	[18F]fluoro-	17	beta-	estradiol:	a	ligand	for	the	in	
vivo	 assessment	 of	 estrogen	 receptor	 binding	parameters.	 J Cereb 
Blood Flow Metab.	1995;15:301-311.

	 17.	 Kawata	M,	Nishi	M,	Matsuda	K,	et	al.	Steroid	receptor	signalling	in	
the	brain	-		lessons	learned	from	molecular	imaging.	J Neuroendocrinol. 
2008;20:673-676.

	 18.	 Walf	AA,	Frye	CA.	A	review	and	update	of	mechanisms	of	estrogen	in	
the	hippocampus	and	amygdala	for	anxiety	and	depression	behavior.	
Neuropsychopharmacology.	2006;31:1097-1111.

	 19.	 Thorpe	L,	Whit	K,	Kutcher	SP.	Clinical	guidelines	for	the	treatment	
of	 depressive	 disorders	 VI.	 special	 populations.	 Can J Psychiatry. 
2001;46:63-76.

	 20.	 Montgomery	JC,	Brincat	M,	Tapp	A,	et	al.	Effect	of	oestrogen	and	
testosterone implants on psychological disorders in the climacteric. 
Lancet.	1987;329:297-299.

	 21.	 Shaukat	 A,	 Arain	 TM,	 Shahid	 A,	 Irfan	 S,	 Farrukh	 S.	 Estrogen	 re-
placement	therapy	for	depression	in	perimenopausal	women.	J Coll 
Physicians Surg Pak.	2005;15:597-600.

	 22.	 Grigoriadis	S,	Kennedy	SH.	Role	of	estrogen	in	the	treatment	of	de-
pression. Am J Ther.	2002;9:503-509.

	 23.	 Carswell	HV,	Dominiczak	AF,	Macrae	IM.	Estrogen	status	affects	sen-
sitivity	to	focal	cerebral	ischemia	in	stroke-	prone	spontaneously	hy-
pertensive rats. Am J Physiol Heart Circ Physiol. 2000;278:H290–H294.

	 24.	 McCullough	LD,	Blizzard	K,	Simpson	ER,	Oz	OK,	Hurn	PD.	Aromatase	
cytochrome P450 and extragonadal estrogen play a role in ischemic 
neuroprotection. J Neurosci.	2003;23:8701-8705.

	 25.	 McEwen	BS,	Akama	KT,	Spencer-Segal	JL,	Milner	TA.	Estrogen	ef-
fects	on	the	brain:actions	beyond	the	hypothalamus	via	novel	mech-
anisms. Behav Neurosci.	2012;126:4-16.

	 26.	 Herrick	 SP,	 Waters	 EM,	 Drake	 CT,	 McEwen	 BS,	 Milner	 TA.	
Extranuclear estrogen receptor beta immunoreactivity is on 
doublecortin-	containing	cells	 in	the	adult	and	neonatal	rat	dentate	
gyrus. Brain Res.	2006;1121:46-58.

	 27.	 Sheppard	PAS,	Koss	WA,	Frick	KM,	Choleris	E.	Rapid	actions	of	estro-
gens and their receptors on memory acquisition and consolidation in 
females.	J Neuroendocrinol	2017;	May	10.	https://doi.org/10.1111/
jne.12485.	[Epub	ahead	of	print].

	 28.	 Vahaba	DM,	Remage-healey	L,	Program	B.	Brain	estrogen	produc-
tion	and	the	encoding	of	recent	experience	Daniel.	Curr Opin Behav 
Sci.	2016;6:148-153.

	 29.	 Fortress	AM,	Frick	KM.	Epigenetic	regulation	of	estrogen-	dependent	
memory. Front Neuroendocrinol.	2014;35:530-549.

	 30.	 Thomas	T,	Rhodin	JA,	Sutton	ET,	Bryant	MW,	Price	JM.	Estrogen	pro-
tects	peripheral	and	cerebral	blood	vessels	from	toxicity	of	Alzheimer	

peptide	amyloid-	beta	and	inflammatory	reaction.	J Submicrosc Cytol 
Pathol.	1999;31:571-579.

	 31.	 Webber	KM,	Casadesus	G,	Marlatt	MW,	et	al.	Estrogen	bows	to	a	
new	master:	 the	 role	of	gonadotropins	 in	Alzheimer	pathogenesis.	
Ann NY Acad Sci.	2005;1052:201-209.

	 32.	 Shumaker	SA,	Legault	C,	Rapp	SR,	et	al.	Estrogen	plus	progestin	and	
the	 incidence	of	dementia	 and	mild	 cognitive	 impairment	 in	post-
menopausal women. JAMA.	2003;289:2651-2662.

	 33.	 Zheng	 P.	 Neuroactive	 steroid	 regulation	 of	 neurotransmitter	 re-
lease	in	the	CNS:	action,	mechanism	and	possible	significance.	Prog 
Neurobiol.	2009;89:134-152.

	 34.	 Rybczynska	 AA,	 Elsinga	 PH,	 Sijbesma	 JW,	 et	 al.	 Steroid	 hor-
mones	 affect	 binding	 of	 the	 sigma	 ligand	 11C-	SA4503	 in	 tu-
mour	 cells	 and	 tumour-	bearing	 rats.	 Eur J Nucl Med Mol Imaging. 
2009;36:1167-1175.

	 35.	 Maurice	T,	Grégoire	C,	Espallergues	J.	Neuro(active)steroids	actions	
at the neuromodulatory sigma1 (σ1)	receptor:	biochemical	and	phys-
iological	 evidences,	 consequences	 in	 neuroprotection.	 Pharmacol 
Biochem Behav.	2006;84:581-597.

	 36.	 Cai	W,	Zhu	Y,	 Furuya	K,	 Li	Z,	 Sokabe	M,	Chen	L.	Two	different	
molecular mechanisms underlying progesterone neuropro-
tection against ischemic brain damage. Neuropharmacology. 
2008;55:127-138.

	 37.	 Woolley	 CS,	 McEwen	 BS.	 Roles	 of	 estradiol	 and	 progesterone	 in	
regulation	of	hippocampal	dendritic	spine	density	during	the	estrous	
cycle in the rat. J Comp Neurol.	1993;336:293-306.

	 38.	 Schumacher	M,	Hussain	R,	Gago	N,	Oudinet	JP,	Mattern	C,	Ghoumari	
AM.	Progesterone	synthesis	in	the	nervous	system:	implications	for	
myelination and myelin repair. Front Neurosci	2012;6:1-22.

	 39.	 McEwen	BS.	Estradiol	and	progesterone	regulate	neuronal	structure	
and synaptic connectivity in adult as well as developing brain. Exp 
Gerontol.	1994;29:479-493.

	 40.	 Zhang	Z,	Yang	R,	Zhou	R,	Li	L,	Sokabe	M,	Chen	L.	Progesterone	pro-
motes	the	survival	of	newborn	neurons	in	the	dentate	gyrus	of	adult	
male mice. Hippocampus.	2010;20:402-412.

	 41.	 Mellon	SH.	Neurosteroid	regulation	of	central	nervous	system	devel-
opment. Pharmacol Ther.	2007;116:107-124.

	 42.	 Gibson	CL,	Gray	LJ,	Bath	PMW,	Murphy	SP.	Progesterone	 for	 the	
treatment	of	experimental	brain	 injury;	 a	 systematic	 review.	Brain. 
2008;131:318-328.

	 43.	 Djebaili	M,	 Guo	Q,	 Pettus	 EH,	 Hoffman	 SW,	 Stein	 DG.	 The	 neu-
rosteroids	 progesterone	 and	 allopregnanolone	 reduce	 cell	 death,	
gliosis,	and	functional	deficits	after	traumatic	brain	 injury	 in	rats.	J 
Neurotrauma.	2005;22:106-118.

	 44.	 Labombarda	 F,	 Garcia-Ovejero	 D.	 Give	 progesterone	 a	 chance.	
Neural Regen Res.	2014;9:1422-1424.

	 45.	 Deutsch	ER,	Espinoza	TR,	Atif	F,	Woodall	E,	Kaylor	J,	Wright	DW.	
Progesterone’s	 role	 in	 neuroprotection,	 a	 review	 of	 the	 evidence.	
Brain Res.	2013;1530:82-105.

	 46.	 Frye	CA,	Scalise	TJ.	Anti-	seizure	effects	of	progesterone	and	3α,5α-	
THP	 in	 kainic	 acid	 and	 perforant	 pathway	 models	 of	 epilepsy.	
Psychoneuroendocrinology.	2000;25:407-420.

	 47.	 Li	Y,	Raaby	KF,	Sánchez	C,	Gulinello	M.	Serotonergic	receptor	mech-
anisms	 underlying	 antidepressant-	like	 action	 in	 the	 progesterone	
withdrawal	model	of	hormonally	 induced	depression	in	rats.	Behav 
Brain Res.	2013;256:520-528.

	 48.	 Carré	JM,	McCormick	CM,	Hariri	AR.	The	social	neuroendocrinology	
of	human	aggression.	Psychoneuroendocrinology.	2011;36:935-944.

	 49.	 Seidman	 SN.	Normative	 hypogonadism	 and	 depression:	 does	 “an-
dropause” exist? Int J Impot Res.	2006;18:415-422.

	 50.	 van	Wingen	GA,	Ossewaarde	L,	Bäckström	T,	Hermans	EJ,	Fernández	
G.	Gonadal	hormone	regulation	of	the	emotion	circuitry	in	humans.	
Neuroscience.	2011;191:38-45.

	 51.	 Talih	F,	Fattal	O,	Malone	D.	Anabolic	steroid	abuse:	psychiatric	and	
physical costs. Cleve Clin J Med	2007;74:341-344.	346,	349-352.

https://doi.org/10.1111/jne.12485
https://doi.org/10.1111/jne.12485


     |  11 of 12MORAGA- AMARO et Al.

	 52.	 McHenry	 J,	 Carrier	 N,	 Hull	 E,	 Kabbaj	M.	 Sex	 differences	 in	 anxi-
ety	 and	 depression:	 role	 of	 testosterone.	 Front Neuroendocrinol. 
2014;35:42-57.

	 53.	 Galea	LAM,	Wainwright	SR,	Roes	MM,	Duarte-Guterman	P,	Chow	C,	
Hamson	DK.	Sex,	hormones	and	neurogenesis	in	the	hippocampus:	
hormonal	modulation	of	neurogenesis	and	potential	 functional	 im-
plications. J Neuroendocrinol.	2013;25:1039-1061.

	 54.	 Leranth	C,	Hajszan	T,	MacLusky	NJ.	Androgens	increase	spine	syn-
apse	density	in	the	CA1	hippocampal	subfield	of	ovariectomized	fe-
male rats. J Neurosci.	2004;24:495-499.

	 55.	 Romeo	RD,	McCarthy	JB,	Wang	A,	Milner	TA,	McEwen	BS.	Sex	dif-
ferences	in	hippocampal	estradiol-	induced	N-	methyl-	D-	aspartic	acid	
binding	and	ultrastructural	 localization	of	estrogen	 receptor-	alpha.	
Neuroendocrinology.	2005;81:391-399.

	 56.	 van	 Kruchten	 M,	 de	 Vries	 EGE,	 Brown	 M,	 et	 al.	 PET	 imaging	 of	
oestrogen receptors in patients with breast cancer. Lancet Oncol. 
2013;14:e465-e475.

	 57.	 Moresco	RM,	Scheithauer	BW,	Lucignani	G,	et	al.	Oestrogen	recep-
tors	 in	 meningiomas:	 a	 correlative	 PET	 and	 immunohistochemical	
study. Nucl Med Commun.	1997;18:606-615.

	 58.	 Khayum	 MA,	 de	 Vries	 EFJ,	 Glaudemans	 AWJM,	 Dierckx	 RAJO,	
Doorduin	J.	 In	Vivo	 imaging	 of	 brain	 estrogen	 receptors	 in	 rats:	 a	
16	 alpha-	F-	18-	fluoro-	17	 beta-	estradiol	 PET	 study.	 J Nucl Med. 
2014;55:481-487.

	 59.	 Hattersley	G,	 David	 F,	 Harris	A,	 Clarkin	M,	 Banks	 K,	 Glaudemans	
AWJM,	Doorduin	J,	Koole	M,	de	Vries	EFJ,	Williams	G.	A	phase	1	
dose	 escalation	 study	 of	 RAD1901,	 an	 oral	 selective	 estrogen	 re-
ceptor	 degrader,	 in	 healthy	 postmenopausal	 women.	 Cancer Res. 
2016;76	(Suppl	4):	6-13-02.

	 60.	 Pomper	 MG,	 Katzenellenbogen	 JA,	 Welch	 MJ,	 Brodack	 JW,	 
Mathias	 CJ.	 21-	[18F]fluoro-	16	 alpha-	ethyl-	19-	norprogesterone:	
synthesis	and	target	tissue	selective	uptake	of	a	progestin	receptor	
based	 radiotracer	 for	 positron	 emission	 tomography.	 J Med Chem. 
1988;31:1360-1363.

	 61.	 Dehdashti	F,	McGuire	AH,	Van	Brocklin	HF,	et	al.	Assessment	of	21-	
[18F]fluoro-	16α-	ethyl-	19-	norprogesterone	 as	 a	 positron-	emitting	
radiopharmaceutical	 for	 the	 detection	 of	 progestin	 receptors	 in	
human breast carcinomas. J Nucl Med.	1991;32:1532-1537.

	 62.	 Verhagen	A,	Studeny	M,	Luurtsema	G,	et	al.	Metabolism	of	a	[18F]
fluorine	 labeled	 progestin	 (21-	[18F]fluoro-	16	 alpha-	ethyl-	19-	
norprogesterone)	 in	 humans:	 a	 clue	 for	 future	 investigations.	Nucl 
Med Biol.	1994;21:941-952.

	 63.	 Dehdashti	F,	 Laforest	R,	Gao	F,	et	al.	Assessment	of	progesterone	
receptors	 in	breast	carcinoma	by	PET	with	21-	18F-	fluoro-	16,17	-	[
(R)-	(1′-	α-	furylmethylidene)dioxy]-	19-	norpregn-	4-	Ene-	3,20-	dione.	 J 
Nucl Med.	2012;53:363-370.

	 64.	 Lee	JH,	Zhou	H,	Dence	CS,	Carlson	KE,	Welch	MJ,	Katzenellenbogen	
JA.	Development	of	[F-	18]fluorine-	substituted	Tanaproget	as	a	pro-
gesterone	receptor	imaging	agent	for	positron	emission	tomography.	
Bioconjug Chem.	2010;21:1096-1104.

	 65.	 Liu	 AJ,	 Katzenellenbogen	 JA,	 VanBrocklin	 HF,	 Mathias	 CJ,	Welch	
MJ.	 20-	[18F]fluoromibolerone,	 a	 positron-	emitting	 radiotracer	 for	
androgen receptors: synthesis and tissue distribution studies. J Nucl 
Med.	1991;32:81-88.

	 66.	 Bonasera	TA,	O’Neil	JP,	Xu	M,	et	al.	Preclinical	evaluation	of	fluorine-	
18-	labeled	 androgen	 receptor	 ligands	 in	 baboons.	 J Nucl Med. 
1996;37:1009-1015.

	 67.	 Liu	 A,	 Dence	 CS,	 Welch	 MJ,	 Katzenellenbogen	 JA.	 Fluorine-	18-	
labeled androgens: radiochemical synthesis and tissue distribution 
studies	 on	 six	 fluorine-	substituted	 androgens,	 potential	 imaging	
agents	for	prostatic	cancer.	J Nucl Med.	1992;33:724-734.

	 68.	 Talbot	 JN,	 Gligorov	 J,	 Nataf	 V,	 et	 al.	 Current	 applications	 of	
PET	 imaging	 of	 sex	 hormone	 receptors	with	 a	 fluorinated	 ana-
logue	of	estradiol	or	of	 testosterone.	Q J Nucl Med Mol Imaging. 
2015;59:4-17.

	 69.	 Khayum	MA,	Doorduin	J,	Antunes	IF,	et	al.	In	vivo	imaging	of	brain	
androgen	receptors	in	rats:	a	[18F]FDHT	PET	study.	Nucl Med Biol. 
2015;42:561-569.

	 70.	 Tewson	TJ,	Mankoff	DA,	Peterson	LM,	Woo	I,	Petra	P.	Interactions	of	
16alpha-	[18F]-	fluoroestradiol	(FES)	with	sex	steroid	binding	protein	
(SBP).	Nucl Med Biol.	1999;26:905-913.

	 71.	 Simpson	 ER,	 Mahendroo	 MS,	 Means	 GD,	 et	 al.	 Aromatase	 cyto-
chrome	 P450,	 the	 enzyme	 responsible	 for	 estrogen	 biosynthesis.	
Endocr Rev.	1994;15:342-355.

	 72.	 Azcoitia	I,	Sierra	A,	Veiga	S,	Honda	S,	Harada	N,	Garcia-Segura	LM.	
Brain	aromatase	is	neuroprotective.	J Neurobiol.	2001;47:318-329.

	 73.	 Garcia-Segura	LM.	Aromatase	in	the	brain:	not	just	for	reproduction	
anymore. J Neuroendocrinol.	2008;20:705-712.

	 74.	 Takahashi	K,	Bergström	M,	Frändberg	P,	Vesström	EL,	Watanabe	Y,	
Långström	B.	 Imaging	 of	 aromatase	 distribution	 in	 rat	 and	 rhesus	
monkey	brains	with	[11C]vorozole.	Nucl Med Biol.	2006;33:599-605.

	 75.	 Basaria	S.	Androgen	abuse	in	athletes:	detection	and	consequences.	
J Clin Endocrinol Metab.	2010;95:1533-1543.

	 76.	 Takahashi	 K,	Onoe	 K,	 Doi	 H,	 et	 al.	 Increase	 in	 hypothalamic	 aro-
matase	in	macaque	monkeys	treated	with	anabolic-	androgenic	ste-
roids:	PET	study	with	[11C]vorozole.	NeuroReport	2011;22:326-330.

	 77.	 Takahashi	K,	Hallberg	M,	Magnusson	K,	et	al.	Increase	in	[11C]voro-
zole binding to aromatase in the hypothalamus in rats treated with 
anabolic androgenic steroids. NeuroReport.	2007;18:171-174.

	 78.	 Pareto	 D,	 Biegon	 A,	 Alexoff	 D,	 et	 al.	 In	 vivo	 imaging	 of	 brain	
aromatase	 in	 female	 baboons:	 [11C]vorozole	 kinetics	 and	 ef-
fect	 of	 the	 menstrual	 cycle.	 Mol Imaging. 2013;12: https://doi.
org/10.2310/7290.2013.00068.

	 79.	 Biegon	A,	 Kim	 SW,	Alexoff	 DL,	 et	 al.	 Unique	 distribution	 of	 aro-
matase	in	the	human	brain:	in	vivo	studies	with	PET	and	[N-	methyl-	
11C]vorozole. Synapse.	2010;64:801-807.

	 80.	 Logan	J,	Kim	SW,	Pareto	D,	et	al.	Kinetic	analysis	of	 [11C]vorozole 
binding in the human brain with positron emission tomography. Mol 
Imaging.	2014;13:1-12.

	 81.	 Biegon	A,	Alexoff	DL,	Kim	SW,	 et	 al.	Aromatase	 imaging	with	 [N-	
Methyl-	11C]Vorozole	PET	in	healthy	men	and	women.	J Nucl Med. 
2015;56:580-585.

	 82.	 Kil	K-E,	Biegon	A,	Ding	Y-S,	et	al.	Synthesis	and	PET	studies	of	[(11)
C-	cyano]letrozole	 (Femara),	 an	 aromatase	 inhibitor	drug.	Nucl Med 
Biol.	2009;36:215-223.

	 83.	 Takahashi	K,	Hosoya	T,	Onoe	K,	et	al.	11C-	Cetrozole:	an	improved	
C-	11C-	Methylated	PET	probe	for	aromatase	imaging	in	the	brain.	J 
Nucl Med.	2014;55:852-857.

	 84.	 Resnick	SM,	Maki	PM,	Golski	S,	Kraut	MA,	Zonderman	AB.	Effects	of	
estrogen	replacement	therapy	on	PET	cerebral	blood	flow	and	neu-
ropsychological	performance.	Horm Behav	1998;34:171-182.

	 85.	 Maki	PM,	Resnick	SM.	Longitudinal	effects	of	estrogen	replacement	
therapy	on	PET	cerebral	blood	flow	and	cognition.	Neurobiol Aging. 
2000;21:373-383.

	 86.	 Moffat	 SD,	 Resnick	 SM.	 Long-	term	 measures	 of	 free	 testoster-
one	 predict	 regional	 cerebral	 blood	 flow	 patterns	 in	 elderly	 men.	
Neurobiol Aging.	2007;28:914-920.

	 87.	 Wei	S-M,	Baller	EB,	Kohn	PD,	et	al.	Brain-	derived	neurotrophic	fac-
tor	Val66Met	genotype	and	ovarian	steroids	interactively	modulate	
working	memory-	related	hippocampal	function	in	women:	a	multi-
modal neuroimaging study. Mol Psychiatry.	2017;	Apr	18.	https://doi.
org/10.1038/mp.2017.72.	[Epub	ahead	of	print].

	 88.	 Chierichetti	 F,	 Pizzolato	 G.	 18F-	FDG-	PET/CT.	 Q J Nucl Med Mol 
Imaging.	2012;56:138-150.

	 89.	 Rilling	 JK,	 Winslow	 JT,	 Kilts	 CD.	 The	 neural	 correlates	 of	 mate	
competition in dominant male rhesus macaques. Biol Psychiatry. 
2004;56:364-375.

	 90.	 Kim	 H,	 Cam-Etoz	 B,	 Zhai	 G,	 Hubbard	WJ,	 Zinn	 KR,	 Chaudry	 IH.	
Salutary	 effects	 of	 estrogen	 sulfate	 for	 traumatic	 brain	 injury.	 J 
Neurotrauma.	2015;32:1210-1216.

https://doi.org/10.2310/7290.2013.00068
https://doi.org/10.2310/7290.2013.00068
https://doi.org/10.1038/mp.2017.72
https://doi.org/10.1038/mp.2017.72


12 of 12  |     MORAGA- AMARO et Al.

	 91.	 Kim	H,	Yu	T,	Cam-Etoz	B,	van	Groen	T,	Hubbard	WJ,	Chaudry	 IH.	
Treatment	 of	 traumatic	 brain	 injury	 with	 17α-	ethinylestradiol-	3-	
sulfate	in	a	rat	model.	J Neurosurg.	2017;127:231-319.

	 92.	 Reiman	EM,	Armstrong	SM,	Matt	KS,	Mattox	JH.	The	application	of	
positron	emission	tomography	to	the	study	of	the	normal	menstrual	
cycle. Hum Reprod.	1996;11:2799-2805.

	 93.	 Eberling	 JL,	Wu	 C,	 Tong-Turnbeaugh	 R,	 Jagust	WJ.	 Estrogen-		 and	
tamoxifen-	associated	 effects	 on	 brain	 structure	 and	 function.	
NeuroImage.	2004;21:364-371.

	 94.	 Zitzmann	M,	Weckesser	M,	Schober	O,	Nieschlag	E.	Changes	in	cere-
bral glucose metabolism and visuospatial capability in hypogonadal 
males under testosterone substitution therapy. Exp Clin Endocrinol 
Diabetes.	2001;109:302-304.

	 95.	 Ottowitz	 WE,	 Derro	 D,	 Dougherty	 DD,	 Lindquist	 MA,	 Fischman	
AJ,	Hall	JE.	FDG-	PET	analysis	of	amygdalar-	cortical	network	cova-
riance	during	pre-		versus	post-	menopausal	estrogen	 levels:	poten-
tial	relevance	to	resting	state	networks,	mood,	and	cognition.	Neuro 
Endocrinol Lett.	2008;29:467-474.

	 96.	 Ottowitz	WE,	Siedlecki	KL,	Lindquist	MA,	Dougherty	DD,	Fischman	
AJ,	Hall	JE.	Evaluation	of	prefrontal-	hippocampal	effective	connec-
tivity	 following	24	hours	of	estrogen	 infusion:	 an	FDG-	PET	study.	
Psychoneuroendocrinology.	2008;33:1419-1425.

	 97.	 Joffe	H,	Deckersbach	T,	Lin	NU,	et	al.	Metabolic	activity	in	the	insular	
cortex	and	hypothalamus	predicts	hot	flashes:	an	FDG-	PET	study.	J 
Clin Endocrinol Metab.	2012;97:3207-3215.

	 98.	 Silverman	 DH,	 Geist	 CL,	 Kenna	 HA,	 et	 al.	 Differences	 in	 re-
gional	 brain	 metabolism	 associated	 with	 specific	 formulations	
of	 hormone	 therapy	 in	 postmenopausal	 women	 at	 risk	 for	 AD.	
Psychoneuroendocrinology.	2011;36:502-513.

	 99.	 Rasgon	NL,	Geist	CL,	Kenna	HA,	Wroolie	TE,	Williams	KE,	Silverman	
DHS.	Prospective	 randomized	 trial	 to	 assess	 effects	 of	 continuing	
hormone	therapy	on	cerebral	function	in	postmenopausal	women	at	
risk	for	dementia.	PLoS ONE 2014;9:e89095.

	100.	 Schönknecht	P,	Henze	M,	Hunt	A,	Klinga	K,	Haberkorn	U,	Schröder	
J. Hippocampal glucose metabolism is associated with cerebrospi-
nal	fluid	estrogen	levels	in	postmenopausal	women	with	Alzheimer’s	
disease. Psychiatry Res.	2003;124:125-127.

	101.	 Tan	RS.	Testosterone	effect	on	brain	metabolism	in	elderly	patients	
with	Alzheimer’s	disease:	comparing	two	cases	at	different	disease	
stages. Aging Clin Exp Res.	2013;25:343-347.

	102.	 Miller	KK,	Deckersbach	T,	Rauch	SL,	et	al.	Testosterone	administra-
tion attenuates regional brain hypometabolism in women with an-
orexia nervosa. Psychiatry Res.	2004;132:197-207.

	103.	 Nguyen	T-V,	Ducharme	S,	Karama	S.	Effects	of	sex	steroids	 in	 the	
human brain. Mol Neurobiol.	2016;54:7507-7519.

	104.	 Brummelte	S,	Mc	Glanaghy	E,	Bonnin	A,	Oberlander	TF.	Developmental	
changes	in	serotonin	signaling:	 implications	for	early	brain	function,	
behavior and adaptation. Neuroscience.	2017;342:212-231.

	105.	 Moser	 U,	 Wadsak	 W,	 Spindelegger	 C,	 et	 al.	 Hypothalamic	 sero-
tonin-	1A	 receptor	 binding	 measured	 by	 PET	 predicts	 the	 plasma	
level	of	dehydroepiandrosterone	sulfate	in	healthy	women.	Neurosci 
Lett.	2010;476:161-165.

	106.	 Fink	M,	Wadsak	W,	Savli	M,	et	al.	Lateralization	of	the	serotonin-	1A	
receptor	distribution	in	language	areas	revealed	by	PET.	NeuroImage. 
2009;45:598-605.

	107.	 Stein	P,	Baldinger	P,	Kaufmann	U,	et	al.	Relation	of	progesterone	and	
DHEAS	serum	levels	to	5-	HT1A	receptor	binding	potential	in	pre-		and	
postmenopausal women. Psychoneuroendocrinology.	2014;46:52-63.

	108.	 Witte	AV,	Flöel	A,	Stein	P,	et	al.	Aggression	is	related	to	frontal	se-
rotonin-	1A	receptor	distribution	as	revealed	by	PET	in	healthy	sub-
jects. Hum Brain Mapp.	2009;30:2558-2570.

	109.	 Kranz	 GS,	 Rami-Mark	 C,	 Kaufmann	 U,	 et	 al.	 Effects	 of	 hormone	
replacement	 therapy	 on	 cerebral	 serotonin-	1A	 receptor	 binding	

in	 postmenopausal	 women	 examined	 with	 [carbonyl-	11C]WAY-	
100635. Psychoneuroendocrinology.	2014;45:1-10.

	110.	 Moses-Kolko	EL,	Berga	SL,	Greer	PJ,	Smith	G,	Meltzer	CC,	Drevets	
WC.	Widespread	 increases	 of	 cortical	 serotonin	 type	 2A	 receptor	
availability	 after	 hormone	 therapy	 in	 euthymic	 postmenopausal	
women. Fertil Steril.	2003;80:554-559.

	111.	 Moses	EL,	Drevets	WC,	Smith	G,	et	al.	Effects	of	estradiol	and	pro-
gesterone	administration	on	human	serotonin	2A	receptor	binding:	a	
PET	study.	Biol Psychiatry.	2000;48:854-860.

	112.	 Frokjaer	VG,	Erritzoe	D,	Juul	A,	et	al.	Endogenous	plasma	estradiol	in	
healthy men is positively correlated with cerebral cortical serotonin 
2A	receptor	binding.	Psychoneuroendocrinology.	2010;35:1311-1320.

	113.	 Perfalk	E,	da	Cunha-Bang	S,	Holst	KK,	et	al.	Testosterone	 levels	 in	
healthy men correlate negatively with serotonin 4 receptor binding. 
Psychoneuroendocrinology.	2017;81:22-28.

	114.	 Eriksson	O,	Wall	A,	Olsson	U,	et	al.	Women	with	premenstrual	dys-
phoria	 lack	the	seemingly	normal	premenstrual	 right-	sided	relative	
dominance	of	5-	HTP-	derived	serotonergic	activity	 in	 the	dorsolat-
eral	prefrontal	cortices	-		a	possible	cause	of	disabling	mood	symp-
toms. PLoS ONE. 2016;11: e0159538.

	115.	 Sugawara	H,	Bundo	M,	Ishigooka	J,	 Iwamoto	K,	Kato	T.	Epigenetic	
regulation	of	serotonin	transporter	in	psychiatric	disorders.	J Genet 
Genomics.	2013;40:325-329.

	116.	 Frokjaer	VG,	Pinborg	A,	Holst	KK,	et	al.	Role	of	serotonin	transporter	
changes	in	depressive	responses	to	sex-	steroid	hormone	manipulation:	a	
positron emission tomography study. Biol Psychiatry.	2015;78:534-543.

	117.	 Jovanovic	H,	Kocoska-Maras	L,	Rådestad	AF,	et	al.	Effects	of	estro-
gen and testosterone treatment on serotonin transporter binding 
in	 the	 brain	 of	 surgically	 postmenopausal	 women	 -		 a	 PET	 study.	
NeuroImage.	2015;106:47-54.

	118.	 Nordström	A-L,	Olsson	H,	Halldin	C.	A	PET	study	of	D2	dopamine	re-
ceptor	density	at	different	phases	of	the	menstrual	cycle.	Psychiatry 
Res.	1998;83:1-6.

	119.	 Lind	NM,	Olsen	AK,	Moustgaard	A,	et	al.	Mapping	the	amphetamine-	
evoked	dopamine	release	in	the	brain	of	the	Göttingen	minipig.	Brain 
Res Bull.	2005;65:1-9.

	120.	 Czoty	 PW,	 Riddick	NV,	Gage	HD,	 et	 al.	 Effect	 of	menstrual	 cycle	
phase	on	dopamine	D2	receptor	availability	 in	 female	cynomolgus	
monkeys. Neuropsychopharmacology.	2009;34:548-554.

	121.	 Kindlundh	AMS,	Bergström	M,	Monazzam	A,	et	al.	Dopaminergic	ef-
fects	after	chronic	treatment	with	nandrolone	visualized	in	rat	brain	
by positron emission tomography. Prog Neuropsychopharmacology 
Biol Psychiatry.	2002;26:1303-1308.

	122.	 Eberling	 JL,	 Roberts	 JA,	 Taylor	 SE,	 VanBrocklin	 HF,	 O’Neil	 JP,	
Nordahl	TE.	No	 effect	 of	 age	 and	 estrogen	 on	 aromatic	 L-		 amino	
acid decarboxylase activity in rhesus monkey brain. Neurobiol Aging. 
2002;23:479-483.

	123.	 Michopoulos	V,	Embree	M,	Reding	K,	et	al.	CRH	 receptor	antago-
nism	reverses	the	effect	of	social	subordination	upon	central	GABAA	
receptor	binding	in	estradiol-	treated	ovariectomized	female	rhesus	
monkeys. Neuroscience.	2013;250:300-308.

How to cite this article:	Moraga-Amaro	R,	van	Waarde	A,	
Doorduin	J,	de	Vries	EFJ.	Sex	steroid	hormones	and	brain	
function:	PET	imaging	as	a	tool	for	research.	J 
Neuroendocrinol. 2018;30:e12565. https://doi.org/10.1111/
jne.12565

https://doi.org/10.1111/jne.12565
https://doi.org/10.1111/jne.12565

