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Sex steroids have long been recognized for their dramatic impact on brain and behavior, including rapid

modulation of membrane excitability. It is a widely held perception that these molecules are largely derived

from peripheral sources and lack the spatial and temporal specificity ascribed to classical neuromodulatory

systems. Neuromodulatory systems, in contrast, are defined by their regulated neuronal presynaptic secretion

and by their functional modulation of perisynaptic events. Here we provide evidence for regulated presynaptic

estrogen synthesis and functional postsynaptic actions. These results meet all the criteria for a neuromodulatory

system and shift our perception of estrogens from that of peripheral signals exclusively to include that of a

signaling system intrinsic to the brain itself. We apply the term synaptocrine to describe this form of

neuromodulation. (Endocrine Reviews 32: 532–549, 2011)
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I. Introduction: Distance, Range, and
Specificity—Fundamental Concepts
in Endocrinology

A consideration of a steroidal neuromodulatory system

requires a critical rethinking of long-held concepts re-

garding steroids as endocrine signals. Distance is a core con-

sideration in endocrinology, so we first define current con-

cepts and then place synaptic steroid synthesis within that

framework.

From its point of synthesis to its site of action, the distance

that a hormone might travel can vary by many orders of

magnitude. This distance has served as the basis for defining

several forms of hormone signaling (Fig. 1). Classical endo-

crinesystemsinvolvehormonesecretionintothevasculature,

where thechemical signalsarecarried todistant target tissues

centimetersorevenmetersaway. Inothercases,however, the

hormonal signal diffuses over a relatively small distance

through extracellular fluid to reach target cells, often within

the same organ. Signaling in this manner is considered para-

crine and typically involves distances of micrometers to mil-

limeters. In the most extreme cases of autocrine/intracrine

physiology, a cell is activated by its own hormonal signals,

and distance becomes a concept only in the context of cell

physiology.

These signaling systems offer their own unique advan-

tages and disadvantages. Long distance endocrine signaling

canorchestrate the responsesofmany tissues simultaneously

but has little capacity to achieve targeted responses. Para-
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crine secretion achieves more targeted actions, but spec-

ificity is dictated primarily by the proximity of hor-

mone-sensitive cells. Autocrine/intracrine actions offer

extreme specificity, but cell-to-cell interactions are ex-

cluded. Thus, typical hormone signaling pathways would

exemplify a trade-off between range and specificity of ac-

tion. Although hormone synthesis can vary in amount,

producing hormone titers that can differ in function, no

endocrine cell can dictate the target specificity of its ac-

tions. Whereas plasma-binding proteins and the blood-

brain barrier may modify the availability of hormone to

specific neural targets, these regulatory mechanisms lack

spatial specificity. Specificity of hormone action, as we

understood it, therefore appears to be a function of the target

cell 1) by its proximity to endocrine cells, and 2) by its ex-

pression of hormone receptors and conversion enzymes that

establish hormone sensitivity and guide function.

II. The Synaptocrine Hypothesis

Thesynthesisofhormones inpresynapticboutons represents

a new frontier in neuroendocrinology. There is abundant

evidence that the enzyme aromatase (estrogen synthase) re-

sides in a subset of presynaptic boutons in the vertebrate

central nervous system (CNS), having been identified in sev-

eral avian and mammalian species including humans (1–8).

Thequestionofwhetherestradiolmightbeconsideredaneu-

rotransmitterhasbeenraisedpreviously (9).Wehave labeled

this form of communication “synaptocrine” (10, 11), a term

that has been adopted by other labs as well (12, 13). Impor-

tantly, this mode of hormone provision is conceptually dis-

tinct from neurosecretion per se. Hormone synthesis by neu-

rons isnotnew.Neither ishormonalpackaging inspecialized

compartments of neurons such as within the presynaptic

bouton. Furthermore, hormonal release upon neuronal de-

polarization is well established. In fact, all three of the char-

acteristics highlighted above are the traditional definition of

the “neuroendocrine cell.” The neurohormones under dis-

cussion, however, are invariably peptidergic, are synthesized

and packaged into dense-core vesicles in a manner similar, if

not identical, to the synthesis and packaging of neurotrans-

mitters in clear vesicles, and are secreted into the circulation.

Synaptocrine function differs from classical neurosecretion

by: 1) the targeted and functional modulation of local hor-

mone concentrations at the synapse; 2) the use of substrates

for hormone synthesis from peripheral, central, or intracel-

lular stores; and 3) the synthesis and secretion of molecules

that cannot be packaged in vesicles, such as lipophyllic

steroids.

In what follows, we provide a conceptual and historical

framework for synaptic hormone synthesis, detailing the

evidence for the presence of steroidogenic/metabolic en-

zymes at the synapse. We introduce an avian model that

exemplifies many core features of synaptocrine signaling.

We conclude by outlining criteria that define accepted

neuromodulatory systems and provide evidence that syn-

aptocrine estrogens fulfill the primary conditions of a neu-

romodulatory signaling system.

A requisite consideration for any synaptocrine signal-

ing system includes the presence of target molecules upon

which the synaptocrine signal can act. With respect to

synaptocrine estrogen signaling, there is an extensive lit-

erature on estrogen receptors both within neurons and on

neuronal membranes, including on dendrites, somas, or

even presynaptic boutons where synaptically formed hor-

mone may act (14–20). Estrogens can directly modulate

neurotransmitter receptors, intracellular signaling, and

neuronal gene expression to achieve relatively rapid to

relatively slow responses (16, 21–27). Of course, estradiol

from any source can potentially act on these receptors. We

limit our focus here to synaptic estrogen synthesis and

secretion that defines this neuromodulatory system.

III. Evolving Concepts of
Neuroendocrine Signaling

The neuroendocrine cell was first formally described in the

landmark paper of Scharrer (28) as hypothalamic neurons

capable of secreting hormones into the peripheral circu-

lation: 1) directly by terminals located in the posterior

Fig. 1. Classical modes of hormone delivery and action. Endocrine (1):

Hormones are made available to the vertebrate brain via peripheral

synthesis and passage through the vasculature [in this example, circulating

ovarian-produced estradiol (red pentagons) modulates neural estrogen

receptors (yellow ovals)]. Paracrine (2): Local synthesis in neural cells and

diffusion across paracellular compartments to adjacent neural targets [in

this example, neural aromatization (green hexagons) of androgenic

substrates (blue triangles) produces estradiol that diffuses through the

extracellular space with actions on adjacent estrogen receptor-expressing

cells]; and autocrine (3), and by synthesis and action within or on the same

individual neural cell (in this example, aromatase and estrogen receptor

are coexpressed in individual cells, thus the cell is both hormone source

and target).
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pituitary, and 2) via the pituitary hypophyseal portal sys-

tem by terminals at the basal lamina interface within the

tuberal hypothalamus and adenohypophysis. In both of

these cases, the functional consequences of neurohor-

monal secretion adhered to the classical definition of hor-

mones in that although the source of hormones was novel

(neuronal), their mode of action still invoked endocrine

pathways. That is, the field considered the neuron as a new

cell type capable of hormonal provision, but the mode of

delivery was classically endocrine because it relied upon

secretion into the vasculature.

Appreciation for these newly identified neuroendocrine

cells led to an explosive phase of research into the hormones

they produced and the peripheral organ systems they con-

trolled. Two peripheral targets of neurohormones, the go-

nadsandadrenals,producedsteroids.Given their lipophyllic

nature, they were seen to have unrestricted access back to the

brain where they acted to control neuroendocrine cell secre-

tion as well as organizing and activating behavior (29, 30).

Although local hormone signaling (paracrine/autocrine/in-

tracrine) had been well described in endocrine glands such as

the gonads, pancreas, and adrenals (31–33), the brain was

viewedasameretargetofsteroidsuntil theestrogensynthetic

enzyme aromatase was detected in the male hypothalamus

(34, 35). This discovery resolved perplexing evidence that

estrogens could induce masculine neural functions: circulat-

ingtestosterone inmaleswasconverted intoestrogeninbrain

and this locally produced estrogen organized and/or acti-

vated some masculine neural function. Thus, whereas circu-

lating androgens were readily available throughout the

body, via local neural synthesis, estrogens could act upon

receptive elements in and around aromatase-expressing

neurons in the hypothalamus. Aromatase was soon found

to be present in the brains of virtually all vertebrates (36),

and evidence began to grow that the aromatase enzyme

was present in neurons (37).

These studies prompted additional research that identi-

fied multiple steroid metabolic enzymes in brain (38, 39) and

led to later identification of the full suite of cholesterol trans-

porters and enzymes required to fully synthesize steroids de

novo (40–43). Although a detailed discussion of neuros-

teroidogenesis is beyond the scope of this paper, its presence

raisesacrucialquestion that liesat thecoreofourperspective

on steroid neuroendocrinology, namely how and when are

steroids made available to the vast array of neural circuits

when these lipophyllic molecules have free access to the

whole brain, can be produced peripherally or centrally, and

can be significantly modified in discrete neural circuits.

We propose that specificity of steroid action in brain is

achieved when a steroidogenic cell achieves targeted con-

nections with a steroid target cell. Neurons send projec-

tions over varying distances to synapse upon individual

target cells. If the synapse can synthesize hormone or can

metabolize hormone present in the extracellular space, then

it can actively participate in the hormonal regulation of that

specific target cell. In this way, one neural circuit gains ste-

roidal control over another. This synaptic regulation of post-

synaptic hormonal environments we call synaptocrine ac-

tions. We describe here the evidence for this presynaptic

expression of the estrogen synthetic enzyme aromatase as an

exemplar of synaptocrine actions in the vertebrate CNS.

IV. Presynaptic Localization of the
Aromatase Enzyme

The activity of the aromatase enzyme can be directly mea-

sured in fresh dissected brain tissue in vitro having been

studied extensively in all of the major vertebrate lineages

(reviewed in Refs. 44–50). Aromatase activity measured

in discrete brain macro-areas occurs in a nonuniform dis-

tribution in the vertebrate CNS and aligns largely, but not

exclusively, with the distribution patterns revealed using

in situ hybridization analyses of aromatase mRNA ex-

pression and with histochemical anatomical methods re-

vealing aromatase protein. Thus, brain estrogen synthesis

is a highly conserved property of the vertebrate brain.

Furthermore, there is little doubt that under ordinary

circumstances, aromatase in the CNS is largely or exclu-

sively neuronal in homeotherms. When combined with

immunocytochemistry with antibodies created against the

aromatase protein (Fig. 2), neurons are the only cells im-

munostained when tissues are collected from normal, un-

injured animals (5, 51, 52). Staining is cytoplasmic and is

seen over somata and throughout processes (see Ref. 53).

Cytoplasmic staining is consistent with the view that aro-

matase is associated with endoplasmic reticulum (ER) that

is widespread throughout the cytoplasm of cells. As is the

case for many cytochrome P450 enzymes, aromatase is

membrane bound (54, 55). Differential centrifugation of

tissue homogenates to produce microsomes (small circular

bits of ER) are enriched in aromatase relative to other

organelles or by-products of cellular disruption (2).

Under light-field microscopy, some aromatase immune-

staining appears punctate (Fig. 2C) and isolated from other

immunostained cells (7, 51, 56). These could be terminals,

but they are usually not studied further. However, when

brain tissue is subject to differential centrifugation as de-

scribed above, nerve terminals pinch off and reseal. These

synaptosomescanbeisolatedandpurifiedforneurochemical

analyses. Indeed, the first evidence for the synaptic localiza-

tion of steroid-metabolizing enzymes came from the studies

ofCallardandcolleagues (57),who found that theactivityof

aromatase, the estrogen synthetic enzyme, could be detected

in purified synaptosomal preparations prepared from the

534 Saldanha et al. Synaptocrine Signaling Endocrine Reviews, August 2011, 32(4):532–549
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brains of goldfish. Although a recent study raises questions

about the neuronal localization of aromatase in teleosts like

goldfish (58, 59), a subsequent study found that aromatase

activity was enriched in purified synaptosomal preparations

of the quail hypothalamus (2). Synaptic localization of aro-

matase was confirmed and extended by immunoelectron mi-

croscopy (EM) studies of the brains of quail, rats, monkeys

and humans (5). Here, aromatase-positive synaptic termi-

nals were seen on some aromatase-positive dendrites and

somata, but also on aromatase-negative targets. Because

these studies focused on the hypothalamus, bed nucleus of

the stria terminalis, and amygdala, areas relatively rich with

aromatase somata and fibers, the functional implications for

aromatase in terminalswasdifficult toassess.Unfortunately,

other brain regions were not examined. Nevertheless, these

studies confirmed that aromatase was restricted to sets of

individual neurons with an intracellular distribution,

whereby estrogens could impact nuclear receptors in situ,

adjacent estrogen-sensitive cells via local diffusion of estro-

gen, or by synaptic contact involving aromatase-positive

terminals.

In addition to these regions containing an

abundance of aromatase positive fibers, with

protein in dendrites and putative axons, in many

cases, axons were seen to project in directions in

which the postsynaptic targets were not obvious

(Fig. 2B). Although it was possible that these fi-

bers returned back to cell bodies in the same nu-

cleus, given the lengths of these immunostained

axons (sometimes several hundred micrometers

long), it was more likely that they synapsed on

distal unidentified neurons. If this proved to be

the case, then neurons of one circuit could po-

tentially alter the steroid environment of another

circuit by projecting afferents and forming syn-

aptic contacts using terminals that contain ste-

roid-metabolic enzymes. It is this concept that

forms thebasisof the synaptocrinehypothesis. In

SectionV,wewilldescribeevidencethat just such

a system is operational in the brain of songbirds.

Before moving on, however, it is important to

emphasize that aromatase is not the only sex ste-

roid metabolic enzyme to be compartmentalized

in synaptic terminals. There is some evidence

for a presynaptic localization of the andro-

gen-synthetic enzyme CYP17 in the mammalian

hippocampus (HP) (6). In birds, 5�-reductase

can be released from synaptic terminals by hy-

perosmotic lysis (2). 5�-Reductase inactivates

testosterone (39), converting it into 5�-dihy-

drotestosterone, so the synaptic localization of

this enzyme could influence postsynaptic andro-

gen actions. This enzyme can also use progester-

one as a substrate and participate in the synthesis of 5�-

allopregnanolone, a compound that strongly potentiates

�-aminobutyric acidA (GABAA)-induced postsynaptic hy-

perpolarization (60). In birds, 5�-allopregnanolone is more

potent even than the 5�-reduced isoform (Schlinger, B. A.,

unpublished; see also Ref. 61). Whether it inactivates andro-

gens or synthesizes neuromodulatory progestins, this cyto-

plasmic enzyme is expressed widely throughout the brain, so

it is likely to be present in cell bodies, processes, and termi-

nals, where it may be positioned to influence the local sex

steroid environment in multiple ways.

V. Criteria for a Synaptocrine System and Its
Neuromodulatory Influence

Here we list criteria and formal properties of a synapto-

crine system. We begin, when appropriate, by delineating

predictions of neuromodulatory systems in general and

then focus upon the synaptocrine hypothesis in particular.

We end with empirical (experimental) evidence from stud-

Fig. 2. Aromatase expression in the passerine brain. A, Low-power pseudocolored

image of aromatase expression in the ventromedial nucleus of the hypothalamus

(VMN), preoptic nucleus (POA), and bed nucleus of the stria terminals (BnST) of an

adult male black-capped chickadee (Poecile atricapillus). B, High-power

photomicrograph of aromatase expression in preoptic neurons of an adult zebra

finch. C, Aromatase expression in the NCM of adult zebra finches is detectable in

the cytoplasm of cell bodies, but not in the nucleus (n) of neurons and in abundant

puncta (arrows). D, Immunoelectronmicrograph of aromatase expression (arrowhead) in

a presynaptic bouton (tm) that innervates (arrows) an unstained dendrite (d) containing

an unstained mitochondrion (m) in HVC of an adult male zebra finch.

Endocrine Reviews, August 2011, 32(4):532–549 edrv.endojournals.org 535
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ies of neural estrogen synthesis and action in songbirds

that meet these expectations.

The well-described neural circuits of the passerine song

circuit have served as an excellent platform for numerous

studies on steroid hormone action on cognition, behavior,

neuroanatomy, and neuroplasticity (62, 63). The largely

cortical and striatal song circuit is rich with intranuclear

androgen and estrogen receptors, making it unusually

steroid-sensitive, a neuronal property that, in many spe-

cies, is restricted to a small group of hypothalamic and

limbic loci (64). For the remainder of this review, we will

focus on a subset of this song circuitry that includes the

caudomedial nidopallium (NCM), an auditory processing

region, and nucleus HVC (proper name), a key nucleus

that receives projections from the auditory system and, in

turn, projects to learning and premotor centers required

for appropriate song production (63).

VI. Specific Predictions of the Synaptocrine
Hypothesis

A. Prediction 1

The secretion of a neuromodulator occurs at the syn-

apse to locally alter the postsynaptic neurochemical envi-

ronment independent of similar neurochemi-

cal changes made elsewhere. In a synaptocrine

system involving steroids that are lipophyllic

and cannot be stored, synthesis and immediate

secretion must be coupled. Therefore changes

in the synaptic steroidal environment depend

upon synaptic expression of steroidogenic en-

zymes that are independent of other sources of

steroid synthesis.

1. Synaptosomal aromatase is abundant in the

songbird brain

Accompanying the elevated steroid sensitivity

of the songbird brain is widespread neural ex-

pression of the enzyme aromatase (51, 65–79).

Aromatase mRNA, protein, and activity are

found in traditional neural sites such as the hy-

pothalamus, bed nucleus of the stria terminalis,

and the homolog of the mammalian amygdala,

but also in especially in large amounts in the tel-

encephalon.As is found inother species, this aro-

matase is detectable in neurons and is distrib-

uted in the soma and dendrites in all areas in

which immunoreactivity has been observed (7,

51, 79). In the zebra finch, we were struck fur-

ther by the large number of punctuate struc-

tures present under light microscopy, so we ex-

plored aromatase further using EM. To do so,

we developed a fixation technique that permit-

ted excellent preservation of antigenicity and

unequivocal identification of ultrastructure to visualize

aromatase-expressing subcellular compartments in zebra

finch brain. These studies showed that aromatase is ex-

pressed in presynaptic boutons (Fig. 2D) in every brain area

examined (7), including the hypothalamic preoptic area

(HPOA), NCM, the HP, and in HVC (Fig. 3, A and B).

These studies were strongly supported by experiments

examining the subcellular localization of aromatase ac-

tivity. As discussed in Section IV, in the brains of most

vertebrates, biochemical measures of aromatase reveal ac-

tivity present in synaptosomes but greater enrichment in

microsomes (2, 50). In the zebra finch telencephalon, how-

ever, aromatase is present in near equal amounts in syn-

aptosomes and microsomes (Fig. 3D) (8). Thus, a substan-

tial portion of telencephalic aromatase (about 50% of

total neural aromatase) is present in presynaptic boutons,

underscoring the potential importance of synaptic estro-

gen provision in songbirds and greatly increasing our

chances of understanding its physiological relevance.

2. Aromatase-positive somata and synapses in brain are

distributed independently

Notably, whereas many somata immunoreactive for

aromatase were detected in the HPOA and NCM, the ven-

Fig. 3. Aromatase-expressing presynaptic boutons (A) are more frequent in males

(black bars) relative to females (white bars) in several parts of the zebra finch brain

such as the HPOA, NCM, and other brain areas where (B) somal expression of this

protein is either extremely low, such as in the HP, or is undetectable, such as in HVC

(proper name). *, P � 0.001. [Adapted from R.S. Peterson et al., Aromatase is pre-

synaptic and sexually dimorphic in the adult zebra finch brain. Proc Biol Sci

272:2089–2096, 2005 (7). © 2005, Proceedings of the Royal Society.] This pattern

of data is complemented by measures of aromatase activity where synaptosomes,

but not microsomes, from (C) posterior telencephalic homogenates show higher

activity in males relative to females. *, P � 0.05. No differences in activity are

detectable across sexes or ultrastructural fractions (D) from homogenates of the

anterior telencephalon. [Adapted from K.N. Rohmann et al., The subcellular

compartmentalization of aromatase is sexually dimorphic in the adult zebra finch

brain. Dev Neurobiol 67:1–9, 2007 (8), with permission. © 2007, John Wiley & Sons.]
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tral HP contained very low numbers of immunoreactive

somata but abundant presynaptic boutons with aroma-

tase immunoproduct (Fig. 3, A and B) (7). This pattern of

distribution was even more striking in the HVC, where

immunoreactive somata were undetectable but immuno-

reactive presynaptic boutons were readily detectable. Aro-

matase activity had been described previously in the zebra

finch HVC (66), but there was little or no expression of

aromatase mRNA (69). Aromatase present in terminals

whose cell bodies lie outside of HVC resolved this appar-

ent paradox. Thus, in the zebra finch, areas with low or

even undetectable somal aromatase nonetheless contain

high levels of synaptic aromatase. These data suggest the

possibility that the major source of estrogen within these

areas is synthesized in presynaptic boutons within areas

devoid of somal aromatase.

The zebra finch HP bears similarities with HVC in hav-

ing elevated aromatase activity (80, 81), many aromatase-

positive synaptic profiles, and a relatively low number of

aromatase-positive somata (Fig. 3, A and B) (7). These so-

mata are spatially restricted to a small population of neurons

at the dorsomedial aspect (51). Neurons in the dorsome-

dial HP project almost exclusively within the HP itself

(82), supporting the hypothesis that aromatase-positive

neurons in the dorsomedial HP are interneurons that

transport aromatase protein down collaterals to terminals

within the HP. A comparison of aromatase mRNA ex-

pression using in situ hybridization (69, 80) with aroma-

tase protein expression using immunocytochemistry (51)

shows more cells with mRNA than with protein. This ob-

servation raises the possibility that some neurons may

transport most or all of their aromatase from somata into

terminals. Although this latter possibility remains to be

tested, given the overall low somal but elevated presyn-

aptic aromatase immunoreactivity seen in the HP (7), we

believe that estrogen provision within the songbird HP is

largely synaptic.

These studies confirm predictions of the synaptocrine

hypothesis that the steroidogenic enzyme aromatase is

present in synapses and these synapses reside where other

sources of aromatase are absent.

B. Prediction 2

Regulation of synaptic neuromodulator concentration,

independent of its content in other subcellular compart-

ments, can, upon activation, provide differential and tar-

geted signaling needs. In a synaptocrine system involving

steroids, steroidogenic enzyme activity must be specifi-

cally and actively regulated at the synapse independent of

its activity in other neuronal compartments. For purposes

of clarity, we offer separate predictions concerning tem-

poral forms of enzyme regulation that are constitutive

and/or that occur over a relatively long time scale vs. those

that occur more rapidly (Section VI.C. Prediction 3).

1. Seasonal regulation of aromatase

There is considerable evidence vertebrate-wide that

aromatase is subject to seasonal regulation with photope-

riod acting through gonadal steroids to modulate activity.

In male animals that breed seasonally under the long days

of spring and summer, increased photoperiod stimulates

testicular steroid secretion that, in turn, up-regulates hy-

pothalamic neuronal aromatase expression (46, 83–85).

Elevated aromatase in the HPOA is a requirement for the

activation of masculine behaviors in many species (53, 84,

86–89). In adult males, aromatase is present in both mi-

crosomal and synaptosomal preparations of the HPOA. In

quail, exposure to photostimulatory long days increases

microsomal aromatase activity approximately 2.5-fold,

but about 6-fold in synaptosomal preparations (2). This

differential increase in synaptosomal enzyme could result

from an increased number of aromatase-positive syn-

apses, an increase in the concentration of aromatase in

each synapse, or seasonal changes in the activity of the

enzyme. Because androgen-to-estrogen conversion is nec-

essary for the activation of masculine reproductive behav-

ior in this species and the seasonal increase in HPOA aro-

matase is required to synthesize sufficient amounts of

estrogen (90), seasonal increases in synaptic aromatase

may be key to providing the requisite amounts of bioactive

estrogen.

2. Sex differences in aromatase

Sex-specific regulation of gene and protein expression

is basic to the creation of sexually dimorphic phenotypes.

Our data indicate that sexually dimorphic synaptic aro-

matase is central to sex differences in steroidal signaling in

the zebra finch. The zebra finch has long proven an ex-

cellent model in behavioral neuroendocrinology, in part

due to its dramatic sexual dimorphisms in singing behav-

ior (91) and in brain structure (92). Estrogens are impli-

cated in at least some of the masculine development of the

song circuitry (93–95), in the plasticity underlying the

masculine learning of song (96), in the seasonal growth of

song circuitry in seasonal breeders (97), and in the func-

tional activation of this circuitry for the masculine pro-

duction of song (Ref. 98). Nevertheless, despite numerous

attempts to describe sex differences in estrogen provision

in zebra finches that are the basis of these estrogen-depen-

dent phenotypes, including studies of circulating estradiol

(77, 99, 100), gonadal estrogen synthesis (65, 77), neural

aromatase activity and expression (1, 66, 69, 101), and

aromatase immunoproduct (reviewed in Ref. 102), the

only masculine-biased feature so far consistently identi-
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fied is the sexually dimorphic number of aromatase-pos-

itive fibers and terminals (7, 8, 51).

In keeping with measures of aromatase activity (66),

immunostaining with a zebra finch-specific antibody

showed no sex differences in aromatase-positive somata in

several brain regions, including the HPOA and NCM (51).

Nevertheless, males possessed significantly higher num-

bers of aromatase-positive fibers in these brain areas, sug-

gesting that aromatase-expressing neurons were more

branched in males or that the aromatase protein was se-

lectively compartmentalized into fibers in the male zebra

finch brain (51).

These studies were conducted using conventional light

microscopy, preventing unequivocal inferences as to the

dendritic and/or axonal nature of the fibers in question.

Based on these observations, as part of our ultrastructural

analysis of the subcellular localization of aromatase, we

counted the number of synaptic terminals containing aro-

matase immunoreactivity, and we found that aromatase-

expressing presynaptic boutons were more plentiful in the

male brain relative to females (7). Indeed, both the abso-

lute and the relative (as a function of total synaptic pro-

files) incidence of aromatase-expressing presynaptic bou-

tons were male biased (Fig. 3, A and B). These studies were

key in revealing that the male zebra finch brain may be

provided with higher levels of estrogen at various telen-

cephalic areas relative to the female. Notably, somal and

dendritic aromatase expression were not dimorphic (7),

supporting the concept that synaptocrine, and not para-

crine, estrogen provision better explains neural estrogen

provision in these brain regions of this species.

To confirm these immunohistochemical observations

and to verify that the immunoreactivity we detected was

translated into functional protein, we reasoned that sub-

fractionation of zebra finch brain homogenates should

parallel the results of EM studies; that is, synaptosomal

preparations of brain homogenates should have greater

aromatase activity in males than in females, whereas mi-

crosomal preparations, presumably better reflecting

somal aromatase, should show no sex differences. As pre-

dicted (Fig. 3, C and D), synaptosomal preparations of the

male telencephalon had significantly higher levels of aro-

matase activity than did similar preparations of the female

telencephalon; microsomal preparations as well as mea-

sures of whole homogenates themselves demonstrated no

sex differences (8). Given the significant overall enrich-

ment of aromatase in synaptosomal preparations vs. mi-

crosomal preparations, it is unclear why we do not detect

the overall sex difference in whole homogenates. Perhaps

proteases and other steroid-metabolic enzymes present in

homogenates obscure detection of sex differences. Mea-

sures of the activity in purified subfractions, however, em-

pirically match our counts of aromatase-positive profiles

at the EM level, providing independent confirmation of

our conclusion that estrogenic synaptocrine signaling is

elevated in the brain of male songbirds compared with

females and forms the basis for sex differences in neuroes-

trogenic signaling.

3. Synaptic aromatase and song production

As described in Section IV, aromatase activity in brain

is enriched in subcellular compartments, microsomes, and

synaptosomes. In the zebra finch forebrain, approxi-

mately half of the total aromatase is localized to the syn-

aptosomal fraction (8), providing complementary evi-

dence for the anatomical localization of aromatase in

terminals (7). Synaptosomal aromatase is particularly en-

riched in the forebrain of adult males relative to females

(8), suggesting a link to male-typical behavior and/or neu-

ral processing in this species, such as singing or song

learning.

Aromatase-positive synapticboutonsenshroud the“song

system”nuclei in the caudal forebrainof zebra finches (7,47,

51). This anatomical localization led to the focus on links

between singing and potential synaptocrine regulation of

aromatase in the male zebra finch brain. In addition, several

recent observations showed that brain aromatase activity

might shift during changes in behavioral state in vertebrates

(104–106).

To examine the regulation of synaptic aromatase, male

zebra finches were briefly exposed to natural stimuli, and

brains were collected immediately after each behavioral

trial. In the first experiment, adult males were housed sin-

gly in sound-attenuationchambers andexposed to females

for 30 min. Some males sang to the females (“singers”),

whereas others did not sing (“nonsingers”). Brain samples

were carefully dissected to separate the posterior telen-

cephalon (containing several important song nuclei en-

riched in presynaptic aromatase) from the anterior telen-

cephalon (fewer aromatase-positive cells and little to no

terminal aromatase). Aromatase activity was elevated

more than 2-fold in the singers relative to the nonsingers,

and this aromatase up-regulation was specifically local-

ized to the synaptosomal fraction within the posterior tel-

encephalon (107). Playback of zebra finch song vs. control

white noise to males in chambers did not cause similar

differences in synaptosomal aromatase activity, indicating

that the association between singing and synaptic estrogen

production likely did not depend on auditory self-stimu-

lation and was instead related to the motor or cognitive

aspects of song production. Courtship singing therefore

involves an up-regulation of aromatase activity specifi-

cally in synaptic terminals, although it is unclear whether

this depends on rapid phosphorylation events (see Section
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VI.C, Prediction 3) or longer-term, constitutive up-regu-

lation of terminal aromatase. These experiments provided

evidence that the vertebrate CNS has the capacity to reg-

ulate aromatase in synaptic terminals independent of

somal aromatase in a behaviorally relevant context.

These studies confirm predictions of the synaptocrine

hypothesis that the presence and/or activity of the aroma-

tase present in synapses is subject to multiple forms of

regulation enabling regionally specific and biologically

relevant supplies of estrogen.

C. Prediction 3

Terminal release of neuromodulators is controlled by

depolarization events, typically associated with voltage-

gated Ca�� channel opening. In synaptocrine systems

involving steroids, terminal steroidogenic enzyme activity

must be subject to regulation by local voltage-gated and/or

Ca��-sensitive mechanisms.

1. Rapid regulation of neuronal aromatase: diencephalon

and telencephalon

It is important to emphasize that the actions of estro-

gens in brain are highly localized and that many steroid-

mediated neural events occur much too rapidly to be

achieved by long-term (genomic) regulation of gonadal

steroid secretion or neurosteroid production (26, 27,

108). Studies of the aromatase enzyme itself in quail and

in mice suggest that neural estrogen levels change rapidly

by the rapid regulation of the aromatase enzyme itself.

Specifically, aromatase in the quail hypothalamus first un-

dergoes Ca��-dependent phosphorylation that can lead

in minutes to a decrease in aromatase activity (109, 110).

In this model, rapid inhibition of aromatase activity can

occur via phosphorylations and/or via an interaction be-

tween the Ca��-calmodulin complex and the aromatase

molecule (111). Moreover, treatments of hypothalamic

explants with K� or with glutamate receptor agonists N-

methyl-D-aspartate (NMDA), AMPA, and kainate all in-

hibit aromatase over a similar time frame (109). Such re-

sults suggest that neuronal aromatase is phosphorylated

upon excitation, locally reducing a neuron’s capacity to

synthesize estrogen.

If this form of rapid regulation was confined to enzyme

located in synaptic terminal in close proximity to estrogen-

sensitive postsynaptic membranes, then a mechanism for

spatiotemporal neuromodulation would be achieved. Our

studies of songbirds approach this question using newly

developed microdialysis procedures to measure localized

and acute changes in neuroestrogen levels.

2. Measurement of local estrogens in vivo

If aromatase activity changes within synaptic terminals

in the songbird forebrain, the synaptocrine hypothesis

proposes that estrogenic end-products are immediately re-

leased and result in altered levels of estrogens at or near the

synapse. In other words, local levels of neuroestrogens near

synaptocrine terminals should fluctuate relative tosurround-

ing extracellular cerebrospinal fluid (CSF). To test these

ideas, methods were developed recently to directly measure

fluctuations in local neurosteroid levels in vivo, in awake,

behaving songbirds (Fig. 4A) (112). In vivo microdialysis

has been a powerful tool for the study of neuropeptide and

neurotransmitter flux in a variety of experimental settings

(113, 114), but the possibility of using this approach for

brain steroids like estrogens had not been previously ex-

plored in depth (but see Ref. 115). We now describe spe-

cifics on the development and findings using in vivo mi-

crodialysis for neurosteroids.

Because in vivo microdialysis for neuroestrogens had

not previously been attempted in behaving animals, a num-

ber of validation steps were required before the technology

could be harnessed for experiments (for further details, see

Fig. 4. A, Exposure to male song for 30 min (playback) increases

estradiol in an auditory processing region, NCM, in adult male zebra

finches compared with 30-min periods of silence (Pre) and (Post).

Exposure to white noise had no effect on NCM estradiol levels. Dashed

lines indicate background steroid concentrations for aCSF alone. Data

were analyzed by repeated measures ANOVA and appropriate post

hoc analyses. *, P � 0.011 for playback vs. pre-silence in the male

song group; #, P � 0.023 for male song vs. white noise during

playback. B, Microdialysate estradiol levels before (two successive 30

min pre treatment periods) or after (1–30 or 30–60 min) retrodialysis

of neurotransmitters GABA, NMDA, or glutamate into the NCM region

of male zebra finches. Glutamate (10 mM) only caused a significant

change (decrease) in estradiol levels.**, P � 0.008. [Adapted from

Remage-Healey L et al., Forebrain steroid levels fluctuate rapidly during

social interactions. Nat Neurosci 11:1327–1334, 2008 (112), with

permission. © 2008, Nature Publishing Group.]
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Ref. 112). First, in vitro experiments verified that radiola-

beled estrogens could be captured predictably when CMA-7

microdialysis probes (or similar probes appropriate for sam-

pling from constrained areas in small animals) were im-

mersed in aqueous [artificial CSF (aCSF)] solution. In these

experiments, the degree of absorption increased in a log-

linear fashion in parallel with increases in the in vitro es-

tradiol concentration. Second, the chemical identity of en-

dogenous 17�-estradiol in microdialysate collected from

awake animals (as measured by a commercial ELISA) was

independently confirmed using gas chromatography/mass

spectrometry. Thus, the brain-derived steroid species in

question was unequivocally confirmed to be 17�-estra-

diol. Third, peripheral injections of 17�-estradiol caused

significant, concomitant increases above baseline in fore-

brain 17�-estradiol levels as measured by in vivo micro-

dialysis. Fourth, local delivery (reverse dialysis) of the po-

tent aromatase inhibitor fadrozole (FAD) to the forebrain

caused rapid suppression of local endogenous 17�-estra-

diol levels in awake males (112). These findings confirmed

that neurosteroids like 17�-estradiol were both detectable

and quantifiable using microdialysis. Additional data de-

scribed in subsequent sections shows that the 17�-estra-

diol measured in dialysates fluctuates inversely to that of

testosterone, can be predictably altered by retrodialysis of

pharmacological agents that regulate aromatase, and is

only detected in significant amounts from brain regions

containing aromatase. These data confirm that the bulk of

the 17�-estradiol measured by microdialysis reflects neu-

roestrogen, is locally synthesized in brain.

The development of neurosteroid microdialysis has al-

lowed unprecedented spatiotemporal precision in deter-

mining the steroid modulation of forebrain circuit func-

tion in vivo in awake animals. Despite these advances, the

accurate detection and quantification of neuroestrogen

fluctuation at the individual synapse is beyond the scope

of current technology. Even so, synaptosomal aromatase

accounts for a large quantity of the total aromatase in the

forebrain of adult male zebra finches (8). Therefore, acute

fluctuations in local estrogens captured using in vivo mi-

crodialysis likely reflect, in part, the integration of synap-

tocrine events.

3. Changes in neuroestrogens during

neurotransmitter activation

Experiments in both hypothalamic and hippocampal

preparations have shown that in vitro aromatase activity

is sensitive to application of both glutamate agonists and

antagonists (116, 117). Specifically, in Japanese quail hy-

pothalamic explants, glutamate agonists rapidly suppress

aromatase activity, most likely via a calcium-dependent

phosphorylation of the aromatase enzyme (110, 111,

116). Similarly, rapid neurotransmitter-mediated shifts in

aromatase activity could account for synaptocrine fluctu-

ation of neuroestrogens in the zebra finch NCM. Exoge-

nous treatment with neurotransmitter agonists/antago-

nists should therefore result in acute changes in local

neuroestrogens in vivo, as measured by microdialysis.

This prediction was supported in microdialysis exper-

iments using reverse-delivery (retrodialysis) of glutamate,

NMDA, and GABA into the NCM of awake, behaving

male zebra finches. Infusion of glutamate caused a rapid

suppression of local 17�-estradiol levels within 30 min,

whereas treatment with either NMDA or GABA each had

no effect (Fig. 4B) (112). Infusion of GABA caused a rapid

increase in local testosterone levels within 30 min, whereas

NMDA and glutamate each had no effect. Thus, neu-

rotransmitter activation was directly associated with local

and acute changes in NCM steroids. Recently, the rapid

suppression of local 17�-estradiol by glutamate-evoked

excitation has been recapitulated with delivery of aCSF

containing high concentrations of K� ions (causing in-

creased local depolarization events; Remage-Healey, L.,

and B. A. Schlinger, unpublished observations). More-

over, changing estradiol levels measured by in vivo mi-

crodialysis are blocked when the local nucleus is treated

with the presynaptic terminal-specific voltage-gated cal-

cium channel blocker omega-conotoxin (Remage-Healey,

L., and B. A. Schlinger, unpublished observations), further

implicating a synaptocrine source for estrogens detected

via this technology.

Collectively, these observations demonstrate that neu-

roestrogen levels within the NCM are acutely sensitive to

neuronal excitation. It is interesting to note that gluta-

mate-dependent aromatase down-regulation (as observed

in quail hypothalamus) (116) could be a conserved mech-

anism for the control of neuroestrogen production in the

vertebrate CNS.

These observations raise the question as to whether

endogenous activation of neural circuits regulates the syn-

thesis and secretion of local steroidal neuromodulators.

4. Changes in neuroestrogens in vivo during behavior

The validation of in vivo microdialysis for neuros-

teroids has allowed for the examination of acute changes

within the forebrain of the zebra finch that might reflect

rapid changes in synaptocrine synthesis. The focus of these

experiments has been on the NCM, an auditory cortical

nucleus that is enriched in synaptosomal aromatase (7,

103). When males are exposed to females and actively

courting and singing, microdialysis within NCM reveals

that 17�-estradiol levels are acutely elevated during 30

min behavioral trials relative to baseline conditions (Fig.

4A) (112). These changes appear to be specific to NCM;
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when probes are targeted to anterior forebrain (containing

very little synaptosomal or somal aromatase), there is no

significant change observed in local estrogens. A similar

acute rise in 17�-estradiol within NCM also occurs when

males are exposed to conspecific songs but not control

white noise sounds, indicating that auditory processing of

song stimuli alone can drive fast changes in brain steroid

levels. Importantly, circulating levels of both 17�-estra-

diol and testosterone are not responsive to these same ma-

nipulations. Together, these findings reveal an extremely

localized flux in neuroestrogens within a discrete region of

auditory cortex that occurs during changes in socially rel-

evant behavior.

These studies confirm predictions of the synaptocrine

hypothesis that aromatase present in synapses is subject to

relatively rapid regulation, consistent with a role in neu-

romodulation for these locally formed neuroestrogens.

D. Prediction 4

In a synaptocrine system involving steroids, the source

of that substrate could be from endocrine, paracrine, or

autocrine sources. If a steroid is synthesized at the synapse,

a concomitant local decrease in the concentration of its

immediate substrate is predicted.

1. Source of androgen substrate for neuroestrogen synthesis

All active steroidal signaling molecules are derived

from cholesterol, belong to one of several families of sim-

ilar molecular composition, and are produced by a series

of enzyme-catalyzed reactions (54, 55). Androgens are de-

rived fromprogestins, andestrogens fromandrogens,with

aromatase being the last of four reactions required to make

estradiol from cholesterol. A complex feature of synapto-

crine signaling is that the androgenic precursor for syn-

aptic estrogen synthesis can be derived from one of several

sources, including endocrine delivery from the periphery,

paracrine delivery from nearby neuronal or glial cells, or

autocrine delivery with androgen synthesized in the pre-

synaptic neuron itself. In the case of the zebra finch NCM,

it is not yet clear whether aromatase-positive cells synthe-

size androgens or any of its precursors. However, we and

others have documented expression and, in some cases

activity, of all of the fundamental enzymes and transport-

ers of the steroidogenic pathway, including the cholesterol

transporter proteins steroidogenic acute regulatory pro-

tein and translocator protein; the side-chain cleavage, 3�-

hydroxysteroid dehydrogenase (3�-HSD), and CYP17 en-

zymes are all expressed in NCM, making it possible that

the androgens required for presynaptic estrogen signaling

are produced locally in brain (47, 118–120).

Additional evidence for a role for neurosteroidogenesis

functioning coordinately with synaptic aromatase comes

from studies of the enzyme 3�-HSD that converts preg-

nenolone to progesterone or the androgen precursor de-

hydroepiandrosterone (DHEA) to androstenedione, a

substrate for aromatization. This enzyme shows many

properties in brain similar to that of aromatase. First,

DHEA can be converted into estradiol in the songbird

brain, a process that requires the action of 3�-HSD, aro-

matase, and an isoform of 17�-HSD (121–123). DHEA

can activate masculine behavior in songbirds, including

during the nonbreeding season when the gonads are re-

gressed and likely producing little or no androgen (124,

125). Importantly, the enzyme 3�-HSD is up-regulated in

several brain regions during the nonbreeding season com-

pared with the breeding season (126), and it can be reg-

ulated in a sexually dimorphic manner (127). Notably,

like our evidence for aromatase, 3�-HSD is up-regulated

rapidly (within 30 min) during aggressive encounters

(126). Similar to our results using in vivo microdialysis

(112), these data argue that rapid regulation is a key prop-

erty of steroidogenic enzymes, providing a mechanism for

the rapid local flux of androgenic precursors for synaptic

estrogen production.

2. Changes in local steroid substrate

As mentioned previously, reverse dialysis of FAD into

the forebrain caused rapid suppression of local endoge-

nous 17�-estradiol levels in awake males. A secondary

prediction is that this treatment would produce a simul-

taneous increase in dialysate levels of testosterone, the im-

mediate substrate that is aromatized into estradiol. There-

fore, a modification of the ELISA procedure was

introduced to allow measures of testosterone from what

remained after estradiol ELISA was performed. The re-

sults of these analyses confirmed our expectation: local

testosterone levels measured in these same samples were

significantly higher during FAD treatment, consistent

with a local buildup of androgen precursors after aroma-

tase inhibition (see Ref. 112). Similar inverse changes in

dialysate levels of testosterone and estradiol were detected

during exposure of male songbirds to specific behavioral

contexts or auditory stimuli.

These studies lend support for predictions of the syn-

aptocrine hypothesis that the substrate for synaptic aro-

matase can be locally produced in brain but might also

arise from alternate neural or peripheral sources.

E. Prediction 5

Neuromodulators released from synaptic terminals

have pre- or postsynaptic physiological functions. In a

synaptocrine system involving steroids, the steroid syn-

thesized at synaptic terminals will exert either autocrine
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(presynaptic) or synaptocrine (postsynaptic) actions inde-

pendent of steroids produced elsewhere.

There are several implications for the behaviorally

driven acute changes in local estrogen levels that occur in

the brains of songbirds. Chiefly, local release of steroids

should have acute actions on neuronal firing patterns

within the NCM circuit. We and others have collected

evidence in favor of this prediction originating from the

observed acute changes in neuroestrogens via in vivo

microdialysis.

1. Modulation by brain estrogens in vivo

Similar to several other classes of steroid hormones

(e.g., Ref. 128), 17�-estradiol has rapid actions on neu-

ronal excitability that can occur within seconds to minutes

of treatment. This phenomenon has by now been widely

observed throughout the vertebrate CNS, including the

hypothalamus, amygdala, striatum, HP, and hindbrain/

spinal cord (25, 26, 129–132). The majority of rapid es-

trogen effects have been described in these “limbic” or

motor regions of the vertebrate CNS, and only recently has

attention turned toward neuroestrogen actions on sensory

processing areas (for longer-term estrogen effects see Refs.

133–135).

2. Locally derived estrogens: electrophysiology and

auditory processing

The phenomenon of fluctuating neuroestrogen produc-

tion within the songbird NCM as revealed by microdialy-

sis suggested that 17�-estradiol could have rapid effects on

excitability of neurons involved in auditory processing

and/or song memory. Microdialysis technology was re-

cently coupled to extracellular electrophysiology record-

ings in the NCM. This combined approach allows precise

regulation of local neurosteroid levels via reverse micro-

dialysis for drug delivery alongside recordings of neuronal

activity. This approach recently showed that neuroestro-

gen production is indeed responsible for boosting the neu-

ronal auditory responses to song stimuli within 30 min in

the zebra finch NCM (136). Brief application of 17�-es-

tradiol directly into the NCM caused 50% increases in the

firing rate of auditory neurons during song playback, rel-

ative to the previous 30 min of vehicle delivery. Close

inspection of the firing patterns revealed that 17�-estra-

diol caused significant increases in the occurrence of

“bursts” of action potentials (Fig. 5). Such a switch to

neuronal bursting is consistent with the hypothesis that

burst firing enhances the synaptic drive to efferent targets

and can possibly aid in sensory discrimination (137),

Fig. 5. Estradiol causes acute changes in the occurrence of multiunit bursts. A, Example of NCM spike trains for both aCSF (upper) and estradiol

(lower) conditions. Triggered spike plots are depicted below each trace, and two examples of identified burst-periods (black bars) are depicted.

Right, ISI distribution plots over the entire 30-min treatment periods from the same experiment are shown for aCSF (upper) and estradiol (lower).

An increased number of rapid interspike interval (�5–10 msec) events during estradiol treatment is consistent with a transition from isolated

spiking to burst firing. B, Estradiol (E2) increases the number of auditory-evoked single unit bursts in NCM. **, P � 0.005; n � 10 U from seven

birds. C, By contrast, FAD decreases the number of auditory-evoked single unit bursts in NCM. *, P � 0.018; n � 7 U from five birds. [Adapted

from L. Remage-Healey et al., Brain estrogens rapidly strengthen auditory encoding and guide song preference in a songbird. Proc Nat Acad Sci

USA 107:3852–3857, 2010 (136), with permission. © 2010, The National Academy of Sciences.]
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thereby further compounding the simple increases in firing

rate caused by 17�-estradiol. Conversely, aromatase

blockade with FAD caused a rapid suppression of bursting

(Fig. 5), consistent with a role for local, endogenous neu-

roestrogens in modulating firing properties of auditory

neurons.

In a remarkable convergence of findings from an inde-

pendent laboratory, 17�-estradiol and aromatase inhibi-

tors delivered to NCM via pressure injection (coupled

with extracellular recordings) were found to similarly

modulate NCM firing patterns in awake, head-restrained

zebra finches (138). In follow-up patch recordings in vitro,

Tremere et al. (138) observed that 17�-estradiol exerts

rapid suppression of GABAergic currents (miniature inhib-

itorypostsynapticcurrents) inNCMslicesandthat thiseffect

is most likely a presynaptic phenomenon (17�-estradiol in-

hibits the frequency but not amplitude of miniature inhibi-

tory postsynaptic currents). More recent studies from the

same lab directly and quantitatively assessed the extent to

which the neural discrimination of auditory signals is en-

hanced by locally produced estrogen (139). Together, these

convergent findings provide convincing evidence for the

acute modulation of auditory-evoked activity in NCM neu-

rons by locally produced neuroestrogens.

These studies confirm predictions of the synaptocrine

hypothesis that estrogens synthesized locally in brain

modulate neuronal membrane excitability on a rapid time

scale.

F. Prediction 6

Modulation of neuronal activity by synaptic neurosig-

nal release produces changes in neural function and be-

havior. In the case of a synaptocrine system involving ste-

roids, active steroids produced at the synapse themselves

influence behavior, independent of steroids produced

elsewhere.

1. Modulation of behavior

A final, important component of the synaptocrine hy-

pothesis is the implication for behavior. If the synapto-

crine synthesis, release, and subsequent acute actions of

neuroestrogens on brain function are important, there

should be associated changes in behavior. Because in vivo

microdialysis has been optimized for awake, behaving ze-

bra finches, the technology can therefore be used to study

variation in the suite of natural social behaviors that are

expressed in laboratory conditions in this species.

One way in which microdialysis has been used to ex-

amine neuroestrogens and behavior is the study of song

preferences. Adult zebra finch males and females exhibit

behavioral preferences for specific song types, typically

acoustic playback of their own song (in the case of males)

or their tutor’s song (in the case of both sexes) compared

with conspecific or heterospecific songs. This preference

can be measured by the time spent choosing to be in phys-

ical proximity to a speaker broadcasting songs and/or via

an operant task in which birds are trained to peck keys

associated with playback of preferred vs. nonpreferred

songs (see Ref. 140). The physical proximity approach

was used in conjunction with in vivo microdialysis to test

the effects of the potent aromatase inhibitor FAD on song

preference inawake,behavingadultmales.During30-min

trials in which aCSF was perfused through NCM, males

on average spent approximately 75% of their time choos-

ing in close proximity to the speaker playing their own

song [bird’s own song (BOS)] vs. a conspecific song (CON;

corrected for side-bias; Fig. 6), a finding comparable to

preference scores in other studies in this species (140, 141).

By contrast, during 30-min trials in which FAD was de-

livered to NCM via retrodialysis, the preference score

dropped to 50% (Fig. 6), i.e., no preference for either BOS

or CON (136). Interestingly, this drop in preference was

only observed when FAD was delivered to the left hemi-

sphere NCM (n � 5) and not the right hemisphere NCM

(n � 4), indicating a laterality for endogenous neuroes-

trogen actions in support of song preference and possibly

a laterality in function for left vs. right NCM. It is unclear

from these experiments whether the block of song pref-

erence was due to synaptocrine or somal aromatase inhi-

bition (or a combination) because FAD likely does not

differentially interfere with aromatase activity in these two

cellular compartments. Nonetheless, the rapidity of the

behavioral actions (30 min) of FAD in NCM, coupled with

theobservationof similarly fastFAD-inducedsuppressionof

burst firing in NCM neurons, suggests that synaptocrine

Fig. 6. Discrimination depends on estrogen production in the left

hemisphere. In freely-behaving males, discrimination of BOS (1.0 �

100% BOS discrimination preference vs. 0% CON) is eliminated during

retrodialysis of the aromatase inhibitor FAD into the left hemisphere

NCM region (**, P � 0.007), but not the right. Dashed line represents

the species-typical BOS discrimination ratio (�75%). Dotted line

delineates no discrimination. Sample sizes are in parentheses. [Adapted

from L. Remage-Healey et al., Brain estrogens rapidly strengthen

auditory encoding and guide song preference in a songbird. Prod Nat

Acad Sci USA 107:3852–3857, 2010 (136), with permission. © 2010,

The National Academy of Sciences.]
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neuroestrogen production partially accounts for the boost in

both neuronal auditory processing and downstream behav-

ioral preferences. Recent experiments from the Pinaud lab

have largely confirmed this original observation (139).

As described in Section IV, the songbird forebrain con-

tains abundant expression of the steroidogenic enzyme 5�-

reductase (66, 142). Similar to the actions of aromatase,

this enzyme converts androgens and progestins into their

5�-reduced metabolite counterparts. Although the rapid

effects of estradiol on songbird auditory physiology are

clear, 5�-reduced androgens do not produce significant

changes in NCM firing properties (136). Therefore, local,

likely synaptic, aromatase activity is critical for boosting

auditory responsiveness in NCM and guiding song pref-

erence (136), whereas the predominant 5�-reduced an-

drogen, 5�-dihydrotestosterone, is naturally synthesized

in part via synaptocrine actions but has no effect on the

excitability of auditory neurons in NCM (see Ref. 139).

These observations suggest that synaptocrine actions of

steroids are specialized and perhaps controlled at the syn-

aptic level for local modulatory events. To date, a direct,

physiological role for 5�-reductase in synaptic terminals

has not yet been identified. 5�-Reduced steroids can al-

losterically modulate the GABAA receptor in cultured ze-

bra finch neurons (60). Given their potency and potential

for synaptocrine actions, further analysis of 5�-reduced

steroid actions on adult songbird neurons will be a fruitful

avenue for research.

These studies confirm predictions of the synaptocrine

hypothesis that estrogens formed locally in brain exert

specific and relatively rapid control over neural events that

influence expression of behavior.

G. Prediction 7

To preserve spatiotemporal resolution of neuromodu-

latory events, pre- and/or postsynaptic mechanisms exist

to rapidly terminate the influence of neuromodulators. In

the case of a synaptocrine system involving steroids, after

synaptic steroid synthesis, release, and local action, a pu-

tative sequestration mechanism exists to rapidly quench

steroid concentrations within the synaptic cleft.

The preservation of neuromodulatory information

content depends on the temporal fidelity of the modula-

tory signal to match rapidly changing informational

states. This fidelity match is achieved in part via mecha-

nisms to rapidly sequester the released pool of neuro-

modulator, such as reuptake proteins, feedback pathways,

and degradation events. Research into the uptake of bio-

genic amine neurotransmitters in particular has provided

a wealth of drug targets for use in depression and anxiety

disorders (143). In the case of synaptocrine steroid pro-

duction, it is presently uncertain which mechanisms serve

to locally preserve the spatiotemporal fidelity of steroids

produced at the synapse. Several candidate mechanisms

include: 1) phase I rapid hydroxylation of steroids by en-

zymes such as aromatase itself to increase their aqueous

solubility and thereby decrease their potency (144); 2) so-

called phase II steroid metabolism, which includes sulfate-

and glucuronide-conjugation processes that can inactivate

steroids within the brain (145); and 3) constitutive seques-

tration via binding proteins such as sex steroid binding

globulin (146) or even �-fetoprotein (147), which could

theoretically be located at or near the synaptic cleft. There-

fore, the evidence is gathering that synaptic steroid se-

questration is possible, but it is unknown whether these

mechanisms operate at the acute spatial and temporal

scale to provide the rapid sequestration of steroids pro-

duced at the neuronal synapse.

Although more work in this area is required, there are

a variety of potential neurochemical mechanisms to lo-

Fig. 7. Synaptocrine signaling. Left, Androgenic precursors (blue

triangles) from the extracellular space, adjacent cells such as astroglia,

or within individual neurons are available as substrates for the enzyme

aromatase (green hexagons) located within presynaptic boutons.

Estrogens (red pentagons) synthesized within the presynaptic bouton

may be available to bind presynaptic ER (yellow ovals) and modulate

the dynamics of presynaptic neurotransmitter release, diffuse into the

synaptic cleft, and thereby interact with postsynaptic inhibitory (black)

or excitatory (clear) receptors, or via interactions with postsynaptic ER,

modulate postsynaptic neurotransmitter receptors and have genomic

effects on the postsynaptic cell. These scenarios are most likely to

occur during inhibition of the synaptocrine neuron by afferent

inhibitory modulation (afferent synaptic bouton with dark

neurotransmitter vesicles and dark neurotransmitter) and with the

exclusion of extracellular calcium (Ca��) from the synaptocrine

presynaptic bouton. Right, In contrast, depolarization of the synaptic

neuron and concomitant Ca�� influx into the presynaptic bouton

may activate a calcium-dependent kinase, phosphorylate presynaptic

aromatase (P) and thereby decrease synaptocrine estrogen synthesis

(smaller red pentagons, decreasing estrogenic synaptocrine signaling,

but potentially increasing synaptocrine androgenic (larger blue

triangles) via interaction with presynaptic androgen receptors (gray

ovals) or after diffusion across the synaptic cleft, by genomic effects via

androgen receptors on the postsynaptic neuron.
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cally regulate brain estrogens in keeping with predictions

of the synaptocrine hypothesis.

VII. Conclusions

Although our focus here is on estrogen signaling in the

songbird brain, there is a growing body of evidence show-

ing that synaptocrine signaling is conserved across verte-

brates and across brain regions (117, 131, 148). More-

over, whereas neural estrogen actions are widely studied,

especially their rapid membrane actions, other neuroac-

tive steroids are likely formed presynaptically (e.g., Refs.

149–151), thereby functioning also as targeted synapto-

crine signals. The subcellular localization of enzymes re-

quired to synthesize neuroactive steroids merits further

investigation.

An alternate hypothesis regarding a role for steroids

synthesized in the presynaptic bouton may well be the

modulation of presynaptic physiology. Indeed, receptors

for both estrogen (15, 19, 20) and androgen (152) have

been documented within presynaptic boutons of the ro-

dent brain and in the zebra finch HVC (Saldanha, C. J.,

unpublished observations). Steroids could interact with

their cognate receptors within the presynaptic boutons

and thereby affect presynaptic function (81). For example,

estrogen can rapidly potentiate the excitability of rodent

hippocampal neurons via a presynaptic mechanism (153),

perhaps via receptors located on the walls of neurotrans-

mitter vesicles (103). Given these data, we cannot exclude

the possibility that estrogens synthesized within the pre-

synaptic bouton may alter the probability of neurotrans-

mitter release, thereby affecting synaptic function.

Irrespective of the pre- or postsynaptic site of action,

synthesis and/or metabolism of steroidal molecules at the

synapse for targeted neuromodulatory actions represents

a conceptually new mechanism of hormone delivery (Fig.

7). Synaptocrinology will be a rewarding path of future

neuroendocrine investigation.

Acknowledgments

Address all correspondence and requests for reprints to: Barney

Schlinger, Ph.D., Departments of Integrative Biology and Physiology,

Ecology and Evolutionary Biology, University of California-Los Angeles,

621 Charles E. Young Drive South, Los Angeles, California 90095.

E-mail: schlinge@lifesci.ucla.edu.

Current address for C.J.S: Department of Biology, American Uni-

versity, Hurst Hall, 4400 Massachusetts Avenue NW, Washington, D.C.

20016.

This work was supported by the National Institutes of Health

(Grants F32NS058009, R01MH061944, RO1NS042767 and K99/

R00NS066179).

Disclosure Summary: The authors have nothing to disclose.

References

1. Schlinger BA, Arnold AP 1992 Plasma sex steroids and
tissue aromatization in hatchling zebra finches: implica-
tions for the sexual differentiation of singing behavior. En-
docrinology 130:289–299

2. Schlinger BA, Callard GV 1989 Localization of aromatase
in synaptosomal and microsomal subfractions of quail
(Coturnix coturnix japonica) brain. Neuroendocrinology
49:434–441

3. Schlinger BA, Slotow RH, Arnold AP 1992 Plasma estro-
gens and brain aromatase in winter white-crowned spar-
rows. Ornis Scandinavica 23:292–297

4. Arnold AP, Schlinger BA 1993 Sexual-differentiation of
brain and behavior—the zebra finch is not just a flying rat.
Brain Behav Evol 42:231–241

5. Naftolin F, Horvath TL, Jakab RL, Leranth C, Harada N,
Balthazart J 1996 Aromatase immunoreactivity in axon
terminals of the vertebrate brain. An immunocytochemical
study on quail, rat, monkey and human tissues. Neuroen-
docrinology 63:149–155

6. Hojo Y, Hattori TA, Enami T, Furukawa A, Suzuki K, Ishii
HT, Mukai H, Morrison JH, Janssen WG, Kominami S,
Harada N, Kimoto T, Kawato S 2004 Adult male rat hip-
pocampus synthesizes estradiol from pregnenolone by cy-
tochromes P45017� and P450 aromatase localized in neu-
rons. Proc Natl Acad Sci USA 101:865–870

7. Peterson RS, Yarram L, Schlinger BA, Saldanha CJ 2005
Aromatase is pre-synaptic and sexually dimorphic in the
adult zebra finch brain. Proc Biol Sci 272:2089–2096

8. Rohmann KN, Schlinger BA, Saldanha CJ 2007 The sub-
cellular compartmentalization of aromatase is sexually di-
morphic in the adult zebra finch brain. Dev Neurobiol 67:
1–9

9. Balthazart J, Ball GF 2006 Is brain estradiol a hormone or
a neurotransmitter? Trends Neurosci 29:241–249

10. Saldanha CJ, Peterson RS, Yarram L, Schlinger BA The
synaptocrine hypothesis: a novel form of estrogen delivery.
The Seventh Annual Meeting of the Society for Behavioral
Neuroendocrinology, Cincinnati, OH, 2003, Abstract 95

11. Saldanha CJ, Peterson RS, Yarram L, Schlinger BA The
synaptocrine hypothesis: a novel form of estrogen delivery.
Neuroscience Annual Meeting, New Orleans, LA, 2003,
Abstract 610.14

12. Mukai H, Takata N, Ishii HT, Tanabe N, Hojo Y, Furu-
kawa A, Kimoto T, Kawato S 2006 Hippocampal synthesis
of estrogens and androgens which are paracrine modula-
tors of synaptic plasticity: synaptocrinology. Neuroscience
138:757–764

13. Murakami G, Tanabe N, Ishii HT, Ogiue-Ikeda M, Tsu-
rugizawa T, Mukai H, Hojo Y, Takata N, Furukawa A,
Kimoto T, Kawato S 2006 Role of cytochrome P450 in
synaptocrinology: endogenous estrogen synthesis in the
brain hippocampus. Drug Metab Rev 38:353–369

14. Blaustein JD 1992 Cytoplasmic estrogen receptors in rat
brain: immunocytochemical evidence using three antibod-
ies with distinct epitopes. Endocrinology 131:1336–1342

15. Blaustein JD, Lehman MN, Turcotte JC, Greene G 1992
Estrogen-receptors in dendrites and axon terminals in the
guinea-pig hypothalamus. Endocrinology 131:281–290

16. McEwen BS, Alves SE 1999 Estrogen actions in the central
nervous system. Endocr Rev 20:279–307

Endocrine Reviews, August 2011, 32(4):532–549 edrv.endojournals.org 545

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

2
/4

/5
3
2
/2

3
5
4
7
5
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



17. McEwen B, Akama K, Alves S, Brake WG, Bulloch K, Lee
S, Li C, Yuen G, Milner TA 2001 Tracking the estrogen
receptor in neurons: implications for estrogen-induced syn-
apse formation. Proc Natl Acad Sci USA 98:7093–7100

18. Beyer C, Pawlak J, Karolczak M 2003 Membrane recep-
tors for oestrogen in the brain. J Neurochem 87:545–550

19. Mitterling KL, Spencer JL, Dziedzic N, Shenoy S, McCar-
thy K, Waters EM, McEwen BS, Milner TA 2010 Cellular
and subcellular localization of estrogen and progestin re-
ceptor immunoreactivities in the mouse hippocampus.
J Comp Neurol 518:2729–2743

20. Waters EM, Yildirim M, Janssen WG, Lou WY, McEwen
BS, Morrison JH, Milner TA 2011 Estrogen and aging
affect the synaptic distribution of estrogen receptor �-im-
munoreactivity in the CA1 region of female rat hippocam-
pus. Brain Res 1379:86–97

21. Toran-Allerand CD 2004 Minireview: a plethora of estro-
gen receptors in the brain: where will it end?. Endocrinol-
ogy 145:1069–1074

22. Revankar CM, Cimino DF, Sklar LA, Arterburn JB,
Prossnitz ER 2005 A transmembrane intracellular estrogen
receptor mediates rapid cell signaling. Science 307:1625–
1630

23. Funakoshi T, Yanai A, Shinoda K, Kawano MM, Mizu-
kami Y 2006 G protein-coupled receptor 30 is an estrogen
receptor in the plasma membrane. Biochem Biophys Res
Commun 346:904–910

24. McCarthy MM 2008 Estradiol and the developing brain.
Physiol Rev 88:91–124

25. Kelly MJ, Ronnekleiv OK 2002 Rapid membrane effects of
estrogen in the central nervous system. In: Pfaff D, ed. Hor-
mones, brain and behavior. Amsterdam: Academic Press;
361–380

26. Woolley CS 2007 Acute effects of estrogen on neuronal
physiology. Annu Rev Pharmacol Toxicol 47:657–680

27. Micevych PE, Mermelstein PG 2008 Membrane estrogen
receptors acting through metabotropic glutamate recep-
tors: an emerging mechanism of estrogen action in brain.
Mol Neurobiol 38:66–77

28. Scharrer E 1954 Neurosecretion and anterior pituitary in
the dog. Experientia 10:264–266

29. MacLusky NJ, Naftolin F 1981 Sexual differentiation of
the central nervous system. Science 211:1294–1302

30. McEwen BS 1981 Neural gonadal steroid actions. Science
211:1303–1311

31. SkinnerMK,Norton JN,MullaneyBP,RosselliM,Whaley
PD, Anthony CT 1991 Cell-cell interactions and the reg-
ulation of testis function. Ann NY Acad Sci 637:354–363

32. Bornstein SR, Vaudry H 1998 Paracrine and neuroendo-
crine regulation of the adrenal gland—basic and clinical
aspects. Horm Metab Res 30:292–306

33. Ballian N, Brunicardi FC, Wang XP 2006 Somatostatin
and its receptors in the development of the endocrine pan-
creas. Pancreas 33:1–12

34. Naftolin F, Ryan KJ, Petro Z 1971 Aromatization of an-
drostenedione by limbic system tissue from human foe-
tuses. J Endocrinol 51:795–796

35. Naftolin F, Ryan KJ, Davies IJ, Reddy VV, Flores F, Petro
Z, Kuhn M, White RJ, Takaoka Y, Wolin L 1975 The
formation of estrogens by central neuroendocrine tissues.
Rec Prog Horm Res 31:295–319

36. Callard GV, Petro Z, Ryan KJ 1978 Phylogenetic distri-

bution of aromatase and other androgen-converting en-

zymes in the central nervous system. Endocrinology 103:

2283–2290

37. Canick JA, Vaccaro DE, Livingston EM, Leeman SE, Ryan

KJ, Fox TO 1986 Localization of aromatase and 5�-re-

ductase to neuronal and non-neuronal cells in the fetal rat

hypothalamus. Brain Res 372:277–282

38. Martini L 1982 The 5�-reduction of testosterone in the

neuroendocrine structures. Biochemical and biophysical

implications. Endocr Rev 3:1–25

39. Hutchison JB, Steimer T 1981 Brain 5-�-reductase—a cor-

relate of behavioral sensitivity to androgen. Science 213:

244–246

40. Baulieu EE, Robel P 1990 Neurosteroids: a new brain func-

tion. J Steroid Biochem Mol Biol 37:395–403

41. Compagnone NA, Bulfone A, Rubenstein JL, Mellon SH

1995 Steroidogenic enzyme P450c17 is expressed in the

embryonic central nervous system. Endocrinology 136:

5212–5223

42. Compagnone NA, Bulfone A, Rubenstein JL, Mellon SH

1995 Expression of the steroidogenic enzyme P450scc in

the central and peripheral nervous systems during rodent

embryogenesis. Endocrinology 136:2689–2696

43. King SR, Manna PR, Ishii T, Syapin PJ, Ginsberg SD, Wil-

son K, Walsh LP, Parker KL, Stocco DM, Smith RG, Lamb

DJ 2002 An essential component in steroid synthesis, the

steroidogenic acute regulatory protein, is expressed in dis-

crete regions of the brain. J Neurosci 22:10613–10620

44. Callard GV 1984 Aromatization in brain and pituitary: an

evolutionary perspective. In: Celotti F, Naftolin F, Martini

L, ed. Metabolism of hormonal steroids in the neuroendo-

crine structures. New York: Raven Press; 79–102

45. Santen RJ, Brodie H, Simpson ER, Siiteri PK, Brodie A

2009Historyof aromatase: sagaofan importantbiological

mediator and therapeutic target. Endocr Rev 30:343–375

46. Balthazart J 1990 Brain aromatization of testosterone reg-

ulates male reproductive behavior in birds. Prog Clin Biol

Res 342:92–98

47. London SE, Remage-Healey L, Schlinger BA 2009 Neuro-

steroid production in the songbird brain: a re-evaluation of

core principles. Front Neuroendocrinol 30:302–314

48. Lephart ED 1996 A review of brain aromatase cytochrome

P450. Brain Res Rev 22:1–26

49. Simpson ER, Clyne C, Rubin G, Boon WC, Robertson K,

Britt K, Speed C, Jones M 2002 Aromatase—a brief over-

view. Annu Rev Physiol 64:93–127

50. Roselli CE, Resko JA 2001 Cytochrome P450 aromatase

(CYP19) in the non-human primate brain: distribution,

regulation, and functional significance. J Steroid Biochem

Mol Biol 79:247–253

51. Saldanha CJ, Tuerk MJ, Kim YH, Fernandes AO, Arnold

AP, Schlinger BA 2000 Distribution and regulation of tel-

encephalic aromatase expression in the zebra finch re-

vealed with a specific antibody. J Comp Neurol 423:619–

630

52. Horvath TL, Roa-Pena L, Jakab RL, Simpson ER, Naftolin

F 1997 Aromatase in axonal processes of early postnatal

hypothalamic and limbic areas including the cingulate cor-

tex. J Steroid Biochem Mol Biol 61:349–357

53. Wu MV, Manoli DS, Fraser EJ, Coats JK, Tollkuhn J,

Honda S, Harada N, Shah NM2009 Estrogen masculinizes

546 Saldanha et al. Synaptocrine Signaling Endocrine Reviews, August 2011, 32(4):532–549

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/3

2
/4

/5
3
2
/2

3
5
4
7
5
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



neural pathways and sex-specific behaviors. Cell 139:
61–72

54. Miller WL 1988 Molecular biology of steroid hormone
synthesis. Endocr Rev 9:295–318

55. Payne AH, Hales DB 2004 Overview of steroidogenic en-
zymes in the pathway from cholesterol to active steroid
hormones. Endocr Rev 25:947–970

56. Foidart A, Harada N, Balthazart J 1994 Effects of steroidal
and nonsteroidal aromatase inhibitors on sexual behavior
and aromatase-immunoreactive cells and fibers in the quail
brain. Brain Res 657:105–123

57. Mak P, Zenn R, Callard GV, Subcellular distribution and
reaction kinetics of aromatase in goldfish brain. Program
of the 67th Annual Meeting of The Endocrine Society, Bal-
timore, MD, 1985, p 265

58. Forlano PM, Deitcher DL, Myers DA, Bass AH 2001 An-
atomical distribution and cellular basis for high levels of
aromatase activity in the brain of teleost fish: aromatase
enzyme and mRNA expression identify glia as source.
J Neuroscience 21:8943–8955

59. Diotel N, Le Page Y, Mouriec K, Tong SK, Pellegrini E,
Vaillant C, Anglade I, Brion F, Pakdel F, Chung BC, Kah
O 2010 Aromatase in the brain of teleost fish: expression,
regulation and putative functions. Front Neuroendocrinol
31:172–192

60. Carlisle HJ, Hales TG, Schlinger BA 1998 Characteriza-
tion of neuronal zebra finch GABA(A) receptors: steroid
effects. J Comp Physiol A 182:531–538

61. Saldanha CJ, Schlinger BA 2008 Steroidogenesis and neu-
roplasticity in the songbird brain. In: Ritsner MS, Weizman
A, eds. Neuroactive steroids in brain function, behavioral
and neuropsychiatric disorders: novel strategies for re-
search and treatment. Pondicherry: Springer; 201–216

62. Bolhuis JJ, Gahr M 2006 Neural mechanisms of birdsong
memory. Nat Rev Neurosci 7:347–357

63. Mooney R 2009 Neural mechanisms for learned birdsong.
Learn Mem 16:655–669

64. Simerly RB 1993 Distribution and regulation of steroid
hormone receptor gene expression in the central nervous
system. In: Seil FJ, ed. Advances in neurology. New York:
Raven Press; 207–226

65. Schlinger BA, Arnold AP 1991 Brain is the major site of
estrogen synthesis in a male songbird. Proc Natl Acad Sci
USA 88:4191–4194
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143. López-Muñoz F, Alamo C 2009 Monoaminergic neu-
rotransmission: the history of the discovery of antidepres-
sants from 1950s until today. Curr Pharm Des 15:1563–
1586

144. Do Rego JL, Seong JY, Burel D, Leprince J, Luu-The V,
Tsutsui K, Tonon MC, Pelletier G, Vaudry H 2009 Neu-
rosteroid biosynthesis: enzymatic pathways and neuroen-
docrine regulation by neurotransmitters and neuropep-
tides. Front Neuroendocrinol 30:259–301
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