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Establishing Regional Specificity of Neuroestrogen Action

Barney A. Schlinger1, Luke Remage-Healey2, and Michelle Rensel1
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1Dept. of Integrative Biology and Physiology and the Laboratory of Neuroendocrinology, Brain 
Research Institute, University of California, Los Angeles, CA, USA

2Neuroscience and Behavior Program, Molecular and Cellular Biology Program, Center for 
Neuroendocrine Studies, University of Massachusetts Amherst, MA

Abstract

The specificity of estrogen signaling in brain is defined at one level by the types and distributions 

of receptor molecules that are activated by estrogens. At another level, as our understanding of the 

neurobiology of the estrogen synthetic enzyme aromatase has grown, questions have emerged as 

to how neuroactive estrogens reach specific target receptors in functionally relevant 

concentrations. Here we explore the spatial specificity of neuroestrogen signaling with a focus on 

studies of songbirds to provide perspective on some as-yet unresolved questions. Studies 

conducted in both male and female songbirds have helped to clarify these interesting facets of 

neuroestrogen physiology.

Introduction

The past 40 years have seen rise to an enormous body of research demonstrating that the 

expression and activity of the estrogen synthetic enzyme aromatase is a conserved property 

of the vertebrate brain. These studies have demonstrated brain aromatase in an extraordinary 

diversity of species from virtually every vertebrate lineage, that aromatase can be expressed 

in a wide variety of neural circuits, that aromatase is expressed in a diversity of cell types, is 

present in neurons in somata, processes and in terminals, that the enzyme is subject to 

diverse regulatory mechanisms, and that the substrates for brain aromatization can arise 

from peripheral or central steroidogenesis. On top of this, we also know estrogen receptors 

(ER) can be distributed in numerous subcellular locations, from nuclei to membrane sites 

potentially quite distal to ER-positive somata. The breadth and importance of this rather 

complex field of neuroestrogen synthesis has recently been covered quite extensively 

(Balthazart and Ball, 2013; Micevych, 2012), but questions remain. A crucially important 

set of issues involve how, within the brain’s highly heterogeneous steroidal environment, is 

spatial specificity of estrogen provision achieved (Schmidt et al., 2008). Here, we focus on 
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three outstanding questions and on studies of neuroestrogen synthesis in the songbird brain 

to provide perspective on some as-yet unresolved questions.

A brief description of the traditional view of brain aromatization is needed to launch this 

discussion. The bulk of early studies on the role of brain aromatase focused on males and 

established the principle that testosterone secreted by the testes reached the brain where, in 

or near discrete regions that expressed aromatase, locally produced 17β-estradiol 

masculinized (or defeminized) neural circuits developmentally and, in adults, activated 

circuits to produce a masculine behavioral phenotype. The key features that are crucial here 

are a) that the testosterone was produced peripherally in males in which there was little or no 

peripherally produced neuroactive estradiol (a condition that stood in stark contrast with 

females that secreted ample estradiol from their ovaries to activate feminine behaviors); b) 

steroids were thought to diffuse liberally in brain so gonadal testosterone was available to 

the whole brain but was only locally converted to estradiol where aromatase was found; c) 

that aromatase was close to target neurons expressing receptors for estrogens; and d) during 

development, and possibly also in adults, the brains of both males and females were 

protected from inappropriate exposure to any peripherally produced estrogen, that is ovarian 

or maternal, by binding proteins in blood. Whereas much of this foundational work remains 

undisputed, recent studies regarding direct neurosteroidogenesis, diverse functions for brain 

aromatase outside of the control of reproductive behavior and physiology, and the rapid 

neuromodulatory roles for estrogens, force expansion of some of these basic concepts. The 

following are three questions that are unresolved but which bear strongly on our concepts of 

the spatial specificity of neuroestrogen action:

1. When aromatase is present in brain and estradiol is available from the periphery, 

how do neural estrogen targets restrict or balance their responses to peripheral vs 

centrally produced estradiol?

2. As steroids are lipophyllic molecules, they are often conceived as diffusing 

relatively freely in brain. How then are estrogen actions spatially restricted near 

aromatase-expressing cells? In other words, how do estrogen-dependent neural 

circuits preserve the spatio-temporal fidelity of the estrogen signal?

3. The two previous questions focus solely on neuroactive estrogens. As estrogen 

synthesis requires androgenic substrates, how do neural circuits balance their 

access to peripherally derived androgens with those potentially derived from 

nearby neurosteroidogenic circuits?

Songbird Brain Aromatase

As we will highlight work on songbirds, a description of brain aromatization in these birds is 

essential before expanding on these basics in subsequent sections. Much early work on avian 

aromatase focused on non-songbirds, like doves and quail (Schlinger and Balthazart, 2013), 

and showed that, as in some mammals, aromatase was expressed at its highest levels in 

regions of the hypothalamus and other parts of the animal’s “social brain” (Goodson, 2005; 

Newman, 1999). Songbirds differ taxonomically from these other species and are attractive 

animal models in neurobiological research because they a) sing complex songs, acoustic 

signals used for reproductive and non-reproductive communication; b) they learn these 
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songs from their father (or other tutor) developmentally; and c) they possess a unique 

complex set of sex-steroid sensitive neural circuits that enable song learning and production. 

Investigation of brain aromatase in these birds showed that the enzyme was expressed 

widely, in “social brain” sites as in non-songbirds, as well as in many other brain regions 

(Saldanha et al., 2013). Aromatase in the songbird brain was present in neuronal somata, as 

well as in processes that projected locally or to more distal brain regions t hat lacked somal 

aromatase (Saldanha et al., 2000). Aromatase-positive synaptic terminals were seen to 

contact aromatase-positive and negative dendrites, axons and somas (Peterson et al., 2005).

One site of especially high aromatase in songbirds was found in the caudal nidopallium. 

Recent studies demonstrate that estrogens formed in this region, that includes an auditory 

processing area called NCM, fluctuate independently of estrogens in blood and do so in 

response to appropriate auditory and/or visual stimuli (Remage-Healey et al., 2012; 

Remage-Healey et al., 2008). These estrogens produced in the NCM rapidly boost local 

auditory responses to song stimuli and appear to improve auditory perception (Remage-

Healey et al., 2010).

Another site of especially high aromatase in several songbird species is the hippocampus 

(HP) (Saldanha et al., 1998). This region, strongly associated with spatial learning and 

memory capabilities (Patel et al., 1997; Watanabe & Bischof, 2004), is structurally 

elongated rostro-caudally in birds and caudally lies just dorso-medially to the NCM, though 

separated by the lateral ventricle. Estrogens impact spatial learning and memory in many 

species, including in songbirds (Oberlander et al., 2004; Rensel et al., 2013), and can do so 

by direct actions on the HP (Bailey et al., 2013).

Aromatase is constitutively expressed in neurons in the brains of mammals and birds, 

though in teleost fish, radial glia can be the dominant aromatase-positive cell (Forlano et al., 

2001; Pellegrini et al., 2013). After neural injury in mammals and birds, aromatase-

expression is up-regulated in reactive astrocytes (in mammals) and in astrocytes and radial 

glia (in songbirds) (Duncan et al., 2013; Peterson et al., 2004; Spence et al., 2009). Studies 

of songbirds show that injury-induced aromatase limits the spread of the injury and assists 

wi th some neural repair (Wynne & Saldanha, 2004; Saldanha et al., 2005; Peterson et al., 

2007).

Thus, in the uninjured songbird brain, aromatase is present in numerous sites with known 

reproductive functions as well as in sites not traditionally associated with reproduction. 

Some of these estrogen-dependent regions are in close proximity to one another, like the 

NCM and the HP. Some brain regions contain aromatase-positive somata, fibers and 

terminals whereas other regions, or even sub-regions, contain just aromatase-positive fibers 

and terminals. Superimposed on this distribution, injury induces aromatase in new 

populations of glial cells. With this background, we now return to address questions about 

the spatial specificity of estrogen action on brain.
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Question 1: When aromatase is present in brain and estradiol is available from the 
periphery, how do neural estrogen targets restrict or balance their responses to peripheral 
vs centrally produced estradiol?

The ovaries of female vertebrates secrete estradiol, in regular as well as periodic episodes, 

from sexual maturity until they become post-reproductive, and these estrogens are seen as 

activating neural circuits that yield the feminine behavioral phenotype. However, in the face 

of a peripheral supply of estrogens, there is still evidence that brain aromatase in females is 

functional, suggesting that central-produced and peripherally-produced estrogens have 

unique functions in brain. At least two examples have been demonstrated in songbirds. In 

one case, estrogen-dependent, auditory-induced neuronal responses in the NCM of female 

zebra finches are inhibited by local application of fadrozole, an inhibitor of the aromatase 

enzyme (Remage-Healey et al., 2012). In a second case, estrogen-dependent gene regulation 

associated with neural repair/neuroprotection in females is reduced by neural application of 

an aromatase inhibitor (Walters and Saldanha, 2008). An important common theme is that 

functional estrogen synthesis was inhibited locally, within the brain, in these two 

observations in females. Consequently, in both of these cases, despite the likelihood that 

estrogens are present in blood, ovarian estrogens seem to play little role in these neural 

estrogen-dependent actions.

Results like these raise several questions. Are ovarian estrogens somehow restricted from 

reaching some, but not all, neural target sites? Are the concentrations of estrogen in blood 

sufficient to activate some neural circuits, like those involved in female sexual behavior, but 

not others, such as circuits involved in auditory processing or in neural repair? Are these 

examples of widespread and ever present physiological systems that routinely function to 

allow circulating estrogens to activate only some neural pathways while allowing locally 

produced estrogens to only activate other cells and circuits?

Circulating steroids are thought to readily cross the blood-brain-barrier (Pardridge, 1981; 

Banks, 2012) or are thought to circulate bound to proteins that restrict or enhance their 

delivery to the brain. According to the free hormone hypothesis (Mendel, 1989), only ‘free’ 

or unbound steroid hormone can reach receptors on target tissues. Recent work with sex 

hormone binding globulins (SHBGs, which bind androgens and estrogens) and 

corticosteroid binding globulins (CBGs, which bind corticosteroids, progesterone, and 

testosterone) suggests that, in contrast to this view, hormone binding globulins act to 

maintain access of steroid to receptors through multiple mechanisms. First, CBGs in 

mammals reduce clearance rates of circulating corticosterone, ensuring that stress-induced 

concentrations are adequate to reach targets in the brain and impact behavior (Minni et al., 

2012; Moisan et al., 2013). Second, both CBGs and SHBGs are locally produced in several 

mammalian brain regions (Herbert et al., 2003; 2004; Jirikowski et al.,2007; Mopert et al., 

2006). SHBGs localized in the brain appear to facilitate uptake or sequestration of 

hormones, possibly through interaction with the ERβ receptor (Caldwell et al., 2007). 

Finally, uptake of estradiol in the hamster ovary is dependent on the presence of SHBG 

(Caldwell & Jirikowski, 2013). Therefore it appears that hormone binding globulins, both in 

the circulation and within distinct neural circuits, may be important for determining the local 

concentrations of hormone reaching and acting at target cells.
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Unlike in mammals, songbirds do not possess a circulating SHBG (Deviche et al., 2001; 

Wingfield et al, 1984). It is therefore unlikely that hormone binding globulins alter the 

ability of ovarian-produced estradiol to access distinct regions of the songbird brain 

(although circulating albumins may non-specifically bind estradiol and other steroid 

hormones with lower affinity). However, circulating testosterone and dihydrotestosterone 

(5α-DHT), bind to CBGs in songbirds (no specific binding globulin for estradiol has been 

identified). While it is unknown whether the songbird brain synthesizes CBGs, it is possible 

that circulating CBGs play a role in the delivery of T to the brain, which can then be 

aromatized into estradiol in regions with abundant aromatase expression.

Despite the fact that circulating estradiol is not bound to hormone binding globulin in 

songbird blood, there is supportive evidence for the notion that neural targets associated 

with reproduction in females are more responsive to blood concentrations of free estradiol 

than areas not directly linked to reproduction. First, many of these ‘reproduction-related’ 

areas were the first to be described as neural target sites using the earliest methods to 

identify estrogen receptors in brain. Across many species, including in songbirds, 

biochemical techniques of steroid binding and radioactive steroid autoradiography clearly 

revealed estrogen-binding or estrogen receptors in brain regions associated with 

reproduction such as the hypothalamus, pre-optic area, and bed nucleus of the stria 

terminalis, amongst others (e.g. Gahr et al., 1987; Metzdorf et al., 1999). Discovery of a 

second estrogen receptor (ERβ; Kuiper et al., 1996; 1998) and the use of more sensitive 

techniques such as immunocytochemistry and in situ hybridization confirmed these earlier 

studies but also revealed more widespread expression of ER (Ball et al., 1999). Evidence for 

the existence of membrane ER was dismissed as artifact and often ignored (Pietras and 

Szego, 1999), though we now know of their presence in a wide range of species, including 

in songbirds (see below). It is possible, therefore, that in females, the higher concentrations 

of receptor enable relatively low circulating concentrations of estradiol to activate specific 

circuits associated with reproduction. Similarly, in males, these regions would be activated 

by concentrations of estradiol produced from local aromatization of circulating testosterone, 

but only when circulating T and local aromatase were elevated in reproductively active birds 

(Schlinger and Callard, 1989).

Brain regions with lower expression levels of ERs might have limited responses to ovarian-

derived levels of estradiol but might require higher local concentrations of estradiol 

provided by targeted, nearby estrogen synthesis. In addition to binding the classical nuclear 

receptors, recent work suggests that locally produced estrogens may act via a non-traditional 

mechanism, through binding to a membrane receptor. There is convincing evidence that 

estrogens act via membrane receptor-dependent processes (Micevych, 2012), and one 

membrane ER has recently been characterized in a songbird (Acharya & Veney, 2012). In 

songbirds, aromatase is present within some synaptic boutons, where its activity is regulated 

by depolarization and Ca+-dependent phosphorylation (Cornil et al., 2012b; Remage-Healey 

et al., 2011) and where estrogen concentrations might be especially elevated in the proximity 

of membrane ER. This appears to be the case in the NCM of the zebra finch where these 

locally produced estrogens impact auditory responses and processing via a membrane-

dependent receptor system (Remage-Healey et al., 2012). It may well be that the 
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concentrations of estradiol produced at or near the synapse exceed those that arrive from the 

circulation and are able to activate membrane receptors that are left inactivated by 

circulating estradiol concentrations. It is worth remembering that there was a lengthy history 

of evidence for rapid, non-genomic effects of steroids that were largely ignored in part 

because the concentrations employed by researchers were considered pharmacological, 

exceeding what is normally present in blood (Cornil et al., 2012a). It is likely that these 

pharmacological concentrations were indeed physiological with respect to local brain 

regions but not with respect to the periphery.

We cannot dismiss the possibility that ovarian androgens are converted in some brain 

regions into neuroactive estrogens. Remarkably, there is still some debate about the true 

concentrations of free androgen and estrogen in blood across ovulatory cycles as different 

assays give varying results (Fogle et al., 2007; Morley and Perry, 2003; Yasui et al., 2012). 

Typically, androgens circulate in blood of adult females at levels below what is required to 

promote expression of masculine characters by actions on peripheral androgen receptors. 

Nevertheless, given the high affinity aromatase has for its androgenic substrate (Lephart, 

1996), these concentrations of androgen in blood may be sufficient to serve as substrate for 

functional aromatization in brain. Ovariectomy is commonly utilized to eliminate circulating 

estrogens. When ovariectomy eliminates a neural effect that is restored by estrogen 

replacement, invariably, the conclusion is that it was the circulating estrogens that were 

replaced. Experiments that do not also test replacement with aromatizable androgen ignore 

the possibility that some circulating androgens are aromatized in the brains of females to 

locally synthesize bioactive estrogen. Androgen replacement does not always replicate 

effects of ovariectomy (Saldanha et al., 2009), so it is likely that plasma androgens are 

functionally aromatized in the female brain under specific conditions.

2) As steroids are lipophyllic molecules, they are often conceived as diffusing relatively 
freely in brain. How then are estrogen actions spatially restricted near aromatase-
expressing cells? In other words, how do estrogen-dependent neural circuits preserve the 
spatio-temporal fidelity of the estrogen signal?

Circulating steroids are typically seen as moving relatively freely through cellular and 

extracellular compartments to reach all their neural targets including behaviorally-relevant 

target neurons as well as circuits of the hypothalamic-pituitary-gonadal axis on which 

estrogens provide negative feedback. The question of just how freely steroids move and how 

far they can go has, to our knowledge, received little experimental attention. In many cases, 

aromatase expressing cells are themselves targets of estrogen or their somas are positioned 

in close proximity to the somas of ER-expressing cells (e.g. in birds (Saldanha and 

Coomaralingam, 2005). Thus, the neuroactive estrogens need only diffuse a short distance 

through intra- or extracellular space to reach their target receptor molecules. Aromatase is 

bound to endoplasmic reticulum which can be dispersed throughout the cytoplasm, 

including in processes and, as we shall see, in terminals. Thus, when there is a high 

concentration of aromatase-positive neurons in close proximity within a brain nucleus, there 

is also an abundance of aromatase-positive fibers (dendrites and axons), giving aromatase a 

significant cellular surface area in which to synthesize estrogen from any aromatizable 

androgen that reaches these nuclei. This perspective raises some questions however. Do 
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these locally produced estrogens diffuse to other brain areas in neuroactively sufficient 

concentrations (i.e. can one brain nucleus communicate with another via the diffusion of the 

steroid it produces)?

Work on the songbird brain points to relatively limited diffusion of significant quantities of 

estrogen from neural sites of synthesis lending support for the notion that steroids do not 

readily diffuse through the brain as has been widely believed. First, we have evidence that 

aromatase expressing cells project into regions that lack aromatase-expressing neuronal 

soma (Saldanha et al., 2000). This leads to a condition where some areas of the brains have 

somas whereas others have only fibers and terminals with aromatase (Peterson et al., 2005). 

Thus, one region can control the estrogen content of another by projecting afferents in that 

area. Second, we can measure estrogens in the auditory NCM of zebra finch males and 

females using in vivo microdialysis. Using this technique, we reliably detect estradiol in 

brain, including acute fluctuations in response to appropriate sensory stimulation (Remage-

Healey et al., 2008) These changes are not detected in adjacent areas of the nidopallium that 

lack cellular aromatase (Remage-Healey et al., 2008). Thus, with the possible exception of 

the bloodstream, locally produced estrogens are not diffusing in significant amounts outside 

of the NCM. This observation has been confirmed recently by performing microdialysis of 

the aromatase rich HP directly dorsal to NCM. While estradiol levels in the NCM of male 

zebra finches increase in response to playback of male song (Remage-Healey et al., 2008), 

male song did not elicit any changes in estradiol levels in the HP just dorsal to the NCM 

(Fig. 1). Third, studies that microdissect specific regions of the zebra finch brain find that 

concentrations vary widely with some regions matching levels seen in blood whereas other 

differ markedly (Charlier et al., 2011; Chao et al., 2011; Fokidis et al., 2013). Finally, we 

have collected surprising results in acute experiments in which two microdialysis probes are 

positioned within the NCM at a ~ 500 µm distance from eachother. When one probe is 

perfused with estradiol (110 µM) and the other is perfused with aCSF, the latter is unable to 

register a detectable increase in baseline estradiol (as would be expected from passive 

diffusion away from the former) in a limited sampling window (60 min), as measured by 

ELISA (Remage-Healey and Schlinger, unpubl. obs.). While there are certainly procedural 

issues associated with this experiment, one viable explanation is that local estradiol levels 

are spatially restricted in the songbird brain.

Taken together, these observations suggest that despite the relatively enhanced capacity to 

synthesize estrogens in the songbird brain due to the widespread expression of aromatase, 

the estrogens synthesized in brain exert their actions locally, retaining the integrity of their 

actions over estrogen-dependent targets. Interestingly, the restricted spatial spread (~ 500–

1000 µm) of estrogens in the brain has been observed in a variety of preparations in the past 

(e.g., Davis et al., 1982; Delville and Blaustein, 1991). We, and others, have postulated that 

estradiol functions as a true, intrinsic neuromodulator in brain (Balthazart and Ball, 2006; 

Saldanha et al., 2011). Spatial specificity of action is a core feature of any neuromodulatory 

system, thus this perspective contributes to this important view about fast-acting 

neuroestrogens. We do not know if specificity is achieved by simple laws of diffusion 

whereby estrogen concentrations rapidly decline as a function of distance from sites of 

synthesis or, as mentioned previously, whether hormone binding globulins could sequester 
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neurosteroids. Along these same lines, it is also possible that neuroestrogens undergo fairly 

rapid enzyme catalyzed biochemical modifications to limit their actions to discrete neural 

circuits adjacent to their site of synthesis.

We cannot exclude the possibility that some estrogen concentrations in some brain regions 

are limited by the active secretion of estrogen into the circulation for their subsequent 

elimination by excretion. Estrogens made in the songbird brain can be found exiting in 

jugular blood (Schlinger and Arnold, 1992), but whether this stems from passive diffusion 

down a concentration gradient or active secretion from brain is unknown. Studies addressing 

these various possibilities are needed to help ascertain how local estrogen concentrations in 

brain are achieved.

3) The two previous questions focus solely on neuroactive estrogens. As estrogen 
synthesis requires androgenic substrates, how do neural circuits balance their access to 
peripherally derived androgens with those potentially derived from nearby 
neurosteroidogenic circuits?

Aromatase catalyzes the synthesis of bioactive estrogens from androgenic substrates. Thus, 

to fully understand properties of neuroestrogen synthesis the source of the substrate for the 

aromatase reaction and the mechanisms that alter the local concentrations of the androgenic 

substrate must be considered. We have evidence in songbirds for three possible sources of 

androgens for neural aromatization: secretion of the aromatizable gonadal androgens 

testosterone and androstenedione (AE), secretion of the active androgen precursor 

dehydroepiandrosterone (DHEA) by the adrenals (or gonads) followed by its conversion in 

brain into an aromatizable androgen, and the synthesis of aromatizable androgens by the 

brain itself (Schmidt et al., 2008). Do birds actually utilize all of these sources and, if so, 

how and where are they utilized? Also, does neural aromatase impact local androgen levels?

There is little doubt that circulating T, and possibly also AE, serve as substrates for brain 

aromatization in reproductively active male songbirds (Balthazart, 1983; Wingfield and 

Farner, 1993). Less is known about the sources of androgen utilized by brain aromatase 

when males are not breeding, i.e. when the testes are regressed and not steroidogenic, or in 

females, whose peripheral testosterone production is often lower than that of males (but see 

Jawor, 2007; Ketterson et al., 2005).

One possible source involves adrenal (or gonadal) synthesis and secretion of DHEA. DHEA 

can be acted on by the enzyme 3β-hydroxysteroid dehydrogenase (3β-HSD) to produce AE, 

which can then undergo aromatization into estrone (E1) or undergo conversion into T via 

17β-hydroxysteroid dehydrogenase (17β-HSD) (Type 1). As we know, T serves as the 

substrate for aromatization to produce estradiol, or 17β-HSD can convert E1 into estradiol. 

Thus, regions that co-express 3β-HSD, 17β-HSD and aromatase are potential targets for 

neuroestrogen production, and can be active when T in blood is basal, but DHEA is present 

in blood.

There is convincing evidence that both 3β-HSD and 17β-HSD are expressed and active in 

the zebra finch brain, and we have additional evidence that these enzymes can work 

coordinately with aromatase to synthesize active estrogens (Soma et al., 2004; Tam and 
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Schlinger, 2007; Vanson, 1996). Note that although 17β-HSD Type 1 has not been mapped 

in the songbird brain, its activity has been detected in many regions of the zebra finch brain 

(B. Schlinger, personal obs) and we assume it is present throughout as discussed below. 

There is also good evidence that the songbird adrenals secrete DHEA during the non-

breeding season (Newman et al., 2008; Spinney et al., 2006) that can activate masculine 

territorial behavior (Shah et al., 2011; Soma and Wingfield, 2001). Female songbirds also 

secrete DHEA (Chin et al., 2008; Hau et al., 2004; Shah et al., 2011; Soma & Wingfield, 

2001; Spinney et al., 2006), although the function of this circulating DHEA has not been 

well-explored. Thus, when DHEA is available from the periphery, some spatial specificity 

for estrogen signaling can be achieved by those brain regions that express 3β-HSD and 

aromatase. Such specificity could be achieved by neurons that express all the enzymes, or by 

aromatase-positive terminals residing within regions that make aromatizable androgenic 

substrate available from DHEA. For example, nucleus taeniae (Tn) expresses aromatase and 

3β-HSD, but not all other steroidogenic factors, so it is a region that might utilize DHEA as 

a substrate for the synthesis of estrogens (Table 1).

This latter issue is further complicated by the possibility that some brain regions may 

synthesize DHEA independent of the adrenals and it is this DHEA that serves as the initial 

substrate for subsequent reactions that produce neuroactive estrogens. We have documented 

expression in the zebra finch brain of a complete set of genes involving cholesterol transport 

and steroidogenesis that could produce the neuroactive androgens and estrogens 

(Steroidogenic acute regulatory protein, StAR; Cytochrome P450 (CYP) side-chain cleabage 

enzyme; CYP11A1; 17a-hydroxylase (CYP17), 3β-HSD) ; London et al., 2003; London et 

al., 2006). Similar to the data for 3β-HSD alone, these enzymes/transporters have unique 

distributions likely producing a variety of steroidal molecules only some of which may lead 

to the formation of estrogens. Interestingly, two hypothalamic nuclei (mPOA, medial 

preoptic nucleus; PVN, paraventricular nucleus) seem to express a complete set of genes to 

synthesize estradiol from cholesterol (Table 1). The song system nucleus HVC expresses 

genes for the steroidogenic factors, but lacks aromatase expression (Table 1). Nevertheless, 

there are aromatase-positive projections into HVC as well as aromatase-positive terminals 

(Peterson et al., 2005; Saldanha et al., 2000) suggesting that estrogen synthesis occurs at 

some synapses in the zebra finch HVC from locally produced substrates. This kind of spatial 

heterogeneity adds new layers of complexity involving steroidal micro-environments in 

brain.

This latter point is ultimately key to this overall discussion. Do steroidal micro-

environments exist in brain or is the brain somewhat awash with steroids diffusing helter-

skelter from distal and proximal sites of synthesis? Studies from in vivo microdialysis 

provide some perspective. Somewhat curiously, when an aromatase inhibitor is locally 

applied to the songbird NCM and estrogen levels decline, as measured during 30mins 

intervals of in vivo microdialysis, local levels of testosterone show a concomitant rise 

(Remage-Healey et al., 2008). If the brain was being continuously “perfused” with relatively 

stable levels of testosterone from the periphery, and this T that was serving as substrate for 

local synthesis of estradiol, we might not expect to see a significant change in T levels. It 

appears more as though there is a somewhat stable “pool” of T that is altered by local 

aromatization. Together with measures of estradiol involving microdialysis, as well as direct 
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measures of estradiol in microdissected brain regions, these studies suggest that there are 

complex dynamics of androgen and estrogen in brain that are highly localized.

Summary and Conclusions

Although it may not be possible to fully answer the principal questions that have motivated 

this review, we believe these observations stimulate a shift in some concepts regarding 

neuroestrogen physiology, certainly in the songbird brain, and perhaps also in the brains of 

other vertebrates. First, there is evidence for distinct functions within specific brain regions 

for estrogens produced peripherally versus those produced centrally. It would be useful to 

determine whether there are discrete mechanisms that limit or enhance access of circulating 

estrogens to brain. Moreover, we would benefit from increasing the resolution with which 

we can measure actual concentrations of estrogen in discrete brain regions as well as 

determining what concentrations are needed to activate distinct receptor populations. 

Second, diffusion of estrogens in brain is limited, so only ER in close proximity to 

aromatase-positive cells or projections are subject to activation. This site-fidelity of action 

enables estrogens to function as true neuromodulators within discrete neural circuits. 

Finally, the cellular and subcellular localization of steroidogenic enzymes that provide the 

substrates for aromatization create a heterogeneous steroidal environment such that some 

estrogen- producing brain regions only derive androgens from the periphery, while others 

receive substrate from circulating precursors, like DHEA, and others synthesize androgenic 

substrate de novo. Added to this, aromatase-expressing somata may reside within an area 

that has androgen-synthetic capabilities while some neurons may project aromatase-positive 

terminals into androgen synthetic sites. When considered altogether, it is clear that there is 

still a long way to go before we will fully comprehend brain estrogen dynamics and there 

remains ample room for future empirical and theoretical advances on this topic.
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Highlights

• Neuroestrogens are synthesized by aromatase in the songbird brain

• Neuroestrogen actions are locally regulated in the brain

• The songbird brain balances peripheral and central androgens and estrogens
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Figure 1. 
Top panel: a) coronal section schematic showing location of caudal telencephalon targeted 

for microdialysis in the HP and NCM (figure adapted from zebra finch brain atlas; 

coordinates = 1.35mm rostral to the bifurcation of the midsaggital sinus (Nixdorf-

Bergweiler & Bischof, 2007; Remage-Healey et al., 2008). The HP and NCM lie adjacent to 

one another separated by the lateral ventricle. b) Photomicrograph showing typical damage 

to the left HP caused by the microdialysis probe. Note the artificially enlarged distance 

between the HP and underlying caudal telencephalon (lateral ventricle) caused by section 

Schlinger et al. Page 16

Gen Comp Endocrinol. Author manuscript; available in PMC 2015 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mounting. Bottom panel: mean HP estradiol levels (± 1 SEM) in male zebra finch HP (n= 4) 

for 30 minutes before, during, and after male song playback. Unlike in the adjacent NCM 

(Remage-Healey et al., 2008), there was no increase in HP estradiol levels in response to 

playback (F2,6 = 0.55; P = 0.605). Microdialysis details: during guide cannula implantation 

surgery, a CMA7 microdialysis probe was aimed at the following coordinates: 1.6mm 

rostral to the bifurcation of the midsagittal sinus and 0.5mm lateral to the midline. The guide 

cannula was placed on the surface of the brain and secured in place with dental cement. To 

begin collection, the microdialysis probe was implanted and secured with cyanoacrylate, 

then constantly perfused with artificial cerebral spinal fluid at a rate of 2µl/min. Individuals 

were housed singly in soundproof chambers with ad lib food and water throughout 

microdialysis sample collection. Estradiol levels were assessed in HP dialysate using the 

Cayman Chemical Estradiol EIA kit. For more details on microdialysis procedures, see 

Remage-Healey et al., 2008.
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TABLE 1

Presence or absence of upstream steroidogenic factor expression in brain regions expressing aromatase 

(mRNA or protein) in the zebra finch1

Brain Area StAR CYP11A1 3β-HSD CYP17

NC + + + ?

HP + + + ?

HVC + + + +

RA + + + −

Tn − + + ?

nSt ? ? ? +

mPOA + + + +

PVN + + + +

VMN + + + +

Tu − + − ?

SNc + + − ?

VTA + + − ?

1
Data compiled from (London et al., 2006; London et al., 2003; Peterson et al., 2005; Saldanha et al., 2000; Shen et al., 1995) Symbols indicate 

presence (+), absence (−) or undescribed (?) expression. NC, caudal nidopallium; HP, hippocampus; HVC, HVC; RA, robust nucleus of the 
arcopallium; Tn, nucleus taeniae; nSt, nucleus of the stria terminalis; mPOA, medial preoptic nucleus; PVN, paraventricular nucleus; VMN, 
ventromedial nucleus; Tu, nucleus tuberis; SNc, substantia nigra pars compacta; VTA, ventral tegmental area.
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