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Abstract

Songbirds exhibit significant adult neuroplasticity that, together with other neural specializations,
makes them an important model system for neurobiological studies. A large body of work also
points to the songbird brain as a significant target of steroid hormones, including corticosterone
(CORT), the primary avian glucocorticoid. Whereas CORT positively signals the brain for many
functions, excess CORT may interfere with natural neuroplasticity. Consequently, mechanisms
may exist to locally regulate CORT levels in brain to ensure optimal concentrations. However,
most studies in songbirds measure plasma CORT as a proxy for levels at target tissues. In this
paper, we review literature concerning circulating CORT and its effects on behavior in songbirds,
and discuss recent work suggesting that brain CORT levels are regulated independently of changes
in adrenal secretion. We review possible mechanisms for CORT regulation in the avian brain,
including corticosteroid-binding globulins, p-glycoprotein activity in the blood-brain-barrier, and
CORT metabolism by the 118 hydroxysteroid dehydrogenases. Data supporting a role for CORT
regulation within the songbird brain have only recently begun to emerge, suggesting that this is an
avenue for important future research.
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Introduction

Songbirds are increasingly recognized as powerful animal models for studies in
developmental neurobiology, sensory processing, the neural control of learning and
memory, and the control of complex behavior. They stand out for their extensive
neuroplasticity that can be retained throughout adult life (Kirn, 2010; McDonald & Kirn,
2012; Tramontin and Brenowitz, 2000). Interestingly, many of the neural attributes that
make songbirds unique are influenced by sex steroid hormones (Ball et al., 2002; Brenowitz,
2013; Brenowitz, 2014; Schlinger and Brenowitz, 2009; Schlinger and Soma et al., 2004;
Tramontin et al., 2003). Songbirds also possess specializations of neural sex steroid
synthesis and metabolism, notably a significant capacity to synthesize estrogens in brain
(Ball and Balthazart, 2009; London et al., 2009; Schlinger et al., 2014). In addition, there is
increasing evidence that songbirds also possess special properties governing neural
glucocorticoid physiology.

In the traditional view, steroid hormones are synthesized and released from the peripheral
steroidogenic glands, the gonads and adrenals, and circulate in the bloodstream until
reaching various target tissues. Steroids readily cross the blood-brain barrier (Pardridge,
1981) where they bind to receptors in the hypothalamus to initiate negative feedback control
over the hypothalamo-pituitary-adrenal (HPA) and hypothalamo-pituitary-gonadal (HPG)
axes, as well as receptors in numerous other brain regions important for cognition, behavior,
and physiology. In songbirds, while a great deal of work has focused on the dynamics of
sex-steroid availability to discrete neural circuits (see citations above), fewer studies have
examined the nature of neural corticosterone (CORT) neurobiology and physiology. This is
surprising, given the large amount of research devoted to understanding stress physiology,
including the effects of chronic stress on CORT secretion (e.g., Cyr and Romero, 2007; Rich
and Romero, 2005), behavioral effects of CORT (e.g., Breuner et al., 1998; Breuner and
Wingfield, 2000; Busch et al., 2008; Loiseau et al., 2008; Pravosudov, 2003; Saldanha et al.,
2000; Schoech et al., 2007; Schoech et al., 2012; Spencer and Verhulst, 2007; Wada and
Breuner, 2008), the role of developmental stress in the programming of the HPA axis (Crino
et al., 2014; Schoech et al., 2011; Spencer et al., 2009), and the potential fitness
consequences of glucocorticoid secretion over the lifespan of the individual (Bonier et al.,
2009; Breuner et al., 2008; Brown et al., 2005; Cyr and Romero, 2007; Ouyang et al., 2011).
For the most part, these studies utilize measures of plasma CORT (either free or total) as
indicators of CORT activity, despite the fact that local CORT synthesis may occur
independently of the adrenals (Taves et al., 2011) and several mechanisms exist that alter the
availability of CORT to target tissues and receptors (see below).

The purpose of this mini-review is to discuss the dynamics of CORT synthesis, release, and
regulation in the songbird, with an emphasis on CORT levels and function in the songbird
brain. To this end, we provide a synopsis of studies that have addressed these topics and
discuss future avenues for research. Our principal goal is to outline the multiple pathways by
which CORT gains access to its receptors within neural circuits in the brain and to discuss
whether neural CORT levels are subject to regulation. These findings may point out ways in
which the measurement of plasma CORT provides an incomplete picture of functional
CORT activity in the brain. Accordingly, we first address what is known about effects of
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circulating CORT on songbird behavior. We then describe studies that have sought to
determine the relationship between CORT levels in brain and blood. Next we discuss three
sets of mechanisms for regulation of CORT access and/or activity in the songbird brain:
corticosteroid-binding globulins in the periphery, p-glycoprotein-mediated transport at the
blood-brain barrier, and local CORT metabolism by the 11} hydroxysteroid
dehydrogenases. As the latter mechanisms have only recently been addressed in songbirds,
this stands as an exciting field for discovery. Finally, we examine the hypothesis that the
adult songbird brain may retain considerable control over neural CORT levels in part to
limit potentially deleterious effects of CORT on the extensive neuroplasticity that is retained
in adulthood. Note that while differential expression of CORT receptors is unquestionably a
primary mechanism for regulating neural effects of CORT, the focus of this paper is on less-
studied CORT regulatory mechanisms in the songbird brain.

Plasma CORT and Behavior

Many studies utilize measures of circulating CORT as a proxy for CORT availability to
target tissues and as an indicator of overall functioning of the HPA axis. This is particularly
useful for field-based studies wherein the relatively non-invasive taking of a small blood
sample permits release of the subject for relatively naturalistic study, as well as the
possibility of subsequent recapture and sampling. Circulating CORT levels have been
correlated with traits such as aggression (Charlier et al., 2009; Newman and Soma, 2011;
Van Duyse et al., 2004) and measures of personality, such as exploratory behavior and risk-
taking (Atwell et al., 2012; Carere et al., 2010; Liebl and Martin, 2012; Martins et al., 2007;
Schoech et al., 2012). In addition, manipulation of CORT profiles through use of implants,
patches, and oral dosing has established a causal role for CORT in the expression of various
behaviors (Breuner et al., 1998; Pravosudov, 2003; Saldanha et al., 2000; Schoech et al.,
2007; Spencer and Verhulst, 2007; Wada and Breuner, 2008; Wingfield and Silverin, 1986).
The intracellular CORT receptors (glucocorticoid receptor (GR) and mineralocorticoid
receptor (MR)) are also differentially expressed in the songbird brain (Dickens et al., 2009;
Hodgson et al., 2007; Shahbazi et al., 2011) and a membrane CORT receptor has been
characterized (Breuner and Orchinik, 2009). Taken together, studies documenting CORT
receptor expression in brain, as well as behavioral effects of CORT, make it clear that
CORT is present in and acts on the songbird brain. An important question remains, however:
do CORT levels in all regions of the brain mirror levels in the circulation — i.e., are plasma
CORT measures a reliable proxy for levels of CORT acting on discrete neural circuits?

The adult songbird brain exhibits remarkable plasticity that may be sensitive to the effects of
CORT. Our lab and others have previously shown that excess CORT exposure inhibits
neurogenesis in songbirds (Katz et al., 2008; Newman et al., 2010), and CORT can be
cytotoxic to neurons in rodents (Behl et al., 1997; Magarinos and McEwen, 1995; Sapolsky
et al., 1998) and birds (Newman et al., 2010). In addition, CORT can inhibit reproduction in
times of chronic or extreme stress (Wingfield et al., 1983). One could therefore readily
imagine that CORT levels in the songbird brain should be regulated to prevent over-
exposure, and thus not all fluctuations in the songbird brain might be a mirror of the
circulation. Indeed, local optimization of brain CORT levels is likely critical; even though
chronic or over-exposure to CORT is detrimental, some level of CORT is necessary and
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permissive for many physiological and behavioral processes (Sapolsky et al., 2000). What
then do we know about CORT levels in the brains of songbirds, and do they suggest that the
brain is a passive recipient of fluctuations originating in the periphery?

Does Brain CORT Mirror Plasma CORT?

Studies designed to assess CORT levels in the songbird brain have to date utilized one of
two techniques to measure CORT: direct steroid extraction from brain tissue, or
measurement of extracellular CORT using in vivo microdialysis.

Direct Steroid Extraction from Brain Tissue

Steroid extraction from whole, discrete regions of the songbird brain is gaining interest as a
technique, and our lab and others have validated this method for measures of brain estradiol,
CORT, and dehydroepiandrosterone (DHEA; Chao et al., 2011; Newman et al., 2008; Taves
et al., 2011). Brain CORT levels have been successfully measured in developing songbirds,
notably European starlings (Surnus vulgaris; Schmidt et al., 2009) and zebra finches
(Taeniopygia guttata; Schmidt and Soma, 2008), as well as in adult song sparrow brain
(Méelospiza melodia; Newman and Soma, 2011).

One of the goals of studies measuring brain CORT is to determine whether or not levels are
determined solely by changes in the circulation. While several studies have found no
evidence for brain-specific regulation of CORT (i.e., plasma and brain CORT fluctuations
were similar; Newman and Soma, 2011; Schmidt et al., 2009), a recent study found support
for the hypothesis that the songbird brain regulates CORT access to discrete neural circuits.
Newman and Soma (2009) investigated seasonal and stress-induced changes in plasma and
brain CORT levels (as well as levels of DHEA) in adult male song sparrows. Fluctuations in
multiple brain regions generally matched those in blood, with one exception. During molt,
CORT levels in the hippocampus (HP) were undetectable after, but not before stress,
producing a “mismatch” between the HP and the plasma. This result suggests that under
certain conditions, the songbird HP is protected from exposure to acute stress-induced
CORT, although the mechanism producing this effect was not investigated.

In Vivo Microdialysis to Measure Brain CORT

The studies discussed above have utilized a solid-phase extraction method to extract
hormone from brain tissue. Unfortunately, measuring CORT from brain tissue as described
above requires sacrifice of the animal, providing only one data point per individual. While
this is certainly an informative and useful method, we have developed the use of in vivo
microdialysis in the songbird brain to obtain repeated, pseudo real-time measures of
extracellular steroid hormones as measured in dialysates collected from discrete brain
regions (lkeda et al., 2014; Remage-Healey et al., 2008, 2011, 2012). Microdialysis allows
the researcher to manipulate the conditions that the awake animal is exposed to and to assess
concurrent changes in brain steroid levels.

We recently used in vivo microdialysis to measure CORT levels over time in the songbird
brain (Rensel et al., 2014). We obtained CORT measures from the HP and caudal
nidopallium (cNp) over the diel cycle as well as before, during, and after restraint stress, and
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compared these to circulating levels. Whereas a systemic dose of as low as 5ug of CORT
produced an elevation in HP CORT (plasma levels were elevated to physiologically high
stress levels of ~22ng/ml), restraint stress, which elevated plasma CORT to ~11ng/ml,
produced no measurable change in the HP or cNp (Fig. 1). In addition, while there was a
robust diel rhythm in circulating CORT, brain CORT levels only showed a modest rhythm
temporally shifted (~8 hours) relative to the periphery. Finally, CORT levels were higher in
the HP than the cNp, an unexpected result if the brain had uniform free access to CORT
from the periphery (Rensel et al., 2014). These results, along with results from the molting
song sparrow HP (Newman and Soma, 2009), raise the possibility that the adult songbird
brain modulates CORT levels in a region-specific manner. How then could CORT exposure
to brain be regulated? Below we consider three potential mechanisms for this regulation.

Mechanisms of CORT Regulation

The Bloodstream: Corticosteroid-Binding Globulins

Steroid hormone binding globulins have long been recognized as a mechanism by which the
availability of circulating hormones to target cells is regulated. Binding globulins are
proteins, produced and secreted primarily from the liver, that circulate in the blood and bind
hormone. According to the free hormone hypothesis (Mendel, 1989), the bound hormone is
prevented from diffusing through the plasma membrane and binding to intracellular
receptors; therefore, the “free,” or unbound hormone, is the biologically active portion. In
mammals, sex steroid hormones are bound by sex hormone binding globulin (SHBG), while
glucocorticoids are bound by corticosteroid binding globulin (CBG). Birds lack SHBG,
however, and indeed CBGs in birds not only bind CORT but also testosterone and
progesterone (Deviche et al., 2001; Wingfield et al., 1984).

The dynamics of CBGs in relation to circulating CORT in birds have been examined in
numerous contexts. Some studies have utilized both free and total (bound plus free) CORT
levels to examine the hypothesis that measurement of total CORT levels “masks” the effects
of CBGs on the true availability of CORT to receptors. For example, Breuner et al. (2003)
examined free and total circulating CORT in white-crowned sparrows (Zonotrichia
leucophrys) breeding at multiple latitudes. While total stress-induced CORT levels did not
differ across latitudes, free CORT levels in response to stress were significantly reduced in
populations at higher latitudes; this suggests that by regulating circulating CBGs, free CORT
levels were dampened and CORT-induced inhibition of reproduction limited in high-latitude
populations experiencing a relatively short breeding season.

Other studies find that CBG levels are influenced by stress. After approximately 30-60
minutes of restraint stress, the CBG capacity of zebra finches and red crossbills (Loxia
curvirostra) decreased (Breuner et al., 2006). In the non-songbird Japanese quail (Coturnix
coturnix), this decrease in CORT-binding capacity persisted for 24 hours after the stressor
(Malisch et al., 2010). One possibility is that decreased CBG levels increase the availability
of CORT to receptors, as more of the circulating pool of CORT is unbound. Alternatively,
CBGs may regulate CORT clearance rates; a decrease in CBG therefore permits more rapid
CORT elimination. Using a CBG knockout mouse model, Petersen et al. (2006)
demonstrated that a lack of CBGs led to increased CORT clearance rates and symptoms of
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CORT deficiency. Therefore, while binding to CBGs may make CORT inaccessible to
receptors, conversely, a lack of CBGs leads to a loss of CORT availability in the body
through increased excretion. A third potential function for CBGs involves their capacity to
deliver CORT to the brain. Using the mouse CBG knockout model combined with in vivo
microdialysis in the brain, Minni et al., (2012) showed that CBG promotes CORT delivery
from the periphery to the brain, as a stressor led to an increase in plasma CORT but no
change in HP CORT of knockouts (Moisan et al., 2014). Therefore, the delicate balance of
CORT and CBGs may impact the concentrations of CORT that are able to reach specific
circuits in the brain.

While measurement of plasma CBGs is commonly used to determine the portion of hormone
that is available to receptors, the precise nature of CBG action and its utility in avian stress
physiology studies has come into question (Malisch and Breuner, 2010; Schoech et al.,
2013). It is difficult to determine, for example, how indicative free CORT levels are of
CORT availability, given the fact that free CORT is likely to be eliminated relative to bound
CORT (Petersen et al., 2006), and the affinity of CBG for CORT is sensitive to tissue-
specific temperature fluctuations (Henley and Lightman, 2011). In addition, because CBGs
in birds bind both testosterone and progesterone, the relative concentrations of these
hormones in blood will influence the availability of CBGs for occupancy by CORT, making
it difficult to infer how much CORT is in the bound form (Deviche et al., 2001). Finally, as
already noted, some studies suggest that instead of blocking CORT access, CBGs may act as
transporters aiding the delivery of CORT to target cells (Minni et al., 2012). For these
reasons, measures of total CORT (free and bound) may be more reliable indicators of CORT
exposure to the body (Schoech et al., 2013). Irrespective of whether free or total plasma
CORT is measured, there are other mechanisms that might regulate CORT exposure in the
brain, starting with regulation of passage through the blood-brain barrier.

The Blood-Brain Barrier: P-Glycoprotein

The blood-brain barrier (BBB) is a collection of tightly linked endothelial cells lining the
vessels of the brain (Abbott et al., 2006) that restrict and/or regulate access to the brain of
compounds in blood, protecting sensitive neural tissue from insult by toxins (Abbott, 2010).
Those substances that do not freely diffuse through the BBB gain access via specific
membrane transporters. One transporter that has been linked to glucocorticoid access to
brain is p-glycoprotein (also known as mdr1 and abcb1; Cordon-Cardo et al., 1986;
Pardridge, 1995, 2005). P-glycoprotein is a member of the ATP-binding cassette family of
transporters, is found in peripheral tissues as well as the BBB, and has been implicated in
the resistance of tumor cells to anticancer drugs (Leslie et al., 2005).

Although the capability of p-glycoprotein to regulate CORT access to the brain has been
alleged for some years (Meijer et al., 1998), more recent evidence casts doubt on this
function. In a mouse knockout for one isoform of p-glycoprotein (mdrla; mice have two
isoforms), cortisol entry into the brain increased relative to wild-type mice (Karssen et al.,
2001; Pariante, 2008), suggesting that p-glycoprotein inhibits CORT access to brain.
Interestingly, this effect was not seen for corticosterone, suggesting natural biological
differences in these two glucocorticoids. Subsequent work with a knockout of both p-
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glycoprotein isoforms (mdrla and mdrlb) demonstrated that corticosterone entry was indeed
enhanced in knockout mice relative to controls (Uhr et al., 2002). However, a separate study
failed to replicate these results (Mason et al., 2008); therefore the role of p-glycoprotein in
neural CORT physiology remains unresolved. Interestingly, p-glycoprotein has been
localized to neurons in addition to the cells of the blood brain barrier, indicating that its
function in regulating steroid entry in brain may be regulated at multiple levels (Karssen et
al., 2004).

Little is known about p-glycoprotein in avian CORT physiology. In the non-songbird
chicken, p-glycoprotein has been identified in the brain (Edelmann et al., 1999). As we
found evidence for differential CORT access to discrete regions of the songbird brain
(described above), we tested the hypothesis that p-glycoprotein expression, presumably at
the BBB, was responsible for this regional variation. To assess this possibility, we examined
p-glycoprotein mRNA expression levels in the two brain regions in which microdialysis was
conducted (Rensel et al., 2014). Whereas p-glycoprotein was expressed at reasonably high
levels in both the HP and cNp, we found no evidence for regional differences. Thus, it
appears unlikely that p-glycoprotein was responsible for the regional CORT differences we
observed. Nevertheless, it remains possible that this protein participates in regulating CORT
dynamics in the songbird brain, perhaps leading to the diminished stress response that we
observed in both brain regions (Rensel et al., 2014). Future work with p-glycoprotein
inhibitors (Srivalli and Lakshmi, 2012) in songbirds may prove useful.

Although we cannot dismiss a role for p-glycoprotein regulation of CORT access to the
songbird brain, a set of mechanisms still remains at the disposal of the brain with which to
regulate CORT, namely activity of the 118 hydroxysteroid dehydrogenases.

The Brain: CORT-Metabolizing Enzymes

Metabolism of CORT by the 11R hydroxysteroid dehydrogenases is a well-known
mechanism for CORT regulation in the periphery, particularly in tissues that must balance
access of CORT and aldosterone to MR (Edwards et al., 1988). The two isoforms of 118
hydroxysteroid dehydrogenase, type 2 (118 HSD2) and type 1 (118 HSD1), functionally
inactivate or re-activate CORT, respectively. In addition to peripheral expression, in rodents
and humans, 118 HSD1 is widely expressed in the adult brain (including in the HP), while
111 HSD2 expression is restricted to regions involved in blood pressure and salt balance
(Robson et al., 1998; Roland et al., 1995). Importantly, 118 HSD2 is expressed at higher
levels in the developing rodent brain than in the adult brain (Brown et al., 1996; Diaz et al.,
1998).

In contrast with rodents, 118 HSD?2 is expressed widely in the songbird brain, and does not
appear to decrease after the early post-hatching stage (Katz et al., 2010). This suggests that
the songbird brain retains the capacity to inactivate CORT in a region-specific manner into
adulthood. Our finding that CORT levels were higher in the HP than the cNp of male zebra
finches led us to hypothesize that 118 HSD2 may be expressed at higher levels in the cNp
and that, by metabolizing CORT into 11-dehydroCORT, this enzyme produced a regional
difference in CORT. We tested this hypothesis by examining 118 HSD2 mRNA levels in the
HP and cNp of adult male and female zebra finches. As predicted, we found that 118 HSD2
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MRNA expression levels were indeed higher in the cNp than the HP (Fig. 2; Rensel et al.,
2014). While correlational, this result provides evidence for regional differences in neural
111 HSD2 that may locally regulate CORT levels in discrete regions of the songbird brain.

The widespread distribution of 118 HSD1 in the mammalian brain suggests that local
reactivation of CORT is also necessary to maintain optimal CORT concentrations and
availability to receptors. Like 118 HSD2, 11 HSD1 has received little if any experimental
attention in studies of songbird stress physiology. The only studies in birds that have
assessed this enzyme utilize chicken as a model system, and suggest that 118 HSD1 is
expressed in brain at lower levels than the kidney, intestine, and liver (Klusornova et al.,
2008). We recently designed PCR primers for 118 HSD1 based on the predicted zebra finch
sequence and have identified expression in a mix of kidney and liver, as well as in the HP.
We are currently quantifying its expression in brain regions with varying degrees of CORT
sensitivity (based on relative GR and MR abundance). In addition, it is possible that the ratio
of the type 2 to type 1 isoforms of 118 HSD is more important than absolute mRNA levels
in determining local CORT levels in brain. This is an area of ongoing research in our lab.

Additional or Alternate Pathways for Glucocorticoid Regulation in Brain

Two other CORT inactivating enzymes have been identified in birds: a third isoform of 118
HSD, known as 118 HSD type 3, and 20 hydroxylase, which both de-activate CORT. While
20 hydroxylase activity or expression has been documented in the chicken (Bryndova et al.,
2006; Kucka et al., 2006) and songbird (Katz et al., 2010) brain, 118 HSD type 3 has only
been examined in the periphery of chickens to date (Katz et al. 2008). No studies that we
know of have investigated this latter enzyme in songbirds, although this is yet another
mechanism by which the brain could conceivably regulate local CORT fluctuations and
activity.

In addition to these pathways that inactivate CORT, the brain may regulate local CORT
levels by combining any or all of the above-mentioned mechanisms with the capacity to
produce CORT de novo or from circulating precursors. The rat brain expresses all of the
enzymes necessary to synthesize CORT (Taves et al., 2011), and the required enzymes are
present in chicken bursa and thymus (Lechner et al., 2001). No studies to date have directly
examined expression of the CORT synthetic enzymes in songbird brain.

Functional Significance of CORT Regulation in the Songbird Brain

Studies that have utilized in vivo microdialysis to measure CORT in the rodent brain find,
for the most part, that brain CORT fluctuates in parallel with the circulation (particularly
free CORT,; Qian et al., 2012; Tronche et al., 2010; but see Droste et al., 2009, Heinzmann
et al., 2010) with no obvious regional differences (Dorey et al., 2012; Droste et al., 2008;
Kitchener et al., 2004). In contrast, we find that the adult male zebra finch brain appears to
be buffered to some extent from peripheral CORT fluctuations and can also exhibit regional
differences in absolute levels of CORT (Rensel et al., 2014). Why does this species
difference exist, and why might the adult songbird brain possess the capacity to locally
regulate CORT?
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We hypothesize that because excess glucocorticoids can interfere with neurogenesis and
reduce neuronal survival (Katz et al., 2008; Newman et al., 2010), CORT levels are locally
buffered in the songbird brain to protect regions undergoing significant gross neuroplasticity
(as opposed to synaptic plasticity). Because such plasticity is inherently greater in the
developing brain as compared to the adult brain, the brains of immature animals should
express a greater set of CORT regulatory mechanisms to protect fragile developmental
events. Moreover, because the brain of adult songbirds exhibits a greater degree of plasticity
compared to adult rodents (Ball and Balthazart, 2004), the songbird brain should also
possess a greater set of CORT regulatory mechanisms. The currently available data tends to
support these expectations. As mentioned previously, the CORT-inactivating enzyme, 11
HSD2, is expressed at greater levels in the brains of developing rodents as compared to
adults (Holmes et al., 2006). Thus, when the rodent brain is experiencing elevated levels of
neurogenesis and is rapidly building its vast and complex neural circuitry, it also seems
capable of reducing levels of neural CORT, thereby protecting the fragile developing brain
from potentially harmful levels of CORT produced when the mother is overly stressed.
Songbirds are notable for retaining significant gross neuroplasticity in adulthood. Much like
the brains of developing rodents (and all other vertebrates), many songbird species,
including zebra finches, retain the capacity to generate new neurons throughout life, and
these neurons can become incorporated into functional neural circuits (Alvarez-Borda and
Nottebohm, 2002; Alvarez-Buylla and Kirn, 1997; Chen et al., 2013; Goldman et al., 1992;
Nottebohm, 1987; Nottebohm, 2002). Our data suggest that like the developing rodent brain,
the brain of adult songbirds also expresses significant levels of 118 HSD2, presumably to
protect against undesirable effects of excess CORT during times of stress.

Using adult male zebra finch brain slices in vitro, we previously reported that CORT
impaired neurogenesis along the lateral ventricle (Katz et al., 2008) suggesting that excess
CORT is detrimental to neurogenesis in songbirds. Similarly, systemic treatment of adult
song sparrows with CORT led to a reduction in neurogenesis and neuron survival in the
song control nucleus HVC (Newman et al., 2010). How varying degrees of stress and
concomitant varying levels of CORT influence neurogenesis and neuron survival in
songbirds is unknown. Moreover, it is unknown whether CORT regulatory mechanisms in
brain are able to protect this plasticity under naturally stressful conditions. These are
certainly areas for fruitful future research.

Conclusions

In this review, we highlight several mechanisms by which the songbird brain might regulate
CORT levels independent of changes in adrenal secretion. Furthermore, we provide
evidence that one of these mechanisms, CORT inactivation by 118 HSD2, produces regional
differences in CORT levels in the zebra finch brain while potentially buffering the brain
from peripheral fluctuations. Multiple pathways of CORT regulation remain to be explored
in songbirds, presenting promising avenues for future research. For the present, these
measures remain inaccessible to field-based, long-term studies. Nevertheless, work on
captive-held species like the zebra finch, where mechanisms can be explored in detail, will
advance our appreciation of the ways in which the songbird brain dynamically and locally
regulates glucocorticoids. No doubt, glucocorticoid signaling and function in the songbird
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central nervous system is complex, and determining if and how the brain participates in local
management of CORT levels, or is merely a passive target of adrenal hormones, presents an
important and timely avenue for research.
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Figure 1.

Plasma and HP CORT levels (obtained using in vivo microdialysis) at baseline and in
response to an acute stressor (15min of restraint stress) and after a vehicle or 5ug intra-
muscular CORT injection to obtain higher stress levels. While plasma CORT was elevated
under both conditions, brain CORT levels were only elevated when high stress levels were
achieved. Note that baseline and restraint stress data points are repeated samples within
individuals, while vehicle and CORT-injected data points represent differences between
individuals after injection. For the sake of clarity, repeated HP CORT levels are averaged
across multiple time points pre and post-stress (samples 1-5 and samples 6-12 in Rensel et
al., 2014) or post-injection (samples 4-6 in Rensel et al., 2014). CORT levels measured in
the HP are not corrected for recovery across the microdialysis probe, leading to lower levels
in dialysate than in blood.
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Figure 2.

Regional differences in brain CORT obtained using in vivo microdialysis are inversely
related to expression levels of the CORT-inactivating enzyme 11 hydroxysteroid
dehydrogenase type 2. Enzyme expression levels were measured using qRT-PCR and are
expressed relative to the reference gene glyceraldehyde 3-phosphate dehydrogenase. HP =
hippocampus; cNp = caudal nidopallium. Adapted from Rensel et al., 2014.
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