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Glucocorticoid (GC) hormones act on the brain to regulate diverse functions, from 
behavior and homeostasis to the activity of the hypothalamic–pituitary–adrenal axis. 
Local regeneration and metabolism of GCs can occur in target tissues through the 
actions of the 11β-hydroxysteroid dehydrogenases [11 beta-hydroxysteroid dehydroge-
nase type 1 (11β-HSD1) and 11 beta-hydroxysteroid dehydrogenase type 2 (11β-HSD2), 
respectively] to regulate access to GC receptors. Songbirds have become especially 
important model organisms for studies of stress hormone action; however, there has 
been little focus on neural GC metabolism. Therefore, we tested the hypothesis that 
11β-HSD1 and 11β-HSD2 are expressed in GC-sensitive regions of the songbird brain. 
Localization of 11β-HSD expression in these regions could provide precise temporal and 
spatial control over GC actions. We quantified GC sensitivity in zebra finch (Taeniopygia 
guttata) brain by measuring glucocorticoid receptor (GR) and mineralocorticoid receptor 
(MR) expression across six regions, followed by quantification of 11β-HSD1 and 11β-
HSD2 expression. We detected GR, MR, and 11β-HSD2 mRNA expression throughout 
the adult brain. Whereas 11β-HSD1 expression was undetectable in the adult brain, we 
detected low levels of expression in the brain of developing finches. Across several adult 
brain regions, expression of 11β-HSD2 covaried with GR and MR, with the exception 
of the cerebellum and hippocampus. It is possible that receptors in these latter two 
regions require direct access to systemic GC levels. Overall, these results suggest that 
11β-HSD2 expression protects the adult songbird brain by rapid metabolism of GCs in 
a context and region-specific manner.
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inTrODUcTiOn

Glucocorticoid (GC) hormones regulate numerous biological processes, including crucial actions 
on the central nervous system such as feedback regulation of adrenal function, activation or sup-
pression of cognitive and locomotor activity, and regulation of feeding behaviors (1). GC secretion is 
dynamic, varying according to time of day (2, 3), developmental and life history stage (4–7), as well 
as in response to acute and chronic stress (1). Following synthesis and secretion, primarily from the 
adrenals, GC effects are regulated by various mechanisms, including binding to circulating globulins 
that regulate access to tissues and local expression of catabolic and anabolic enzymes in target tissues 
(8). Ultimately, tissue genomic and cellular responses are guided by the degree to which GC receptors 
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are expressed. Sensitivity to GC effects is mediated through the 
intracellular mineralocorticoid receptor (MR) and glucocorticoid 
receptor (GR); acute stress-induced effects are mediated by the 
lower-affinity GR, while the high-affinity MR mediates baseline 
and early stress-induced effects (1, 9). Membrane GR and MR, 
while less studied, are found in both birds and mammals where 
they likely mediate rapid, non-genomic effects of GCs (10–12).

The 11β hydroxysteroid dehydrogenase enzymes (11β-HSDs) 
mediate the interconversion of the GC corticosterone (birds, 
some rodents, and reptiles) or cortisol (other vertebrates; both 
hereafter referred to as CORT) to an inactive form, 11-dehydro-
corticosterone (11-DHC) or cortisone, respectively. The enzyme 
11 beta-hydroxysteroid dehydrogenase type 1 (11β-HSD1) 
catalyzes the conversion of 11-DHC or cortisone into CORT 
in vivo but is capable of catalyzing the reverse reaction in vitro; 
11 beta-hydroxysteroid dehydrogenase type 2 (11β-HSD2) exclu-
sively inactivates CORT by catalyzing its conversion into 11-DHC 
or cortisone (13). Dysregulation of these enzymes in peripheral 
tissues is implicated in mammalian models of hypertension, 
diabetes, obesity, and metabolic disorder (14). 11β-HSD2 plays 
a critical role in the mammalian kidney, where its expression 
preserves aldosterone access to MR, which binds both CORT and 
aldosterone with equal affinity (15).

In rodents, 11β-HSDs are expressed peripherally and in brain, 
although their localization and functional significance vary across 
developmental stages. For example, relatively little 11β-HSD1 is 
expressed in the early developing rodent brain (15, 16), whereas it 
is widely expressed in the adult brain and periphery. In the adult 
brain, this enzyme participates in hypothalamic–pituitary–adre-
nal (HPA) axis regulation (17, 18) and facilitates GC-induced 
memory impairments in aging animals (19). Conversely,  
11β-HSD2 expression in the adult brain has a limited distribu-
tion associated with salt-based aldosterone sensitivity, while  
11β-HSD2 is expressed abundantly in the fetal brain and placenta 
and is hypothesized to protect the fetal nervous system from 
excess GC exposure (15).

Evidence for 11β-HSD2 expression in the adult human brain is 
contradictory (20, 21), and it is possible that CORT is metabolized 
in the human brain via a unique hydroxysteroid dehydrogenase 
(22). Given the documented ill effects of stress and elevated GCs 
on adult neurogenesis and cognition (23), the presence of region-
specific GC-inactivating and regenerating enzymatic machinery 
in the brain should be adaptive and expected.

Unlike the adult rodent brain, metabolism of CORT via 
11β-HSD2 has been reported in hatchling and adult songbird 
brain using chicken-specific PCR primers (24) as well as species-
specific primers (25). In the latter study, we confirmed expression 
of 11β-HSD2 in two regions of the adult zebra finch (Taeniopygia 
guttata) brain, the caudal nidopallium (cNp) and hippocampus 
(HP). In addition, expression covaried with free CORT sampled 
in these regions using in vivo microdialysis. Specifically, we found 
that CORT levels were higher in the region expressing lower levels 
of 11β-HSD2 (25) suggesting that 11β-HSD2 limits bioactive GC 
exposure in specific regions of the brain.

The cNp and HP both lie adjacent to the lateral ventricular 
zone (VZ), a region of the songbird brain in which adult neuro-
genesis is conspicuous and critical for seasonal growth of song 

control nuclei (26) and recruitment of hippocampal neurons 
(27). As previous work has established differential effects of GCs 
on neurogenesis (23), we predicted that both 11β-HSD1 and 
11β-HSD2 expression in HP and cNp, as well as another adjacent 
region, the caudomedial nidopallium (NCM), should provide 
precise control over GCs within these sensitive proliferative 
zones. We therefore hypothesized that 11β-HSD2 and/or 11β-
HSD1 expression regulates exposure of the adult songbird brain 
in regions with heightened expression of GC receptors.

We tested this hypothesis in adult male and female zebra 
finches, assessing expression in six brain regions. We included 
three brain regions, NCM, cNp, and HP because of their proxim-
ity to the VZ, the diencephalon (DIEN), because of its role in 
regulating HPA negative feedback, and the cerebellum and optic 
tectum as control regions. Previous studies have described expres-
sion profiles of GR and MR in songbirds (28–32). To the best of 
our knowledge, 11β-HSD1 expression has not been reported in 
songbirds, with little data on 11β-HSD2. To assess how metabolic 
enzymes might participate in controlling GC access to its recep-
tors, we used quantitative PCR to simultaneously characterize 
expression of 11β-HSD1 and 11β-HSD2, as well as GR and MR, 
in adult brain. While we detected 11β-HSD2 in all brain regions,  
11β-HSD1 expression was undetectable. To verify this result, 
which differs significantly from mammalian patterns of expres-
sion (15), we confirmed 11β-HSD1 expression in the brains of 
developing finches as well as two additional target tissues, the 
liver and kidney (33).

aniMals anD MeThODs

animals
This study was conducted at the University of California, Los 
Angeles. All procedures involving animals were approved by 
the Chancellor’s Animal Research Committee. We utilized adult 
(>100 days of age) non-breeding zebra finches obtained from our 
captive colony. For one study, we utilized developing finches of 
variable ages (see below). Finches in our colony are kept in large 
open flight aviaries with up to 40 same-sex individuals residing 
in each enclosure. Breeding cages are comprised of four to five 
breeding pairs with access to breeding boxes filled with nesting 
material. Lights are maintained on a 14 h light/10 h dark cycle, 
and finches are supplied with ad libitum seed, water, cuttle bone, 
and grit at all times. Egg mix and nutritional supplements are 
provided at least once per week.

Dissections
Groups of four to five adult finches were captured together and 
transported in a darkened cage to a procedure room where 
each bird was then processed. Following rapid decapitation, the 
brain was removed and placed on a Petri dish situated in wet ice 
(see below). Upon dissection, the six brain regions of interest 
were immediately frozen on dry ice, transferred to tubes, and 
kept at −80°C until RNA extraction. The amount of time that 
passed from initial capture to sacrifice ranged from 1 to 87 min 
(mean time = 39 ± 6.5 min), and sacrifice time post-capture was 
included as a covariate in statistical analyses. Sampling times and 
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FigUre 1 | Distribution of tissue collection times post-disturbance in adult 
male and female zebra finches. Males and females were sampled at similar 
times.
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ranges were highly similar between males and females (Figure 1). 
A total of 18 birds were sacrificed in this manner, over the course 
of four sessions in 2 days (one AM and one PM session/day—the 
order of sexes captured was counterbalanced across days). The 
same aviary was never entered more than once per day to reduce 
potential stress effects on gene expression.

Brain regions were dissected as follows: with the brain ventral 
side down, the whole cerebellum was removed. Next, we made 
two parasagittal cuts ~1 mm from the midline from the caudal to 
the rostral end, then removed 5 mm of the rostral portion of the 
brain. The HP was then carefully separated from the caudal por-
tion and removed bilaterally [see Ref. (25)]. Using watchmaker’s 
forceps, we next collected a roughly 1 mm2 region of the underly-
ing telencephalon (TEL) containing the caudomedial nidopallium 
(NCM) [see Ref. (34)]. A 1 mm2 portion of cNp located lateral to 
the position of the HP cut was next made bilaterally [see Ref. 
(25)]. After removal of the remainder of the TEL, the optic tecta 
were easily separated. Finally, excess optic nerve and myelin was 
removed and discarded from the ventral DIEN. Liver and kidney 
were collected next and frozen.

To compare 11β-HSD1 expression across developmental 
stages, brain tissue was collected from four individuals per age 
group: 5–7  days post-hatch (“hatchlings”), 25  days post-hatch 
(“fledglings”), and 75  days post-hatch (“juveniles”). The entire 
TEL (including underlying DIEN) was collected from hatchlings 
due to their very small size, while only the caudal TEL was uti-
lized from fledglings and juveniles. The HP was removed from 
the caudal TEL of these latter ages (for other studies). To enable a 
direct comparison of expression across ages, the remaining cau-
dal TEL from four of the adults utilized in the main study above 
was processed in parallel with these developing finch samples.

rna extraction and cDna synthesis
RNA was extracted from frozen tissue samples using the Trizol 
method according to the manufacturer’s guidelines (Ambion). 
All centrifugation steps were performed at 4°C. Briefly, tissue 
was homogenized in 1  ml cold Trizol for a maximum of 45  s, 
followed by centrifugation at 12,000 g for 10 min. The supernatant 
was decanted and incubated at room temperature for 5 min, and 

200 µl of chloroform was then added. Samples were vigorously 
shaken, incubated at room temp for 3 min and then centrifuged 
at 12,000  g for 15  min. After centrifugation, the aqueous layer 
was carefully removed and placed in a new tube. Next, 500  µl 
of isopropanol was added to each tube. For small tissues that 
produced tiny RNA pellets (HP, NCM, and cNp), we added 1 µl 
of 15 mg/ml glycoblue (Invitrogen) to improve visibility. Tubes 
were briefly vortexed, incubated at room temperature for 10 min, 
centrifuged at 12,000 g for 10 min, and the supernatant removed, 
leaving the RNA pellet in place. Finally, 1 ml of 75% ethanol (4°C) 
was added to the tube, and the tube was inverted to ensure that 
the pellet was free-floating. After centrifugation at 7,500  g for 
5  min, the ethanol was carefully pipetted out of the tube, and 
residual ethanol was allowed to evaporate. The RNA pellet was 
then resuspended in 10–120 µl of sterile water based on pellet 
size, vortexed and then heated in a water bath at 58°C for 10 min. 
RNA quantity and integrity was then determined via nanodrop. 
Total RNA concentrations ranged from 100 to 600  ng/µl, and 
A260/280 ratios were between 1.8 and 2.15.

To prepare cDNA from RNA samples, 600 ng RNA was reverse 
transcribed. Briefly, 0.5  µl of DNAse (Promega) and 1.1  µl of 
DNase buffer were added to each sample, then incubated at 37°C 
for 30 min and 65°C for 10 min. Next, 1.5 µl of oligoDT (Sigma) 
and 0.5  µl dNTPs (Bioline) were added, and tubes were incu-
bated for 10 min at 65°C. Finally, a mix of reverse transcriptase 
(Superscript II, Invitrogen; 1 μl/sample), RT buffer (4 μl/sample), 
DTT (1  μl/sample), and RNAse inhibitor (RNAsin, Promega; 
1  μl/sample) was added, followed by incubation at 42°C for 
50 min and 70°C for 15 min. Samples were then frozen at −20°C 
until qPCR analysis.

Quantitative Pcr
Mineralocorticoid receptor, 11β-HSD2, and 11β-HSD1 qPCR 
primers were designed based on the zebra finch genome using 
Primer3Plus and PrimerBlast (NCBI). GR primers were taken 
from Banerjee et  al. (35). Concentrations were optimized for 
each primer pair and are listed along with primer sequences and 
amplicon lengths in Table  1. We used an Applied Biosystems 
7300 Real-Time PCR system to quantify gene expression rela-
tive to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in 
samples using the SYBR Green method. Samples were run at a 
1:10 dilution and in duplicate wells. Reaction volume was 25 µl, 
and cycling conditions were as follows: (1) 2  min at 50°C, (2) 
10 min at 95°C, (3) 15 s at 95°C, (4) 1 min at 60°C, repeat steps 
3 and 4 40 times, (5) 15 s at 95°C, (6) 1 min at 60°C, (7) 15 s at 
95°C, and (8) 15 s at 60°C.

Standard curves were prepared for each gene and plate to con-
firm reaction efficiency (90–110%) and standard curve linearity 
(≥98%). For GR and MR, each plate contained a standard curve 
prepared from a mix of 1:1 cDNA representing all samples from 
the region represented on the plate. We included positive control 
tissue in the adult 11β-HSD2 standard curves, pooling all brain 
regions together with a small amount of kidney cDNA. The adult 
11β-HSD1 standard curve was constructed from liver cDNA. All 
standard curves utilized a fourfold dilution with curves extending 
from 1:1 to 1:256 for GR, MR, and GAPDH, and standard curves 
ranging from 1:1 to 1:1,024 (11β-HSD1) or 1:4,096 (11β-HSD2). 
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TaBle 1 | Quantitative PCR primer details.

gene name (accession #) Primer sequence (5′–3′) amplicon length  
(bp)

[Primer] per 
reaction (μM)

Mineralocorticoid receptor (NM_001076690) F: AAGAGTCGGCCAAACATCCTTGTTCT
R: AAGAAACGGGTGGTCCTAAAATCCCAG

150 0.3

Glucocorticoid receptor (XM_002192952.3) F: TGCAGTACTCCTGGATGTTCC
R: GAGCATGTGTTTGCATTGTTC

155 0.3

11 Beta-hydroxysteroid dehydrogenase type 2 (XM_002187455.3) F: AAAACAGGGACAACATGCGA
R: CCCCTCTGTGATGCTGTTCA

189 0.6

11 Beta-hydroxysteroid dehydrogenase type 1 (XM_002196384.1a) F: CATCCATAGCGGGTAAAATTG
R: CGCTCTCTGTGTTGATGTAGC

162 0.3

Glyceraldehyde-3-phosphate dehydrogenase (NM_001198610.1) F: TGACCTGCCGTCTGGAAAA
R: CCATCAGCAGCAGCCT

70 0.3

aThis transcript is “11 beta-dehydrogenase 1-like” in NCBI; Ensembl lists a nearly identical transcript as “HSD11B1.” Therefore, we designed qPCR primers to cover a region of the 
transcript found in both versions.
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All sample values fell within the bounds of the standard curve 
for each gene and plate (except for 11β-HSD1; see below). 
Preliminary optimizations for 11β-HSD1 indicated low to no 
expression in adult brain; therefore, all samples within a given 
brain region and a given sex were pooled for the assay instead of 
running individual samples (n = 12 pooled samples from males 
and females in six regions).

In the absence of 11β-HSD1 expression in regions of the 
adult brain examined, we conducted further tests to verify the 
specificity and accuracy of our 11β-HSD1 primers. We first cre-
ated individual pools of caudal and whole TEL (all ages), liver 
(all ages), and kidney (adults) and optimized the qPCR reaction. 
After confirming amplification in all three pools, we sequenced 
products and used NCBI Blast to confirm the specificity of the 
products. Because we successfully amplified 11β-HSD1 in the 
TEL pool, we next ran a single qPCR plate with TEL samples from 
all four ages (n = 4 per age). We constructed the standard curve 
for this plate from a pool of TEL, kidney, liver, and adrenal cDNA.

Specificity of amplification for GR, MR, 11β-HSD2, and  
11β-HSD1 was established by (a) confirming the presence of 
a single peak on dissociation curves and (b) sequencing and 
subsequent BLAST analysis of qPCR products. Additional 
sequencing and gel electrophoresis were used to confirm expres-
sion of 11β-HSD1 in hatchling brain (see Results). No reverse 
transcriptase (no RT) controls were run for each gene to assess 
DNA contamination. We also confirmed that reaction mixes were 
not contaminated by running no-template controls on each plate.

Expression levels were calculated using the delta cycle 
threshold (CT) method, where expression = 1,000*power [2, −(CT 

gene − CT GAPDH)]. GAPDH was utilized as a reference gene for this 
calculation, as expression is relatively stable in the songbird brain 
(25, 36).

statistics
Regional variation in MR, GR, and 11β-HSD2 relative expression 
was assessed using linear mixed models and general linear mod-
els where appropriate. For each gene, brain region, sex, the sex 
by brain region interaction, and sacrifice time post-disturbance 
were included as fixed effects, and bird ID (n = 17; one female 
was excluded from analyses due to aberrant GAPDH results) was 
included as a random factor to control for repeated sampling 

within individual birds. Initial analyses included the sex by sac-
rifice time interaction. In the absence of any sex-specific effects, 
this term was eliminated from the final models. The sample size 
in some brain regions was less than 17 due to technical error or 
depletion of sample (see figure legends for sample sizes). For 
GR and MR, there was no variance due to bird ID in the initial 
mixed model; therefore, general linear models were utilized 
(model results were identical with and without bird ID). If the 
interaction term was non-significant, it was removed and the 
model was re-run to obtain the final model. Significant effects 
of brain region or a significant interaction term were analyzed 
using LSD post hoc tests, with a significance value of P < 0.05. 
Liver and kidney expression levels in three to four samples were 
used as positive controls and were not statistically analyzed in 
comparison with brain.

We used linear regression to compare mean expression levels 
of 11β-HSD2 with those of MR and GR across regions. Using 
the same procedure, we tested whether regional patterns of GR 
expression predicted patterns of MR expression.

resUlTs

regional Patterns of gene expression in 
adult Brain
Mineralocorticoid receptor expression levels differed signifi-
cantly between brain regions (F5,89 = 26.2; P < 0.001) with highest 
levels in HP, followed by NCM and cNp, and lowest levels in OT, 
CER, and DIEN (Figure 2). Levels did not differ between males 
and females (F1,89 = 1.9; P = 0.171) and were unrelated to time 
of sacrifice post-capture (F1,89  =  0.8; P  =  0.381). There was no 
interaction between sex and region (F5,84 = 0.7; P = 0.647).

Glucocorticoid receptor expression levels also differed 
between brain regions (F5,82  =  191.5; P  <  0.001) with highest 
levels in CER, followed by NCM and cNp, and lowest levels in 
DIEN, OT, and HP (Figure 2). A significant main effect of sex 
(F1,82 = 11.4; P = 0.001) was driven by the sex*region interaction 
term (F5,82 =  6.6, P <  0.001). Specifically, GR expression levels 
were elevated in the CER of females (P < 0.001), while there were 
no sex differences in any other brain regions (all P > 0.2). Time 
of sacrifice post-capture was unrelated to expression (F1,82 = 0.1; 
P = 0.712).

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


FigUre 3 | Quantitative PCR results showing 11 beta-hydroxysteroid 
dehydrogenase type 1 (11β-HSD1) (top panel) and 11 beta-hydroxysteroid 
dehydrogenase type 2 (11β-HSD2) (bottom panel) expression patterns 
(relative to glyceraldehyde-3-phosphate dehydrogenase) across six brain 
regions in adult male (M) and female (F) zebra finches. Letters above bars 
represent significant differences. Positive control tissues are presented for 
comparison (11β-HSD1: liver; 11β-HSD2: kidney). Bars are means ± 1 SE. 
Sample sizes are as follows (n = 11β-HSD2): CER, cerebellum (17); DIEN, 
diencephalon (17); OT, optic tectum (17); NCM, caudomedial nidopallium 
(16); HP, hippocampus (17); cNp, caudal nidopallium (13).

FigUre 2 | Quantitative PCR results showing mineralocorticoid receptor 
(MR) (top panel) and glucocorticoid receptor (GR) (bottom panel) expression 
patterns (relative to glyceraldehyde-3-phosphate dehydrogenase) across six 
brain regions in adult male (M) and female (F) zebra finches. Letters above 
bars represent significant differences. *Indicates a significant difference 
between males and females in CER. Bars are means ± 1 SE. Sample sizes 
are as follows (n = MR/GR): CER, cerebellum (17/16); DIEN, diencephalon 
(17/16); OT, optic tectum (17/17); NCM, caudomedial nidopallium (16/16); 
HP, hippocampus (17/17); cNp, caudal nidopallium (13/13).
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Whereas expression levels were high in liver, we did not detect 
11β-HSD1 expression in brain (Figure 3). Specifically, CT values 
were undetermined for all brain samples, indicating a lack of 
amplification within the 40-cycle qPCR program. The 11β-HSD1 
primer concentrations (0.6  µM) were determined based on an 
optimization in liver, as previous validation attempts in brain 
with differing concentrations of primers and cDNA indicated 
low to no expression.

In contrast to 11β-HSD1, 11β-HSD2 was expressed in adult 
kidney and brain and differed significantly among brain regions 
(F5,89 = 5.8; P < 0.001). Levels were highest in CER, NCM, and 
cNp, followed by DIEN, OT, and HP (Figure  3). Expression 
levels did not vary between males and females (F1,89  =  2.3; 
P  =  0.136) or according to time post-capture (F1,89  =  0.2; 
P = 0.687). There was no interaction between region and sex 
(F5,84 = 0.8; P = 0.525).

coexpression Patterns across Brain 
regions
Mean regional GR expression levels did not correlate with MR 
(F1,4 = 0.1; P = 0.781). If the two regions with exceptionally high 
MR and GR were removed, however (HP and CER), there was 
a strong and significant correlation between GR and MR in 
the remaining four regions (F1,2 = 175.7; P = 0.006; R2 = 0.99; 
Figure 4). Similarly, regional 11β-HSD2 levels were not correlated 
with GR (F1,4 = 5.6; P = 0.077) or MR levels (F1,4 = 0.02; P = 0.91) 
when all regions were included in the analyses. However, exclu-
sion of CER and HP resulted in a significant positive correlation 
between 11β-HSD2 and GR (F1,2 = 126.1; P = 0.008; R2 = 0.98) 
and 11β-HSD2 and MR (F1,2 = 64.5; P = 0.015; R2 = 0.97) among 
the remaining regions (Figure 5).
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FigUre 5 | The relationship between average (±1 SE) 11 beta-hydroxysteroid dehydrogenase type 2 (11β-HSD2) and GR (left panel) and average 11β-HSD2 and 
MR (right panel) expression levels across six brain regions. Dashed line = best fit line with all six brain regions included. Solid line = best fit line when CER and HP 
were excluded from the analysis. Abbreviations: CER, cerebellum; DIEN, diencephalon; OT, optic tectum; NCM, caudomedial nidopallium; HP, hippocampus; cNp, 
caudal nidopallium; MR, mineralocorticoid receptor; GR, glucocorticoid receptor.

FigUre 4 | The relationship between average (±1 SE) MR and GR 
expression levels across six brain regions. Dashed line = best fit line with all 
six brain regions included. Solid line = best fit line when CER and HP were 
excluded from the analysis. Abbreviations: CER, cerebellum; DIEN, 
diencephalon; OT, optic tectum; NCM, caudomedial nidopallium; HP, 
hippocampus; cNp, caudal nidopallium.
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correctly BLASTed to the 11β-HSD1 mRNA sequence in NCBI 
(see Table 1 for details).

To further assess these findings in brain, we used qPCR to 
examine 11β-HSD1 expression in individual samples from all 
four age groups. Expression of 11β-HSD1 was detected in 2 of 3 
hatchling whole TEL samples (the fourth hatchling sample was 
contaminated and omitted), 1 of 4 fledgling caudal TEL samples, 
0 of 4 juvenile caudal TEL samples, and 0 of 4 adult caudal TEL 
samples. CT values for the two hatchlings were between 26 and 
32, while all other amplification occurred at CT 35 or higher.

We further investigated the presence of 11β-HSD1 expression 
in these three brain samples by (1) running qPCR products on a 
gel and (2) sending samples for sequencing. Gel electrophoresis 
(5 μl product + 1 μl 6× loading dye; 2% gel) on the three brain 
samples with positive qPCR amplification revealed a single band 
at the expected size (~162 bp) for both hatchling samples and a 
faint band for the fledgling sample. Sequenced qPCR products 
from these three samples matched the 11β-HSD1 sequence in 
NCBI (using BLAST).

DiscUssiOn

This study tested the hypothesis that the enzymes 11β-HSD1 and 
11β-HSD2 are expressed in regions of the adult zebra finch brain 
with elevated sensitivity to GCs. Whereas widespread changes in 
GC exposure can be initiated by regulation of adrenal synthesis, 
secretion, and association with binding globulins, local regen-
eration and metabolism of GCs, respectively, may enable regions 
requiring precise GC regulation to control access to receptors on 
a fine scale (8). Our results in the finch vary significantly from 
expression patterns reported in rodents (15). In particular, we 
did not detect 11β-HSD1 expression in adult brain, though we 
confirmed expression of this enzyme in some hatchlings and 
fledglings. By contrast, 11β-HSD2 was expressed in all adult 
brain regions examined. In addition, in adult brains we observed 
distinct regional patterns of GR, MR, and 11β-HSD2 mRNA, 

11β-hsD1 in Developing Zebra Finch Brain 
and adult Kidney
After finding that 11β-HSD1 expression was absent in six brain 
regions of adults, but present in the liver (a major site of expres-
sion across taxa), we conducted an additional qPCR optimization 
to determine whether expression could be detected in a pool of 
TEL taken from hatchlings, fledglings, juveniles, and adults. We 
compared the CT value of this pool to those obtained from liver 
(all ages pooled) and kidney [an additional positive control tis-
sue in rodents (33)]. Liver showed the highest signal, with CT 
values of ~24, followed by kidney (CTs ~27), followed by TEL 
(CTs ~30). Lower CT values indicate higher levels of expression 
in a sample. After sequencing, products from each of these pools 
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with highest GR expression in CER and highest MR expression 
in HP. Regional 11β-HSD2 patterns were similar but not identical 
to GR and MR patterns. This suggests that 11β-HSD2 plays a role 
in regulating both baseline and stress-induced CORT access to 
receptors, but that the nature of this activity varies according to 
brain region and context.

regional gr and Mr expression Patterns
Differential expression of GR and MR enables the brain to utilize 
GCs for a diversity of functions. For example, the paraventricular 
nucleus of the hypothalamus (PVN), which expresses abundant 
GR in mammals (37–40), is a key site for stress-induced negative 
feedback on the HPA axis (41). Similarly, the mammalian HP 
expresses abundant MR and GR (37, 39, 40) and provides feed-
back regulation of HPA axis activity (42). The nature of central 
GR and MR expression and function has been well characterized 
in mammals (40). In the avian brain, our results on the distribu-
tion and abundance of GC receptors align with the handful of 
other studies, showing elevated GR in CER (30, 31, 35, 43) and 
MR in the HP [(28, 29, 32, 43); but see Ref. (30, 35)]. We add to 
these studies the description of relatively low levels of both MR 
and GR in the songbird DIEN, and relatively high levels in NCM 
and cNp.

The expression of HP MR and, to a lesser extent, GR suggests 
that the avian HP plays a similar role in HPA axis regulation 
in birds and mammals. MR activation in the HP by baseline 
systemic CORT levels maintains basal activity of the HPA axis 
through inhibitory projections to the hypothalamus (44). In addi-
tion, relatively high GR expression in CER, which we report here, 
has been observed in the granule and Purkinje cell layers of adult 
mammals (37, 38) and the external granule cell layer of neonatal 
mammals (45). We also detected higher CER GR expression 
in females than males, with no differences elsewhere in brain. 
The functional significance of this heightened CER sensitivity in 
females remains unknown. Our results from DIEN differ some-
what from previous observations. For example, several studies 
show a lack of MR expression in the avian hypothalamus (28, 
30, 32) and the mammalian PVN (40), whereas others provide 
evidence for expression (24, 35). We detected relatively low 
amounts of both GR and MR in zebra finch DIEN, which includes 
the hypothalamus. These discrepancies likely result from differ-
ential sensitivity of qPCR vs in situ hybridization procedures, or 
because our sampling of the hypothalamus included additional 
diencephalic regions excluded from other studies.

gr, Mr, and 11β-hsD2 coexpression
Coordinated GC regulation across the brain is necessary for 
management of the diverse central functions of CORT (44). It is 
therefore not surprising that we observed a positive correlation 
between average GR and MR expression levels across several 
regions, where those with elevated MR also expressed elevated 
GR. The same pattern was observed when correlating GR or MR 
expression with 11β-HSD2 expression: regions with elevated GR 
or MR expression exhibited the highest 11β-HSD2 mRNA levels. 
This relationship, however, was not identified in all regions, nota-
bly the two regions expressing the highest levels of GR (CER) and 

MR (HP). While 11β-HSD2 expression was relatively elevated in 
CER, the degree of elevation did not match that of GR expression. 
In addition, while HP MR was elevated, 11β-HSD2 expression in 
this region was among the lowest detected. Taken together, these 
results suggest that the CER and HP may depend on unmodified 
systemic levels of GCs to initiate appropriate responses on their 
respective receptors, while other regions may rely on co-regula-
tion by 11β-HSD2, GR, and MR. Future studies should probe the 
activity and regulation of 11β-HSD2 particularly within the HP 
and CER, as these remain sites of elevated GC sensitivity.

The HP of adult finches in this study exhibited a greater degree 
of MR expression relative to GR than other regions examined, 
while 11β-HSD2 expression remained low. These results may 
reflect the critical role of HP MR in providing negative feedback 
on the HPA axis under basal conditions, as MR is virtually absent 
from the PVN and pituitary, where stress-induced, GR-mediated 
feedback predominates (46). While 11β-HSD2 preserves MR 
access for aldosterone in the kidney (47), HP MR is not an aldos-
terone target, and 11β-HSD2 expression is therefore unnecessary 
to enable this function. In addition, it is likely that enzymatic 
metabolism of GCs via 11β-HSD2 in HP would be detrimental, as 
MR binding in this region provides overarching control over the 
day-to-day activity of the HPA axis. It is therefore not surprising 
that 11β-HSD2 transcript levels were relatively low in HP.

In contrast to our finding of elevated MR in HP, GR expression 
was relatively elevated in the CER. Although this relationship 
has been observed previously in both birds and mammals, its 
significance is unclear. Very high GR expression relative to other 
regions has been observed in the neonatal rat cerebellum (48), 
and exogenous GC treatments can reduce cerebellar volume and 
initiate long-term cognitive impairments in children (49, 50). The 
role of GR in the adult CER is less clear, although stress and GC 
treatments have been shown to impair motor function in adult 
rats (51). Interestingly, some mood disorders associated with 
HPA axis dysregulation (52, 53) have been linked to cerebellar 
atrophy (54). We detected elevated 11β-HSD2 in adult zebra finch 
CER, although levels were not as high as expected given the cor-
relation between GR and 11β-HSD2 across other brain regions. 
This suggests that CORT access to GR plays an important role in 
the avian CER.

High GR expression in the adult CER, which governs motor 
function, may be partially responsible for rapid, non-genomic 
changes in activity observed after acute CORT treatment in 
songbirds. A single dose of GCs administered non-invasively 
increased perch hopping activity in white-crowned sparrows 
within 15  min [Zonotrichia leucophrys gambelii (55, 56)]. GCs 
may affect HP-based cognition as well as motor behavior, lead-
ing to rapid changes in cache recovery behavior in chickadees 
within 5 min of administration [Parus gambeli (57)]. Rapid, non-
genomic GC effects across vertebrate taxa are likely initiated by 
membrane GC receptor binding (11). A lower-affinity GC mem-
brane receptor has been characterized in house sparrow [Passer 
domesticus (10)] and zebra finch brain (12). In addition, recent 
work on membrane GC receptors in mammals suggests that a 
single gene is responsible for both cytosolic and membrane recep-
tors (11, 58). Therefore, it is possible that our characterization 
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of GR and MR included membrane as well as intracellular GC 
receptor expression.

Although our study revealed expression patterns for several 
genes in the GC-signaling pathway, a full understanding of the 
interaction between GC-metabolizing enzymes and receptors 
requires assessing whether the molecules in these pathways are 
co-localized within individual neurons or glia. A higher resolu-
tion analysis might also be useful. In mammals, for example, 
11β-HSD2 has been localized to the endoplasmic reticulum and 
the nucleus (59). Thus, cells expressing intracellular 11β-HSD2 
might avoid effects of GC metabolism by expressing GR or MR 
receptors on the cell membrane. An investigation of the subcel-
lular localization of 11β-HSD2 in songbird brain, along with a 
characterization of membrane GR and MR will provide a more 
conclusive picture of the nature of 11β-HSD2 expression and 
function in the songbird brain.

Functional significance of 11β-hsD2 
expression in Brain
We observed 11β-HSD expression patterns that differ signifi-
cantly from those in rodents. First, we found that 11β-HSD2 was 
expressed throughout the adult songbird brain, a finding that 
differs markedly from the adult rodent brain with its more limited 
distribution (15). This result builds on previous findings in our lab, 
in which 11β-HSD2 transcript, as well as dehydrogenase activity, 
was reported in hatchling and adult zebra finch brain (24, 25). 
Second, while we found robust expression of 11β-HSD1 in liver, 
expression was undetected in the adult zebra finch brain, though 
this enzyme is widely distributed in the brains of adult rodents 
(15). There are several possible explanations for this result. First, 
we did not attempt to quantify 11β-HSD1 expression in all brain 
regions of the adult zebra finch. Therefore, it is possible that other 
regions do express this enzyme. However, we noted an absence 
of 11β-HSD1 in the HP, a site of prominent expression in the 
rodent brain, which suggests a fundamental difference between 
birds and mammals. Another possibility is that differential splic-
ing produces alternate transcripts in the zebra finch brain and 
liver. Future work will address this possibility by utilizing primers 
that target different regions of the gene. Finally, it is intriguing 
that we were able to detect 11β-HSD1 expression in the brains of 
very young finches. Such a result suggests that this enzyme could 
be developmentally down regulated. The role for this enzyme in 
developing brain is currently unknown, but future work should 
pinpoint the loci of expression in hatchlings and document more 
precisely its temporal patterns of expression.

Elevated expression of 11β-HSD2 in the developing rodent 
brain likely protects the growing brain from potential GC dam-
age. This protection lasts through the first few weeks of neonatal 
life. This is clearly seen in the external granule cell layer of the 
cerebellum, where 11β-HSD2 reportedly protects neural progeni-
tor cells from CORT-induced apoptosis, cerebellar atrophy, and 
developmental deficits (45, 60–62). These patterns in the develop-
ing mammal brain raise the question of whether 11β-HSD2 plays 
a similar role in the adult songbird brain, especially in the CER, 
cNp and NCM, regions where 11β-HSD2 transcript levels were 
highest. The HP, NCM and cNp are bordered by the VZ, where 

neurogenesis persists in adult songbirds (63). We found relatively 
high levels of GR, MR, and 11β-HSD2 expression in NCM and 
cNp, highlighting the potential importance of appropriate GC 
signaling in these areas. While adult neurogenesis in mammals 
is relatively restricted, it is conspicuous and widespread in song-
birds and other taxa, including fish, reptiles, and amphibians (64, 
65). GCs can impair hippocampal neurogenesis, depending on 
dose and context (23, 66–68). As 11β-HSD2 protects neurogen-
esis during mammalian fetal development (60, 69), it is plausible 
that the enzyme serves a similar function in adult songbirds, and 
potentially in fish, where 11β-HSD2 is also widely expressed in 
the adult brain (70).

The results of this study raise an important question: why are 
neural 11β-HSD1 and 2 expression patterns so different between 
rodents and songbirds? One possibility is that these taxa-specific 
patterns arose as a result of differences in HPA axis activity and 
regulation. For example, adult mice that are similar in body mass 
to songbirds have higher circulating baseline and stress-induced 
GCs, as well as higher brain GC levels when compared with zebra 
finches (71–73) (Rensel, unpublished data). Thus, one could 
speculate that mice would express higher levels of 11β-HSD2 to 
limit CORT exposure to the brain and potential damage to CORT-
sensitive neural circuits. Obviously, this is not the case; instead, 
rodents display widespread expression of the GC-regenerating 
11β-HSD1. A second possibility is that differences in neural 
GC metabolism could be accounted for by differences in MR or 
GR binding affinities in brain between rodents and songbirds. 
However, these receptors appear to be relatively conserved in 
their binding affinities in rodents and birds (10, 74). Interestingly, 
the mammalian and songbird GR respond quite similarly to GC 
agonists and antagonists, but some traditional MR agonists in 
mammals do not work well in songbirds (10), suggesting that 
there may be MR receptor differences which modify GC action 
on the receptor between species. Finally, this study and others 
suggest that neural MR is more widely expressed throughout the 
songbird brain than the rodent brain (10), providing support for 
the view that differential neural metabolism may exist to regulate 
GC action on MR instead of or in addition to GR. Thus, more work 
is needed to determine if GC actions on MR differ across taxa, 
possibly explaining differential 11β-HSD expression patterns.

Steroid hormone-binding globulins in the circulation also 
differ between birds and mammals. Mammals possess both 
corticosterone-binding globulin (CBG) and sex hormone-
binding globulin (SHBG), the latter of which binds androgens 
and estrogens. By contrast, birds appear to lack SHBG, and 
instead some sex steroids also bind CBG [primarily androgens 
(75, 76)]. This difference may affect the amount of free CORT 
accessible to the brain, which in turn could necessitate neural 
GC regeneration or metabolism. For example, rodent CBG may 
bind a greater proportion of circulating GCs, necessitating 11β-
HSD 1-based regeneration in brain, whereas free CORT may 
more easily reach the brain of the songbird because a greater 
portion of circulating GCs is unbound. However, while CBGs 
are thought to prevent access to target tissues (77), some studies 
suggest that CBGs are actually necessary for GC delivery to the 
brain, making any conclusions preliminary at this time (78). 
In the end, a vital difference between the brains of rodents and 
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songbirds remains the widespread neuroplasticity that persists 
into adulthood in the songbird brain and which is present to a 
much smaller degree in rodents (8). Given the capacity for GCs 
to influence such plasticity, it seems likely that the expression of 
CORT metabolic enzymes in the adult avian brain is related to 
this inherent neuroplasticity.

Overall, our results highlight the complexity of GC signaling 
in the songbird brain. It is likely that 11β-HSD2 protects sensitive 
neural circuits from GC access to GR and MR, but the timing 
and localization of this activity undoubtedly depends on region 
and dose-specific effects. In addition, it is worthwhile to note 
that quantification of mRNA expression does not necessarily 
equate to presence of protein, as Medina et al. (79) documented 
a disparity between GR and MR mRNA and cytosolic protein 
in house sparrow brain. Rapid modulation of enzyme activity 
through post-translational modifications is also likely and may 
provide an additional layer of control over GC metabolism and 
action in the songbird brain [e.g., Ref. (80–82)]. Future studies 
will seek to elucidate the functional importance of 11β-HSD2 in 
those regions in which it is expressed.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of the UCLA Chancellor’s Animal Research Committee. 
The protocol was approved by the Chancellor’s Animal Research 
Committee.

aUThOr cOnTriBUTiOns

MR and BS conceived and designed the study and wrote the 
manuscript. MR, JD, and DP conducted the experiments. MR 
analyzed the data. All the authors provided feedback on the 
manuscript.

acKnOWleDgMenTs

The authors thank Rice Zhang and the UCLA Division of 
Laboratory Animal Management for their excellent care of 
the finch colony. This work was supported by NIH R03 grant 
5R03MH108921 awarded to MR and BS.

reFerences

1. Sapolsky R, Romero L, Munck A. How do glucocorticoids influence stress 
responses? Integrating permissive, suppressive, stimulatory, and preparative 
actions. Endocr Rev (2000) 21:55–89. doi:10.1210/edrv.21.1.0389 

2. Breuner CW, Wingfield JC, Romero LM. Diel rhythms of basal and 
stress-induced corticosterone in a wild, seasonal vertebrate, Gambel’s 
white-crowned sparrow. J Exp Zool (1999) 284:334–42. doi:10.1002/
(SICI)1097-010X(19990801)284:3<334::AID-JEZ11>3.0.CO;2-# 

3. Droste S, de Groote L, Atkinson H, Lightman SL, Reul JM, Linthorst AC. 
Corticosterone levels in the brain show a distinct ultradian rhythm but a 
delayed response to forced swim stress. Endocrinology (2008) 149:3244–53. 
doi:10.1210/en.2008-0103 

4. Hau M, Ricklefs RE, Wikelski M, Lee KA, Brawn JD. Corticosterone, testos-
terone and life-history strategies of birds. Proc Biol Sci (2010) 277:3203–12. 
doi:10.1098/rspb.2010.0673 

5. Rensel MA, Boughton RK, Schoech SJ. Development of the adrenal stress 
response in the Florida scrub-jay (Aphelocoma coerulescens). Gen Comp 
Endocrinol (2010) 165:255–61. doi:10.1016/j.ygcen.2009.07.002 

6. Sapolsky RM, Meaney MJ. Maturation of the adrenocortical stress response: 
neuroendocrine control mechanisms and the stress hyporesponsive period. 
Brain Res Rev (1986) 11:65–76. doi:10.1016/0165-0173(86)90010-X 

7. Wada H, Hahn TP, Breuner CW. Development of stress reactivity in white-
crowned sparrow nestlings: total corticosterone response increases with age, 
while free corticosterone response remains low. Gen Comp Endocrinol (2007) 
150:405–13. doi:10.1016/j.ygcen.2006.10.002 

8. Rensel MA, Schlinger BA. Determinants and significance of corticosterone 
regulation in the songbird brain. Gen Comp Endocrinol (2016) 227:136–42. 
doi:10.1016/j.ygcen.2015.06.010 

9. Romero LM. Physiological stress in ecology: lessons from biomedical research. 
Trends Ecol Evol (2004) 19:249–55. doi:10.1016/j.tree.2004.03.008 

10. Breuner CW, Orchinik M. Pharmacological characterization of intracellular, 
membrane, and plasma binding sites for corticosterone in house sparrows. 
Gen Comp Endocrinol (2009) 163:214–24. doi:10.1016/j.ygcen.2009.01.027 

11. Groeneweg FL, Karst H, de Kloet ER, Joëls M. Mineralocorticoid and gluco-
corticoid receptors at the neuronal membrane, regulators of nongenomic cor-
ticosteroid signalling. Mol Cell Endocrinol (2012) 350:299–309. doi:10.1016/j.
mce.2011.06.020 

12. Schmidt KL, Malisch JL, Breuner CW, Soma KK. Corticosterone and cortisol 
binding sites in plasma, immune organs and brain of developing zebra finches: 
intracellular and membrane-associated receptors. Brain Behav Immun (2010) 
24:908–18. doi:10.1016/j.bbi.2010.02.008 

13. Rajan V, Edwards CR, Seckl JR. 11 beta-Hydroxysteroid dehydrogenase in 
cultured hippocampal cells reactivates inert 11-dehydrocorticosterone, 
potentiating neurotoxicity. J Neurosci (1996) 16:65–70. 

14. Draper N, Stewart PM. 11B-hydroxysteroid dehydrogenase and the pre-re-
ceptor regulation of corticosteroid hormone action. J Endocrinol (2005) 
186:251–71. doi:10.1677/joe.1.06019 

15. Wyrwoll CS, Holmes MC, Seckl JR. 11β-Hydroxysteroid dehydrogenases 
and the brain: from zero to hero, a decade of progress. Front Neuroendocrinol 
(2011) 32:265–86. doi:10.1016/j.yfrne.2010.12.001 

16. Diaz R, Brown RW, Seckl JR. Distinct ontogeny of glucocorticoid and miner-
alocorticoid receptor and 11beta-hydroxysteroid dehydrogenase types I and 
II mRNAs in the fetal rat brain suggest a complex control of glucocorticoid 
actions. J Neurosci (1998) 18:2570–80. 

17. Carter RN, Paterson JM, Tworowska U, Stenvers DJ, Mullins JJ, Seckl JR, et al. 
Hypothalamic-pituitary-adrenal axis abnormalities in response to deletion 
of 11β-HSD1 is strain-dependent. J Neuroendocrinol (2009) 21:879–87. 
doi:10.1111/j.1365-2826.2009.01899.x 

18. Holmes MC, Seckl JR. The role of 11beta-hydroxysteroid dehydrogenases 
in the brain. Mol Cell Endocrinol (2006) 248:9–14. doi:10.1016/j.mce.2005. 
12.002 

19. Yau JLW, Seckl JR. Local amplification of glucocorticoids in the aging brain 
and impaired spatial memory. Front Aging Neurosci (2012) 4:24. doi:10.3389/
fnagi.2012.00024 

20. Sandeep TC, Yau JLW, MacLullich AMJ, Noble J, Deary IJ, Walker BR, et al. 
11Β-hydroxysteroid dehydrogenase inhibition improves cognitive function in 
healthy elderly men and type 2 diabetics. Proc Natl Acad Sci U S A (2004) 
101:6734–9. doi:10.1073/pnas.0306996101 

21. Yu L, Romero DG, Gomez-Sanchez CE, Gomez-Sanchez EP. Steroidogenic 
enzyme gene expression in the human brain. Mol Cell Endocrinol (2002) 
190:9–17. doi:10.1016/S0303-7207(02)00041-2 

22. Huang C, Wan B, Gao B, Hexige S, Yu L. Isolation and characterization of 
novel human short-chain dehydrogenase/reductase SCDR10B which is 
highly expressed in the brain and acts as hydroxysteroid dehydrogenase. Acta 
Biochim Pol (2009) 56:279–89. 

23. Schoenfeld T, Gould E. Stress, stress hormones, and adult neurogenesis. Exp 
Neurol (2012) 233:12–21. doi:10.1016/j.expneurol.2011.01.008.Stress 

24. Katz A, Oyama RK, Feng N, Chen X, Schlinger BA. 11Β-hydroxysteroid 
dehydrogenase type 2 in zebra finch brain and peripheral tissues. Gen Comp 
Endocrinol (2010) 166:600–5. doi:10.1016/j.ygcen.2010.01.016 

25. Rensel MA, Comito D, Kosarussavadi S, Schlinger BA. Region-specific neural 
corticosterone patterns differ from plasma in a male songbird. Endocrinology 
(2014) 155:3572–81. doi:10.1210/en.2014-1231 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1002/(SICI)1097-010X(19990801)284:3 < 334::AID-JEZ11 > 3.0.CO;2-#
https://doi.org/10.1002/(SICI)1097-010X(19990801)284:3 < 334::AID-JEZ11 > 3.0.CO;2-#
https://doi.org/10.1210/en.2008-0103
https://doi.org/10.1098/rspb.2010.0673
https://doi.org/10.1016/j.ygcen.2009.07.002
https://doi.org/10.1016/0165-0173(86)90010-X
https://doi.org/10.1016/j.ygcen.2006.10.002
https://doi.org/10.1016/j.ygcen.2015.06.010
https://doi.org/10.1016/j.tree.2004.03.008
https://doi.org/10.1016/j.ygcen.2009.01.027
https://doi.org/10.1016/j.mce.2011.06.020
https://doi.org/10.1016/j.mce.2011.06.020
https://doi.org/10.1016/j.bbi.2010.02.008
https://doi.org/10.1677/joe.1.06019
https://doi.org/10.1016/j.yfrne.2010.12.001
https://doi.org/10.1111/j.1365-2826.2009.01899.x
https://doi.org/10.1016/j.mce.2005.
12.002
https://doi.org/10.1016/j.mce.2005.
12.002
https://doi.org/10.3389/fnagi.2012.00024
https://doi.org/10.3389/fnagi.2012.00024
https://doi.org/10.1073/pnas.0306996101
https://doi.org/10.1016/S0303-7207(02)00041-2
https://doi.org/10.1016/j.expneurol.2011.01.008.Stress
https://doi.org/10.1016/j.ygcen.2010.01.016
https://doi.org/10.1210/en.2014-1231


10

Rensel et al. 11β-HSDs in the Songbird Brain

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 86

26. Chen Z, Ye R, Goldman S. Testosterone modulation of angiogenesis and 
neurogenesis in the adult songbird brain. Neuroscience (2013) 239:139–48. 
doi:10.1016/j.biotechadv.2011.08.021.Secreted 

27. Hall ZJ, Delaney S, Sherry DF. Inhibition of cell proliferation in black-capped 
chickadees suggests a role for neurogenesis in spatial learning. Dev Neurobiol 
(2014) 74:1002–10. doi:10.1002/dneu.22180 

28. Dickens M, Romero LM, Cyr NE, Dunn IC, Meddle SL. Chronic stress alters 
glucocorticoid receptor and mineralocorticoid receptor mRNA expression 
in the European starling (Sturnus vulgaris) brain. J Neuroendocrinol (2009) 
21:832–40. doi:10.1111/j.1365-2826.2009.01908.x 

29. Krause JS, McGuigan MA, Bishop VR, Wingfield JC, Meddle SL. Decreases 
in mineralocorticoid but not glucocorticoid mRNA expression during the 
short Arctic breeding season in free-living Gambel’s white-crowned sparrow 
(Zonotrichia leucophrys gambelii). J Neuroendocrinol (2015) 27:66–75. 
doi:10.1111/jne.12237 

30. Senft RA, Meddle SL, Baugh AT. Distribution and abundance of glucocor-
ticoid and mineralocorticoid receptors throughout the brain of the great 
tit (Parus major). PLoS One (2016) 11:e0148516. doi:10.1371/journal.pone. 
0148516 

31. Shahbazi M, Schmidt M, Carruth LL. Distribution and subcellular localiza-
tion of glucocorticoid receptor-immunoreactive neurons in the developing 
and adult male zebra finch brain. Gen Comp Endocrinol (2011) 174:354–61. 
doi:10.1016/j.ygcen.2011.09.017 

32. Suzuki K, Matsunaga E, Kobayashi T, Okanoya K. Expression patterns of 
mineralocorticoid and glucocorticoid receptors in Bengalese finch (Lonchura 
striata var. domestica) brain suggest a relationship between stress hormones 
and song-system development. Neuroscience (2011) 194:72–83. doi:10.1016/j.
neuroscience.2011.07.073 

33. Roland BL, Krozowski ZS, Funder JW. Glucocorticoid receptor, mineralocor-
ticoid receptors, 11β hydroxysteroid dehydrogenase-1 and -2 expression in 
rat brain and kidney: in  situ studies. Mol Cell Endocrinol (1995) 111:R1–7. 
doi:10.1016/0303-7207(95)03559-P 

34. Saldanha CJ, Clayton NS, Schlinger BA. Androgen metabolism in the 
juvenile oscine forebrain: a cross-species analysis at neural sites impli-
cated in memory function. J Neurobiol (1999) 40:397–406. doi:10.1002/
(SICI)1097-4695(19990905)40:3<397::AID-NEU11>3.0.CO;2-6 

35. Banerjee SB, Arterbery AS, Fergus DJ, Adkins-Regan E. Deprivation of mater-
nal care has long-lasting consequences for the hypothalamic-pituitary-ad-
renal axis of zebra finches. Proc Biol Sci (2012) 279:759–66. doi:10.1098/
rspb.2011.1265 

36. Zinzow-Kramer WM, Horton BM, Maney DL. Evaluation of reference 
genes for quantitative real-time PCR in the brain, pituitary, and gonads 
of songbirds. Horm Behav (2014) 66:267–75. doi:10.1016/j.yhbeh.2014. 
04.011 

37. Meyer U, Kruhøffer M, Flugge G, Fuchs E. Cloning of glucocorticoid receptor 
and mineralocorticoid receptor cDNA and gene expression in the central 
nervous system of the tree shrew (Tupaia belangeri). Mol Brain Res (1998) 
55:243–53. doi:10.1016/S0169-328X(98)00004-7 

38. Morimoto M, Morita N, Ozawa H, Yokoyama K, Kawata M. Distribution of 
glucocorticoid receptor immunoreactivity and mRNA in the rat brain: an 
immunohistochemical and in  situ hybridization study. Neurosci Res (1996) 
26:235–69. doi:10.1016/S0168-0102(96)01105-4 

39. Patel PD, Lopez JF, Lyons DM, Burke S, Wallace M, Schatzberg AF. 
Glucocorticoid and mineralocorticoid receptor mRNA expression in 
squirrel monkey brain. J Psychiatr Res (2000) 34:383–92. doi:10.1016/
S0022-3956(00)00035-2 

40. Pryce CR. Postnatal ontogeny of expression of the corticosteroid receptor 
genes in mammalian brains: inter-species and intra-species differences. Brain 
Res Rev (2008) 57:596–605. doi:10.1016/j.brainresrev.2007.08.005 

41. Kretz O, Reichardt HM, Schütz G, Bock R. Corticotropin-releasing hormone 
expression is the major target for glucocorticoid feedback-control at the 
hypothalamic level. Brain Res (1999) 818:488–91. doi:10.1016/S0006-8993 
(98)01277-3 

42. Feldman S, Weidenfeld J. Glucocorticoid receptor antagonists in the hippo-
campus modify the negative feedback following neural stimuli. Brain Res 
(1999) 821:33–7. doi:10.1016/S0006-8993(99)01054-9 

43. Hodgson ZG, Meddle SL, Roberts ML, Buchanan KL, Evans MR, Metzdorf R, 
et al. Spatial ability is impaired and hippocampal mineralocorticoid receptor 
mRNA expression reduced in zebra finches (Taeniopygia guttata) selected for 

acute high corticosterone response to stress. Proc Biol Sci (2007) 274:239–45. 
doi:10.1098/rspb.2006.3704 

44. De Kloet E, Vreugdenhil E, Oitzl M, Joels M. Brain corticosteroid receptor 
balance in health and disease. Endocr Rev (1998) 19:269–301. doi:10.1210/
edrv.19.3.0331 

45. Noguchi KK, Walls KC, Wozniak DF, Olney JW, Roth KA, Farber NB. Acute 
neonatal glucocorticoid exposure produces selective and rapid cerebellar 
neural progenitor cell apoptotic death. Cell Death Differ (2008) 15:1582–92. 
doi:10.1038/cdd.2008.97.Acute 

46. Liposits Z, Uht RM, Harrison RW, Gibbs FP, Paull WK, Bohn MC. 
Ultrastructural localization of glucocorticoid receptor (GR) in hypothalamic 
paraventricular neurons synthesizing corticotropin releasing factor (CRF). 
Histochemistry (1987) 87:407–12. doi:10.1007/BF00496811 

47. Rusvai E, Naray-Fejes-Toths A. A new isoform of 11 beta-hydroxysteroid 
dehydrogenase in aldosterone target cells. J Biol Chem (1993) 268:10717–20. 

48. Pavlík A, Burešová M. The neonatal cerebellum: the highest level of 
glucocorticoid receptors in the brain. Dev Brain Res (1984) 12:13–20. 
doi:10.1016/0165-3806(84)90171-8 

49. Allin M, Matsumoto H, Santhouse AM, Nosarti C, Alasady MH, Stewart AL, 
et al. Cognitive and motor function and the size of the cerebellum in adoles-
cents born very pre-term. Brain (2001) 124:60–6. doi:10.1093/brain/124.1.60 

50. Tam EWY, Chau V, Ferriero DM, Barkovich AJ, Poskitt KJ, Studholme C, et al. 
Preterm cerebellar growth impairment after postnatal exposure to glucocor-
ticoids. Sci Transl Med (2011) 3:105ra105. doi:10.1126/scitranslmed.3002884.
Preterm 

51. Metz GA, Jadavji NM, Smith LK. Modulation of motor function by stress: 
a novel concept of the effects of stress and corticosterone on behavior. Eur 
J Neurosci (2005) 22:1190–200. doi:10.1111/j.1460-9568.2005.04285.x 

52. Ozbolt L, Nemeroff C. HPA axis modulation in the treatment of mood dis-
orders. In: Schoepf D, editor. Psychiatric Disorders-New Frontiers in Affective 
Disorders. InTech (2013). p. 21–40. doi:10.5772/51600

53. Watson S, Mackin P. HPA axis function in mood disorders. Psychiatry (2009) 
8:97–101. doi:10.1016/j.mppsy.2008.11.006 

54. Beyer JL, Krishnan KRR. Volumetric brain imaging findings in mood disor-
ders. Bipolar Disord (2002) 4:89–104. doi:10.1034/j.1399-5618.2002.01157.x 

55. Breuner CW, Greenberg AL, Wingfield JC. Noninvasive corticosterone 
treatment rapidly increases activity in Gambel’s white-crowned sparrows 
(Zonotrichia leucophrys gambelii). Gen Comp Endocrinol (1998) 111:386–94. 
doi:10.1006/gcen.1998.7128 

56. Breuner CW, Wingfield JC. Rapid behavioral response to corticosterone 
varies with photoperiod and dose. Horm Behav (2000) 37:23–30. doi:10.1006/
hbeh.1999.1554 

57. Saldanha CJ, Schlinger BA, Clayton NS. Rapid effects of corticosterone on 
cache recovery in mountain chickadees (Parus gambeli). Horm Behav (2000) 
37:109–15. doi:10.1006/hbeh.2000.1571 

58. Vernocchi S, Battello N, Schmitz S, Revets D, Billing AM, Turner JD, et al. 
Membrane glucocorticoid receptor activation induces proteomic changes 
aligning with classical glucocorticoid effects. Mol Cell Proteomics (2013) 
12(7):1764–79. doi:10.1074/mcp.M112.022947 

59. Farman N, Bocchi B. Mineralocorticoid selectivity: molecular and cellular 
aspects. Kidney Int (2000) 57:1364–9. doi:10.1046/j.1523-1755.2000.00976.x 

60. Holmes MC, Sangra M, French KL, Whittle IR, Paterson J, Mullins JJ, 
et  al. 11beta-Hydroxysteroid dehydrogenase type 2 protects the neonatal 
cerebellum from deleterious effects of glucocorticoids. Neuroscience (2006) 
137:865–73. doi:10.1016/j.neuroscience.2005.09.037 

61. Noguchi KK, Lau K, Smith DJ, Swiney BS, Farber NB. Glucocorticoid receptor 
stimulation and the regulation of neonatal cerebellar neural progenitor cell 
apoptosis. Neurobiol Dis (2011) 43:356–63. doi:10.1016/j.nbd.2011.04.004 

62. Robson AC, Leckie CM, Seckl JR, Holmes MC. 11 Beta-hydroxysteroid dehy-
drogenase type 2 in the postnatal and adult rat brain. Brain Res Mol Brain Res 
(1998) 61:1–10. doi:10.1016/S0169-328X(98)00161-2 

63. García-Verdugo JM, Ferrón S, Flames N, Collado L, Desfilis E, Font E. The 
proliferative ventricular zone in adult vertebrates: a comparative study using 
reptiles, birds, and mammals. Brain Res Bull (2002) 57:765–75. doi:10.1016/
S0361-9230(01)00769-9 

64. Chapouton P, Jagasia R, Bally-Cuif L. Adult neurogenesis in non-mammalian 
vertebrates. Bioessays (2007) 29:745–57. doi:10.1002/bies.20615 

65. Nottebohm F. Neuronal replacement in adult brain. Brain Res Bull (2002) 
57:737–49. doi:10.1016/S0361-9230(02)00750-5 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted
https://doi.org/10.1002/dneu.22180
https://doi.org/10.1111/j.1365-2826.2009.01908.x
https://doi.org/10.1111/jne.12237
https://doi.org/10.1371/journal.pone.
0148516
https://doi.org/10.1371/journal.pone.
0148516
https://doi.org/10.1016/j.ygcen.2011.09.017
https://doi.org/10.1016/j.neuroscience.2011.07.073
https://doi.org/10.1016/j.neuroscience.2011.07.073
https://doi.org/10.1016/0303-7207(95)03559-P
https://doi.org/10.1002/(SICI)1097-4695(19990905)40:3 < 397::AID-NEU11 > 3.0.CO;2-6
https://doi.org/10.1002/(SICI)1097-4695(19990905)40:3 < 397::AID-NEU11 > 3.0.CO;2-6
https://doi.org/10.1098/rspb.2011.1265
https://doi.org/10.1098/rspb.2011.1265
https://doi.org/10.1016/j.yhbeh.2014.04.011
https://doi.org/10.1016/j.yhbeh.2014.04.011
https://doi.org/10.1016/S0169-328X(98)00004-7
https://doi.org/10.1016/S0168-0102(96)01105-4
https://doi.org/10.1016/S0022-3956(00)00035-2
https://doi.org/10.1016/S0022-3956(00)00035-2
https://doi.org/10.1016/j.brainresrev.2007.08.005
https://doi.org/10.1016/S0006-8993
(98)01277-3
https://doi.org/10.1016/S0006-8993
(98)01277-3
https://doi.org/10.1016/S0006-8993(99)01054-9
https://doi.org/10.1098/rspb.2006.3704
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1038/cdd.2008.97.Acute
https://doi.org/10.1007/BF00496811
https://doi.org/10.1016/0165-3806(84)90171-8
https://doi.org/10.1093/brain/124.1.60
https://doi.org/10.1126/scitranslmed.3002884.Preterm
https://doi.org/10.1126/scitranslmed.3002884.Preterm
https://doi.org/10.1111/j.1460-9568.2005.04285.x
https://doi.org/10.5772/51600
https://doi.org/10.1016/j.mppsy.2008.11.006
https://doi.org/10.1034/j.1399-5618.2002.01157.x
https://doi.org/10.1006/gcen.1998.7128
https://doi.org/10.1006/hbeh.1999.1554
https://doi.org/10.1006/hbeh.1999.1554
https://doi.org/10.1006/hbeh.2000.1571
https://doi.org/10.1074/mcp.M112.022947
https://doi.org/10.1046/j.1523-1755.2000.00976.x
https://doi.org/10.1016/j.neuroscience.2005.09.037
https://doi.org/10.1016/j.nbd.2011.04.004
https://doi.org/10.1016/S0169-328X(98)00161-2
https://doi.org/10.1016/S0361-9230(01)00769-9
https://doi.org/10.1016/S0361-9230(01)00769-9
https://doi.org/10.1002/bies.20615
https://doi.org/10.1016/S0361-9230(02)00750-5


11

Rensel et al. 11β-HSDs in the Songbird Brain

Frontiers in Endocrinology | www.frontiersin.org March 2018 | Volume 9 | Article 86

66. Anacker C, Cattaneo A, Luoni A, Musaelyan K, Zunszain PA, Milanesi E, et al. 
Glucocorticoid-related molecular signaling pathways regulating hippocampal 
neurogenesis. Neuropsychopharmacology (2013) 38:872–83. doi:10.1038/
npp.2012.253 

67. Katz A, Mirzatoni A, Zhen Y, Schlinger BA. Sex differences in cell proliferation 
and glucocorticoid responsiveness in the zebra finch brain. Eur J Neurosci 
(2008) 28:99–106. doi:10.1111/j.1460-9568.2008.06303.x 

68. Newman AEM, MacDougall-Shackleton SA, An YS, Kriengwatana B,  
Soma KK. Corticosterone and dehydroepiandrosterone have opposing effects 
on adult neuroplasticity in the avian song control system. J Comp Neurol 
(2010) 518:3662–78. doi:10.1002/cne.22395 

69. Cottrell EC, Seckl JR, Holmes MC, Wyrwoll CS. Foetal and placental 
11β-HSD2: a hub for developmental programming. Acta Physiol (2014) 
210:288–95. doi:10.1111/apha.12187 

70. Alderman SL, Vijayan MM. 11β-hydroxysteroid dehydrogenase type 2 in 
zebrafish brain: a functional role in hypothalamus-pituitary-interrenal axis 
regulation. J Endocrinol (2012) 215:393–402. doi:10.1530/JOE-12-0379 

71. Little HJ, Croft AP, O’Callaghan MJ, Brooks SP, Wang G, Shaw SG. Selective 
increases in regional brain glucocorticoid: a novel effect of chronic alco-
hol. Neuroscience (2008) 156:1017–27. doi:10.1016/j.neuroscience.2008. 
08.029 

72. Petersen HH, Andreassen TK, Breiderhoff T, Bräsen JH, Schulz H, Gross V, 
et  al. Hyporesponsiveness to glucocorticoids in mice genetically deficient 
for the corticosteroid binding globulin. Mol Cell Biol (2006) 26:7236–45. 
doi:10.1128/MCB.00400-06 

73. Tronche C, Piérard C, Coutan M, Chauveau F, Liscia P, Béracochéa D. 
Increased stress-induced intra-hippocampus corticosterone rise associated 
with memory impairments in middle-aged mice. Neurobiol Learn Mem (2010) 
93:343–51. doi:10.1016/j.nlm.2009.11.009 

74. Reul JMHM, de Kloet ER. Anatomical resolution of two types of cor-
ticosterone receptor sites in rat brain with in vitro radiography and 
computerized image analysis. J Steroid Biochemistry (1985) 24:269-72. 
doi:10.1016/0022-4731(86)90063-4

75. Deviche P, Breuner C, Orchinik M. Testosterone, corticosterone, and photo-
period interact to regulate plasma levels of binding globulin and free steroid 
hormone in dark-eyed juncos, Junco hyemalis. Gen Comp Endocrinol (2001) 
122:67–77. doi:10.1006/gcen.2001.7613 

76. Wingfield JC, Matt KS, Farner DS. Physiologic properties of steroid 
hormone-binding proteins in avian blood. Gen Comp Endocrinol (1984) 
53:281–92. doi:10.1016/0016-6480(84)90254-5 

77. Mendel CM. The free hormone hypothesis a physiologically based mathemat-
ical model. Endocr Rev (1989) 10:232–74. doi:10.1210/edrv-10-3-232 

78. Minni AM, Dorey R, Pierard C, Dominguez G, Helbling JC, Foury A, et al. 
Critical role of plasma corticosteroid-binding-globulin during stress to 
promote glucocorticoid delivery to the brain: impact on memory retrieval. 
Endocrinology (2012) 153:4766–74. doi:10.1210/en.2012-1485 

79. Medina CO, Lattin CR, McVey M, Romero LM. There is no correlation 
between glucocorticoid receptor mRNA expression and protein binding in 
the brains of house sparrows (Passer domesticus). Gen Comp Endocrinol (2013) 
193:27–36. doi:10.1016/j.ygcen.2013.07.008 

80. Comito D, Pradhan DS, Karleen BJ, Schlinger BA. Region-specific rapid 
regulation of aromatase activity in zebra finch brain. J Neurochem (2016) 
136:1177–85. doi:10.1111/jnc.13513 

81. Pradhan DS, Newman AEM, Wacker DW, Wingfield JC, Schlinger BA, Soma KK.  
Aggressive interactions rapidly increase androgen synthesis in the brain 
during the non-breeding season. Horm Behav (2010) 57:381–9. doi:10.1016/j.
freeradbiomed.2008.10.025.The 

82. Soma KK, Alday NA, Hau M, Schlinger BA. Dehydroepiandrosterone metab-
olism by 3B-hydroxysteroid dehydrogenase/5-4 isomerase in adult zebra 
finch brain: sex difference and rapid effect of stress. Endocrinology (2004) 
145:1668–77. doi:10.1210/en.2003-0883 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Rensel, Ding, Pradhan and Schlinger. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these 
terms.

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1038/npp.2012.253
https://doi.org/10.1038/npp.2012.253
https://doi.org/10.1111/j.1460-9568.2008.06303.x
https://doi.org/10.1002/cne.22395
https://doi.org/10.1111/apha.12187
https://doi.org/10.1530/JOE-12-0379
https://doi.org/10.1016/j.neuroscience.2008.
08.029
https://doi.org/10.1016/j.neuroscience.2008.
08.029
https://doi.org/10.1128/MCB.00400-06
https://doi.org/10.1016/j.nlm.2009.11.009
https://doi.org/10.1016/0022-4731(86)90063-4
https://doi.org/10.1006/gcen.2001.7613
https://doi.org/10.1016/0016-6480(84)90254-5
https://doi.org/10.1210/edrv-10-3-232
https://doi.org/10.1210/en.2012-1485
https://doi.org/10.1016/j.ygcen.2013.07.008
https://doi.org/10.1111/jnc.13513
https://doi.org/10.1016/j.freeradbiomed.2008.10.025.The
https://doi.org/10.1016/j.freeradbiomed.2008.10.025.The
https://doi.org/10.1210/en.2003-0883
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	11β-HSD Types 1 and 2 in the Songbird Brain
	Introduction
	Animals and Methods
	Animals
	Dissections
	RNA Extraction and cDNA Synthesis
	Quantitative PCR
	Statistics

	Results
	Regional Patterns of Gene Expression in Adult Brain
	Coexpression Patterns across Brain Regions
	11β-HSD1 in Developing Zebra Finch Brain and Adult Kidney

	Discussion
	Regional GR and MR Expression Patterns
	GR, MR, and 11β-HSD2 Coexpression
	Functional Significance of 11β-HSD2 Expression in Brain

	Ethics Statement
	Author Contributions
	Acknowledgments
	References


