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Abstract

Regulation of glucocorticoids (GCs), important mediators of physiology and behavior at rest and
during stress, is multi-faceted and dynamic. The 118 hydroxysteroid dehydrogenases 113-HSD1
and 11R-HSD2 catalyze the regeneration and inactivation of GCs, respectively, and provide
peripheral and central control over GC actions in mammals. While these enzymes have only
recently been investigated in just two songbird species, central expression patterns suggest that
they may function differently in birds and mammals, and little is known about how peripheral
expression regulates circulating GCs. In this study, we utilized the 118-HSD inhibitor
carbenoxolone (CBX) to probe the functional effects of 113-HSD activity on circulating GCs and
central GC-dependent gene expression in the adult zebra finch ( 7aeniopygia guttata). Peripheral
CBX injection produced a marked increase in baseline GCs 60min after injection, suggestive of a
dominant role for 118-HSD2 in regulating circulating GCs. In the adult zebra finch brain, where
11R-HSD2 but not 113-HSD1 is expressed, co-incubation of micro-dissected brain regions with
CBX and stress-level GCs had no impact on expression of several GC-dependent genes. These
results suggest that peripheral 118-HSD2 attenuates circulating GCs, whereas central 113-HSD2
has little impact on gene expression. Instead, rapid 113-HSD2-based regulation of local GC levels
might fine-tune membrane GC actions in brain. These results provide new insights into the
dynamics of GC secretion and action in this important model organism.
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1. Introduction:

Allostasis, the process of responding and adapting to physical and psychological challenges
while maintaining bodily systems, is crucial for short-term survival as well as long-term
health and well-being (McEwen, BS, 1998; McEwen and Wingfield, 2003; Sterling, 1988).
The vertebrate hypothalamic-pituitary-adrenal (HPA) axis, in conjunction with the
sympatho-adrenomedullary system, mediates allostasis through the production and
regulation of glucocorticoids (GCs) by the adrenal glands. GCs such as corticosterone
(CORT; the primary avian GC) act on nearly every tissue in the body to induce genomic and
non-genomic effects that regulate the immune, cardiovascular, metabolic, reproductive, and
cognitive systems (Sapolsky et al., 2000).

Precise control over GC levels and action is necessary to ensure optimal function in the face
of challenging conditions. GCs are regulated by negative feedback loops, most notably at the
level of the hippocampus (HP), hypothalamus (HYP), and pituitary, where excess GCs
induce down-regulation of corticotropin-releasing hormone (CRH) and adrenocorticotropic
hormone (ACTH), respectively, through binding of the glucocorticoid receptor (GR) and
mineralocorticoid receptor (MR). MR primarily mediates basal GC effects, particularly in
the HP, which exerts inhibitory neuronal control over the HYP under basal conditions. In
contrast, lower-affinity GR are bound when GC levels are elevated during stress (de Kloet et
al., 1998; de Kloet et al., 2005a; de Kloet et al., 2005b). While classical GR and MR are
nuclear receptors mediating genomic effects, CORT also binds to neural membrane
receptors to rapidly modulate intra- and extra-cellular signaling (Breuner and Orchinik,
2009; Orchinik et al., 1997). Up- or down-regulation of receptor expression or activity in the
HPA axis therefore alters sensitivity to negative feedback. In addition, selective alterations to
GR or MR expression can modify target tissue sensitivity to basal and stress-induced GCs
(Lattin and Romero, 2014, Oitzl et al., 2010; Sapolsky et al., 1984).

While modifying receptor expression can regulate GC effects, other mechanisms may
provide more flexible and dynamic control over GC actions. For example, local GC
synthesis from steroid precursors has been established or inferred in rodent brain, immune
tissues, and intestine, as well as in songbird immune tissues (Schmidt and Soma, 2008;
Taves et al., 2015, 2011). In addition, reversible GC metabolism via the expression of the
118 hydroxysteroid dehydrogenase enzymes may enable tissues to selectively regenerate
(11R3-HSD1) or inactivate (113-HSDZ2) GCs in the absence of alterations in HPA axis
activity, circulating GCs, or receptor expression (Holmes and Seckl, 2006; Seckl et al.,
2000). Recent reports of 113-HSD1 and 113-HSD2 expression in a variety of peripheral
tissues (e.g., muscle, liver, kidney) suggest the potential for such widespread local peripheral
GC control in songbirds (Pérez et al., 2020; Pradhan et al., 2019; Rensel et al., 2018).

The 11R-HSDs play diverse roles in the mammalian periphery and central nervous system.
In the kidney, 11R3-HSD2 selectively inactivates GCs to preserve MR access for aldosterone,
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while its expression in the placenta and fetal central nervous system prevents excess GC
action at GR (Benediktsson et al., 1997; Cottrell et al., 2014; Edwards et al., 1988; Holmes
et al., 2006; Raikkonen et al., 2017; Welberg et al., 2000). In contrast, 118-HSD1 is
expressed in the mammalian liver, where it regulates glucose metabolism (Jamieson et al.,
2000, 1999; Kotelevtsev et al., 1997). This enzyme is relatively absent from the developing
fetal brain, but is expressed in the adult rodent HP and HYP, where it regulates diurnal and
stress-induced changes in HP GCs, affects negative feedback and fear-based memory, and
potentiates the impacts of age-related cognitive decline and kainate-induced neurotoxicity
(Ajilore and Sapolsky, 1999; Holmes et al., 2010; Holmes and Seckl, 2006; Rajan et al.,
1996; Sarabdjitsingh et al., 2014; Yau et al., 2015, 2001).

While these molecular mechanisms of GC regulation in the brain and periphery are well-
established in mammals, relatively little is known about whether and how they operate in
other vertebrate taxa. Songbirds are important model organisms for addressing impacts of
environmental perturbations, including climate change, on wild species and modeling the
impacts of stress on neurodegeneration and cognition (Clayton and Emery, 2015; Thompson
and Brenowitz, 2010; Wingfield, 2008). Many features of the songbird stress axis appear to
be conserved, including most aspects of GR and MR-based action and expression and GC-
dependent signaling (Breuner and Orchinik, 2009; Rensel et al., 2018; Rensel and Schlinger,
2020). In addition, 118-HSD2 and 113-HSD1 are highly expressed in the songbird kidney
and liver, respectively, suggesting conservation of function in these tissues (Pérez et al.,
2020; Rensel et al., 2018).

Some elements of GC regulation differ between songbirds and mammals, however. MR
expression is more widespread in the songbird than mammalian brain, and corticosteroid-
binding-globulins, which circulate in the bloodstream and regulate free GC access to target
tissues, differentially bind GCs and other steroids in birds and mammals (Breuner and
Orchinik, 2009; Deviche et al., 2001; Rensel et al., 2018). Moreover, while 11R-HSD?2 is
relatively absent and 113-HSD1 is widely expressed in the adult rodent brain, our recent
work suggests that the converse is true in zebra finches (Rensel and Schlinger, 2016).
Indeed, we and others have documented widespread, if low, expression and activity of 11R-
HSD?2 in the adult zebra finch brain, but no measurable 118-HSD1 (Katz et al., 2010; Rensel
etal., 2018, 2014; but see Pérez et al. (2020)). Thus, while the basic mechanics of the stress
response are conserved across vertebrate taxa, the molecular mechanisms governing local
GC actions are dynamic and diverse.

While we have an emerging picture of 113-HSD1 and 11R-HSD2 expression in the songbird
periphery and brain, the functional significance of this expression remains relatively
unknown (but see Pérez et al., 2020). For example, renal 118-HSD2 not only preserves
aldosterone access to MR, but expression in other peripheral tissues, particularly the
adrenals, may regulate circulating GC levels in mammals (Coulter et al., 1999; Mazzocchi et
al., 1998; Pérez et al., 2020; Roland and Funder, 1996; Shimojo et al., 1996; Stewart et al.,
1994; Yang and Matthews, 1995). To assess the functional significance of 113-HSD2
expression in a songbird, we conducted two experiments in adult zebra finches. First, we
investigated the relationship between peripheral 113-HSD2 expression and circulating
CORT levels. Birds were injected with carbenoxolone (CBX), a synthetic licorice derivative

Gen Comp Endocrinol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rensel and Schlinger

Page 4

that inhibits the 118-HSDs in mammals (Ajilore and Sapolsky, 1999; Jellinck et al., 1993;
Monder et al., 1989; Rajan et al., 1996; van Haarst et al., 1996), and we measured CORT
under baseline followed by stressed conditions. CBX, a compound with well-established
dose and kinetic parameters, inhibits the activity of both 113-HSD1 and 11R-HSD2, but only
11R-HSD?2 is expressed in the adult zebra finch brain (Rensel et al., 2018). Because 118-
HSD2 activity appears to be unaffected by circulating CORT levels (Zallocchi et al., 2004)
and because 11R3-HSD?2 activity predominates in the site of mammalian GC synthesis, the
adrenals (Mazzocchi et al., 1998), we predicted that inhibiting both enzymes would cause an
increase in both baseline and stress-induced CORT levels.

In the second experiment, we tested the hypothesis that 113-HSD?2 activity in specific brain
regions attenuates GC-dependent gene expression. In addition to demonstrating widespread
expression of 118-HSD2 across the adult zebra finch brain (Rensel et al., 2018), we recently
showed that stress levels of CORT up-regulate expression of two CORT-dependent genes,
FKBP5 and SGK1, in brain slice culture (Rensel and Schlinger, 2020). We hypothesized that
incubating similar brain slices with CBX would enhance GC-dependent downstream gene
expression, particularly in regions that express relatively more 11R3-HSD?2 in the zebra finch
brain, the cerebellum (CER) and caudal telencephalon (cTEL; Rensel et al., 2018).

2. Materials and Methods:

2.1 Animal Care

Adult, non-breeding zebra finches were obtained from our colony at UCLA, where they
were maintained on a 14h light: 10h dark cycle and fed a diet of millet supplemented with
vitamins, egg mix, grit, and cuttle bone. Prior to experiments, individuals were housed in
groups of ~35 single-sex individuals per cage, and all birds in the colony were in visual and
vocal contact with each other. All housing and experimental procedures were approved and
monitored by the UCLA Chancellor’s Animal Research Committee in accordance with the
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

2.2 Experiment 1: Effect of Carbenoxolone on Circulating CORT

2.2.1 Chemicals: Carbenoxolone disodium salt (Sigma C4790) was dissolved in 0.1M
sterile phosphate buffered saline. Experimental birds received a ~100mg/kg I.M. injection

(see below), which inhibits 118-HSD1 and 11R-HSD2-based activity and effects in rodents
(Heine and Rowitch, 2009; Jellinck et al., 1993).

2.2.2 Injection Protocol: Adult zebra finches were caught in the main colony room and
moved to individual soundproof chambers (n = 4 males and 4 females) over the course of
two capture dates (2 males and 2 females were caught on each date). Animals were removed
from the aviaries in the dark to reduce the stress of capture and handling and to ensure
random selection. Upon delivery to the soundproof chambers, one animal of each sex was
randomly allocated to chambers designated for either the CBX or vehicle injection group
(animals were taken from the small carrying cage in the dark to prevent stress and bias in
treatment allocation). Because isolation can induce a stress response in songbirds
(Apfelbeck and Raess, 2008; Banerjee and Adkins-Regan, 2011; Remage-Healey et al.,
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2003), birds were acclimated in the chambers for 5 full days, where the chamber door was
opened once per day to change food and water. On day 6, the chamber door was opened
between the hours of 8:30 and 10:30AM (to minimize variation due to diel CORT rhythms;
Rensel et al., 2014) and a baseline blood sample (~15:4) was obtained from the brachial vein
within 3min of capture. Each bird then received a 504 1.M. injection of CBX or sterile
saline (vehicle used to dissolve CBX) into the pectoral muscle, followed by return to the
home cage for 60min to enable sufficient time for the CBX to inhibit enzyme activity (van
Haarst et al., 1996) and to allow physiological recovery from the stress of handling, blood
sampling, and injection. At the 60min time point, each bird was caught and bled once again
within 3min of capture, followed by 30min in an opaque cloth bag and a subsequent blood
sample to measure the CORT handling and restraint response. To determine whether
peripheral CBX treatment had lasting effects on the HPA axis, these same individuals
underwent an additional restraint stressor 24 hours later with the same protocol minus the
injection (baseline blood sampling within 3min of disturbance followed by stress-induced
blood sampling after 30min of restraint in a cloth bag).

Blood samples were kept on ice until centrifugation at 10,000g for 10min, separation of the
plasma portion, and freezing at —80°C.

2.2.3 Solid Phase Extraction & ELISA—Prior to ELISA, plasma CORT samples
were extracted using a solid phase extraction protocol based on (Rensel and Schlinger,
2020). Plasma samples were thawed and briefly vortexed, then 6.5 plasma was added to
10ml ultrapure water. Samples were extracted with C18 extraction cartridges (6ml; Thermo
Scientific Hypersep; 500mg bed weight) placed in an extraction manifold. Columns were
initially primed with HPLC grade methanol, followed by two rounds of water wash, two
rounds of sample loading, an additional two rounds of water wash, and a final elution in
HPLC grade methanol followed by storage at —20°C. In preparation for the ELISA, all
samples were dried under a gentle stream of nitrogen in a 37°C water bath, then resuspended
in assay buffer to represent a 1:20 dilution. Water blanks and cold CORT standards
(417pg/ml) were extracted in parallel.

Extracted plasma CORT samples were quantified with the Cayman Chemical Corticosterone
ELISA Kit (catalog no. 501320). The cross-reactivity of the Cayman kit is as follows:
corticosterone: 100%; 11-deoxycorticosterone: 15.8%; prednisolone: 3.4%; 11-
dehydrocorticosterone: 2.9%; cortisol: 2.5%. The assay standard curve ranges from
8-5000pg/ml, with an assay sensitivity limit of 30pg/ml. All samples were run across two
plates, where samples from a given individual were always run on the same plate but
randomly distributed spatially within the plate. The average recovery based on extracted and
un-extracted standards was 59%. While this recovery is lower than anticipated, all samples
but one was above the 30pg/ml level of sensitivity (mean sample values before accounting
for dilution factor = 467.7pg/ml; standard deviation = 485.3pg/ml). The intra-assay CV,
based on the average CV for sample duplicates, was 9.4%. The inter-assay CV was 9.6%
when calculated based on standard curve values (determined based on the curve fitting
equation for each assay) and 24% when calculated based on 3 un-extracted assay standards
run on each plate. Because of this elevated inter-assay CV, we included assay ID as a
random factor in our statistical model to account for any sample variability due to plate. We
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previously validated and utilized these solid phase extraction and ELISA protocols for zebra
finch plasma (Rensel and Schlinger, 2020).

2.3 Experiment 2: Effect of Carbenoxolone on CORT-Dependent Gene Expression in

Brain

2.3.1 Chemicals: Crystalline CORT (Sigma) was dissolved in absolute ethanol and then
diluted to a working solution of 30nM in aCSF to represent typical zebra finch stress-
induced plasma CORT levels (aCSF: NaCl (199mM), NaHCO3 (26.2mM), Glucose
(11mM), KCI (2.5mM), NaH,PO4 (1mM), MgSOy4 (1.3mM), and CaCl (2.5mM) (pH 7.4;
Katz et al., 2010; Rensel et al., 2014; Tam and Schlinger, 2007; Taves et al., 2010; Wada et
al., 2008). The final ethanol concentration was < 0.001%.

To obtain a 1uM working carbenoxolone (CBX) solution, CBX powder was dissolved in
aCSF to generate a 10mM stock that was then further diluted in aCSF. This concentration
inhibited 11R-HSD1 activity (Rajan et al., 1996; van Haarst et al., 1996), prevented 11[-
HSD1-mediated neurotoxicity in the presence of kainic acid and 11-DHC in rat hippocampal
cell cultures (Ajilore and Sapolsky, 1999) and inhibited 11R-HSD2-mediated preservation of
external granule cell layer proliferation in the presence of prednisone in neonatal mouse
cerebellum (Heine and Rowitch, 2009).

2.3.2 Slice Culture—Microsections of zebra finch brain were incubated with either
CORT or CORT + CBX in a paired design following the methods in (Rensel and Schlinger,
2020). This design enabled us to investigate the impact of CBX on GC-dependent gene
expression by pairing bilateral sections taken from the same coronal slice (1 section received
the CORT treatment and the other CORT + CBX). Briefly, 6 zebra finches (3 males and 3
females) were euthanized by rapid decapitation within 40sec of turning off the light in the
zebra finch colony room. Individuals were caught in the dark from large single-sex aviaries
in the colony room to avoid investigator bias in subject selection. Two birds (1 male and 1
female) were caught per day, for a total of 3 days of capturing and conducting the slice
culture experiment. The same aviary cage was never entered more than once over the course
of 48+ hours to ensure a lack of stress in experimental subjects.

After sacrifice, the head was immediately buried in wet ice and transported to the laboratory,
where removal of the brain was accomplished within 12min of sacrifice. The cerebellum was
separated from the rest of the brain and both were maintained before and after sectioning
and microdissection in ice-cold aCSF with bubbling carbogen (95% O,, 5% CO5). 500pum
coronal sections of the brain and CER were taken using an NSVL Vibroslice (World
Precision Instruments). Each coronal section was then visualized on an ice-cold wet petri
dish situated under a dissecting microscope and the following regions were dissected
bilaterally with a carbon steel micro knife: HP (6-7 slices per bird), HYP (4-5 slices per
bird), and cTEL incorporating the caudomedial nidopallium and caudal nidopallium (Rensel
and Schlinger, 2020) (4-5 slices each per bird). The remaining cTEL was also saved for
incubation and later production of gPCR standard curves. Bilaterally dissected regions were
randomly allocated to Netwells situated in bubbling ice-cold aCSF to enable a paired design.
While we did not track the side that each section came from when allocating to treatment

Gen Comp Endocrinol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rensel and Schlinger

Page 7

groups, the fact that sections were free-floating in aCSF prior to microdissection and that
samples for each region were taken from multiple coronal sections makes it unlikely that
treatment groups were composed of only one side. Therefore, we did not expect any effects
of lateralization on gene expression in this experiment. The CER was sectioned last and
alternating slices were allocated to each of the two treatment groups.

Once microdissection was complete, Netwells containing the tissue from each designated
region and treatment group were incubated for 1h at 40°C in aCSF bubbled with carbogen
with gentle shaking (“recovery”). Next, Netwells were transferred to 12-well plates and
incubated for 1h at 40°C in either aCSF or aCSF + 1uM CBX to allow the CBX to inhibit
enzyme activity before CORT application (“pre-treatment”). Finally, Netwells were
transferred to plates containing either 30nM CORT or 30nM CORT + 1yM CBX and
incubated for 6h at 40°C, followed by rapid freezing and storage at —80°C until further
processing. We chose 6h as the incubation time because treatment with 30nM CORT induces
up-regulation of SGK1 and FKBP5 within this time frame (dependent on region) but does
not affect GR or MR expression (Rensel and Schlinger, 2020).

2.3.3 RNA Extraction, cDNA Preparation, and Quantitative RT-PCR—RNA was
extracted using the RNeasy mini system (Qiagen) coupled with the Qiagen on-column
DNAse treatment. Sample concentration and purity were determined with an ND-1000
nanodrop, and samples with concentrations below 12.5ng/ul were concentrated with the
RNeasy MinElute cleanup kit (Qiagen). Sample A260/280 values were inspected and
accepted if they were > 1.80. Following RNA extraction, 100ng RNA was reverse
transcribed into cDNA with the Superscript 111 cDNA synthesis system (Invitrogen), and
cDNA samples were further checked for sample integrity with PCR to amplify a highly
expressed gene (GR, MR, or GAPdH). Blanks and no-RT controls were included in each
round of cDNA synthesis. Inspection of sample bands on a gel confirmed the presence of a
single amplification product at the correct molecular weight.

The relative expression of 5 GC target genes, FKBP5, SGK1, GILZ, MR, and GR, was
determined in samples via quantitative RT-PCR using the Sybr Green method, following our
previously published methods (Rensel and Schlinger, 2020). FKBP5, SGK1, and GILZ are
known GC targets in mammals (Ayroldi and Riccardi, 2009; Juszczak and Stankiewicz,
2018), and both GR and MR expression can be regulated by CORT (Paskitti et al., 2000).
Briefly, primer specificity and optimal reaction conditions were established prior to sample
assays (Rensel et al., 2018; Rensel and Schlinger, 2020; Table 1). Samples were run in
duplicate at a 1:10 dilution, and all paired samples from a given brain region were run on the
same plate for each gene. Sample values were normalized to GAPdH expression, as GAPdH
is relatively stable in the songbird brain (Zinzow-Kramer et al., 2014). Duplicate sample
values differing by more than 0.5CT were either re-run (in conjunction with the paired
sample) or excluded from analysis (Hellemans and Vandesompele, 2011). A single calibrator
sample was run on every plate.

Quality control measures were employed to confirm the reliability and accuracy of each
assay, including: 1) Verification that standard curves included in each plate (generated from
pooled cTEL tissue) had efficiencies of 90 -110% and linearity = 0.98); 2) Inclusion of water
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blanks and no-RT controls to confirm the lack of DNA contamination in samples and
reaction mixtures; 3) Visual inspection of dissociation curves to confirm the presence of a
single peak indicative of one amplification product.

Expression of each of the target genes was calculated using the 2"-2ACT method for every
gene except for FKBP5. Because efficiencies for this gene regularly exceeded the ~5%
difference cutoff with respect to GAPdH, we used the Pfaffl method, which accounts for
variable efficiencies of target and reference genes, to quantify FKBP5 expression (Pfaffl,
2001). Patterns of statistical significance for FKBP5 were unaffected by whether we used
the Pfaffl or 2"-AACT methods, so results from the Pfaffl method are presented below.

Finally, to confirm the presence of 113-HSD2 expression in our slice culture preparations,
we measured 118-HSD2 expression in a subset of slices prepared from each of the brain
regions and treatment groups used in this study, employing previously published primers: F:
AAAACAGGGACAACATGCGA, R: CCCCTCTGTGATGCTGTTCA (Rensel et al.,
2018). Raw CT values in 5-9 samples taken from each region and across both treatment
groups ranged from CT 27-31 (mean = 29.5; SD = 1.23), with expression values averaging
~0.2-0.6 (mean = 0.37; SD = 0.24). These values are remarkably similar to our previously
published data on 11R3-HSD2 expression in fresh frozen zebra finch brain tissue (Rensel et
al., 2018).

2.4 Statistics

We used a generalized linear mixed model to assess the impact of CBX injection on
circulating CORT before and during a standard restraint stressor protocol. Treatment (CBX
or vehicle), sample number, and the interaction between the two were included as fixed
effects. Sex was not included as a fixed effect because there were only two individuals per
treatment group per sex. Degrees of freedom were assessed using a Kenworth-Roger
approximation because of relatively small sample sizes, and assay 1D was included as a
random effect. Because we took 5 samples from each bird, we accounted for non-
independence of samples by comparing multiple models that used bird identity in either the
“repeated” or “random” functions. We selected the best fit model by comparing the Akaike
and Bayesian information criteria and the graph of predicted vs. observed data points
generated from each model. The best fit model incorporated bird ID as a random variable
alongside assay ID. Post-hoc comparisons of pairwise differences between sampling time
points were made using a sequential Sidak test. Finally, we visually inspected the histogram
and Q-Q plot for model residuals to verify normal distribution of the data.

On day 1 of sampling, one bird in the CBX injection group escaped prior to the first baseline
CORT sample and again at the 60min post-injection time point. While the bird was recaught
and sampled within an appropriate time frame for baseline CORT estimation (under 3min),
the impact of this additional “stressor” could affect circulating CORT dynamics, and
therefore these day 1 samples were removed before analysis. Day 2 CORT samples from this
individual were retained in the final analysis; running the model with and without these
samples produced the same patterns of significance.
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To assess the effects of CBX in conjunction with CORT incubation in slice cultures, we
conducted paired t-tests for each gene in each brain region. Sex was not considered in the
analyses because of small sample sizes (3 individuals per sex maximum). We used 1-tailed
tests for analyses of FKBP5, GILZ, and SGK1 expression because we predicted a priori that
CBX would reduce 118-HSD?2 activity, thereby enhancing the effects of CORT exposure on
CORT-regulated gene expression. We used 2-tailed tests to examine MR and GR expression,
as CORT exposure may both up- and down-regulate expression of these receptors (e.g.,
Ahmed et al., 2006; Paskitti et al., 2000; Patchev et al., 1994; Sapolsky et al., 1984).
Because of small sample sizes, we also analyzed the data with non-parametric Wilcoxon’s
Signed Rank Tests, which yielded the same significance patterns (data not shown). Finally,
we confirmed that GAPdH expression was unaffected by CBX treatment by conducting 2-
tailed, paired t-tests for GAPdH CT values in each assay. GAPdH CT values were unaffected
by CBX in all tests (all Ps > 0.29).

Analyses were run in SPSS v26 and graphs were created in GraphPad Prism. Error bars in
figures represent means + 1 standard error.

3. Results:

3.1 Experiment 1: Effect of Carbenoxolone on Circulating CORT

Overall, plasma CORT varied significantly across the 5 sampling timepoints (F4 20 = 9.2, P
< 0.001) but not between CBX and vehicle-injected birds (F1 4 = 3.4; P = 0.133). However,
there was a significant interaction between treatment group and sampling timepoint (F4 20 =
7.7; P =0.001), such that CORT levels were significantly higher in CBX than saline-injected
birds 60min after injection (F1 g = 17.9; P = 0.003) but not at any other time point (all Ps >
0.12; Fig. 1).

CORT also differed significantly across sampling timepoints in both CBX (F4 99 = 12.0; P <
0.0001) and vehicle-injected birds (F4 20 = 3.8; P = 0.018), but with different patterns of
significance in each group. As expected, vehicle injection had no impact on CORT levels
60min post-injection (P = 0.89), and CORT levels increased significantly in response to
restraint stress after this timepoint (P = 0.029; Fig. 1; Table 2). Interestingly, stress-induced
CORT levels were not significantly different from initial, pre-injection CORT levels in this
group, although this trended towards significance (P = 0.067). Of the 4 vehicle-injected
birds, all but one exhibited a marked increase in plasma CORT with handling and restraint
stress (Fig. 2). In CBX-injected birds, CORT levels were significantly elevated 60min after
injection and again 30min later (after restraint stress) relative to the pre-injection baseline
sample (P = 0.001 and 0.01, respectively; Fig. 1; Table 2), while there was no evidence of a
CORT increase in response to the restraint stressor (P = 0.64). Examination of each
individual’s CORT response in this group shows a robust increase in CORT for all after
CBX injection, then a very slight increase in 2 of 3 of birds and a large decrease in plasma
CORT for the 3 after handling and restraint (Fig. 2).

On day 2, CORT in CBX-treated birds was no longer elevated with respect to levels on day 1
after CBX injection (all Ps < 0.008), and baseline CORT levels for both groups were no
different from baseline CORT levels on day 1 (both Ps > 0.89; Fig. 1; Table 2). Interestingly,
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CORT did not increase in response to handling and restraint in either treatment group (both
Ps > 0.6). Indeed, a robust CORT response was only observed in 1 bird from the vehicle
injection group, while all other birds either exhibited very small increases, no increase, or a
slight decrease in plasma CORT with handling and restraint. A 4t CBX-injected bird (who
was eliminated from day 1 analysis because of multiple escapes) had elevated CORT levels
on day 2 (Fig. 2).

3.2 Experiment 2: Effect of Carbenoxolone on CORT-Dependent Gene Expression in

Brain

All genes were expressed in all slices from all treatment groups. There was a trend towards
elevated GILZ expression in HYP slices exposed to CORT + CBX (P = 0.07), with a large
effect size (d = 0.877), and a trend towards elevated GR expression in CER slices treated
with CORT + CBX (P = 0.084; d = 0.712). Otherwise, CBX treatment in conjunction with
CORT had no statistically significant impact on expression of FKBP5, SGK1, GILZ, MR, or
GR in any region, although some comparisons yielded moderate effect sizes, potentially
indicative of the presence of a significant effect with a larger sample size (all Ps > 0.1; Fig.
3; Table 3). Finally, as mentioned above, we used gPCR to confirm the presence of 113-
HSD2 transcripts in a subset of samples from the slice culture preparation, using established
primers (Rensel et al., 2018).

4. Discussion:

Results presented here support the view that a primary function of 118-HSD2 in songbirds is
to regulate circulating CORT levels. Moreover, whereas 118-HSD2 is expressed in the
songbird brain and both central CORT levels and CORT-dependent gene expression are
subject to regional regulation, our data do not support the view that neural 113-HSD?2 is the
chief mechanism responsible for this regulation.

Blockage of peripheral 11R3-HSD activity with CBX injection had a powerful effect on
circulating CORT levels, elevating those levels more than 4-fold 60min after injection. We
believe this effect of CBX reflected a change in baseline CORT levels, primarily because all
of these birds were unrestrained and undisturbed for those 60min, a condition that allowed
circulating CORT levels to return to baseline in vehicle-injected birds. These results suggest
that peripheral 113-HSD?2 is responsible for helping to modulate baseline levels of
circulating CORT.

It is difficult to make any solid conclusions about the potential effect of CBX on stress-
induced CORT levels in this study. In that CORT levels at 90min were indistinguishable
between control and CBX-injected birds (i.e., 30 mins after application of a stressor and
60min after CBX injection) it is likely that inhibition of 118-HSD had no effect on stress-
induced levels of CORT. However, it is possible that CBX was cleared from the circulation
by 90 mins post-injection, as has been demonstrated for rodents (Leshchenko et al., 2006). If
so, then CORT levels in CBX-injected birds may have declined to baseline after 60min (as
CBX exposure also declined), only to be restored by stress at the 90min timepoint. It is also
possible that the biosynthetic capacity of the adrenals to secrete CORT was exhausted by the
elevated baseline levels due to CBX-treatment, preventing further synthesis and secretion
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upon exposure to stress. In another study of a songbird, treatment with the 113-HSD2
antagonist sodium diethyldithiocarbamate trihydrate (DETC) coincident with a stressor did
elevate stress-induced levels of CORT (Pérez et al., 2020). Thus, 118-HSD may function to
regulate both baseline and stress-induced CORT levels, detectable only under specific
experimental conditions.

Our finding of elevated plasma CORT after CBX injection suggests that these enzymes,
particularly 113-HSD?2, play a key role in modulating circulating GCs. The manner in which
this occurs is difficult to determine, as 118-HSD1 and 2 are expressed across numerous
peripheral tissues and may work synergistically or antagonistically to regulate peripheral
levels. Most likely it is activity of 113-HSD2 in the adrenals that is most important for
regulation of circulating CORT. In mammals, 11R-HSD2 expression and activity is abundant
in the adrenals, particularly in the GC-producing zona fasciculata (Coulter et al., 1999;
Mazzocchi et al., 1998; Roland and Funder, 1996; Shimojo et al., 1996; Stewart et al., 1994;
Yang and Matthews, 1995) and 118-HSD2 activity predominates over expression and
activity of 118-HSD1 (Mazzocchi et al., 1998). Moreover, in white-crowned sparrows
(Zonotrichia leucophrys), adrenal 118-HSD2 expression exceeds kidney levels, with much
lower levels of expression in gonads and liver and a virtual absence in other peripheral
tissues (Pérez et al., 2020). As noted by some of these authors, adrenal 118-HSD2
expression may be an autocrine mechanism preventing excess local GC exposure and
regulating GC effects on aldosterone and sex steroid production in the zona glomerulosa and
zona reticularis. In addition, local 118-HSD2 expression provides a mechanism to regulate
circulating GCs at their source (Pérez et al., 2020; Yang and Matthews, 1995).

While the effects of CBX on plasma CORT, indicative of peripheral 113-HSD?2 inhibition,
were short-lived, our results suggest that experiencing as little as a sing/e acute stressor may
alter the sensitivity of the HPA axis to future stressors. When we applied a 30min handling
and restraint stressor 24 hours after the initial injection and stress protocol, we saw no
significant stress response, regardless of whether individuals received CBX or saline
injections the previous day. These results resemble previous observations. In rodents,
repeated stressors produced habituation (Chen and Herbert, 1995; Cockrem and Silverin,
2002; Gadek-Michalska and Bugajski, 2003; Love et al., 2003) while a single capture and
restraint experience during brooding diminished CORT responses in female Eastern
bluebirds (Sialia sialis) during their next brood (Lynn et al., 2010). Lastly, a single handling
and restraint procedure increased baseline CORT levels 24h later in Japanese quail (Coturnix
Japonica; Malisch et al., 2010). Together, these results suggest that, at least within our
population of zebra finches, stressor habituation may occur rapidly, leading to the conclusion
that repeated versus single stressors must be accounted for in the design and interpretation of
both field and lab-based behavioral research.

While 118-HSDs appear important peripherally, with respect to central gene expression, our
results indicate a limited or non-existent role for 113-HSD2. We predicted that application of
CBX would amplify CORT upregulation of at least two genes, FKBP5 and SGK1, short
feedback regulators of GC action (Juszczak and Stankiewicz, 2018), but we observed no
additional amplification by CORT in the presence of CBX, and we saw no impact of CBX
and CORT on other genes that were examined across any of the brain regions studied. There
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was a trend towards increased hypothalamic GILZ and cerebellar GR expression in the
presence of CBX, but these effects were not significant, suggesting, at best, a limited effect.
Studies with larger sample numbers, varying incubation conditions, or alternative
pharmacological treatments might better reveal a role for neural 113-HSD2 in songbirds. In
addition, while we verified 118-HSD2 expression in our slice culture preparation, we did not
measure enzyme activity; determination of 118-HSD2 protein and activity in these cultures
will be a key future step. Whereas we found no evidence of a role for 113-HSD2 in central
gene expression, Pérez et al. (2020) observed that systemic stress-induced CORT levels were
elevated after central 113-HSD?2 inhibition, an unexpected response since 118-HSD2
inhibition should theoretically increase CORT in the HYP and thereby down-regulate the
stress response (Pérez et al., 2020). Thus, a role for neural 118-HSD2 in songbirds cannot be
eliminated, but it may function in unexpected ways. One possibility is that while 118-HSD2
may not regulate CORT-dependent gene expression (an effect that would be predicted if 11R8-
HSD2 was co-localized with GR and/or MR-expressing cells) this enzyme might regulate
rapid membrane actions of CORT in brain. Membrane receptors that respond to CORT
binding rapidly influence neuronal excitability and function (Orchinik et al., 1997; Rose et
al., 1993), including in the songbird brain (Breuner and Orchinik, 2009; Schmidt et al.,
2010). In addition, in mammals, both 118-HSD1 and 11R3-HSD2 expression have been
documented in glia (Chalbot and Morfin, 2012; Gottfried-Blackmore et al., 2010; Groyer et
al., 2006). If this cellular location is similar in songbirds, glial 113-HSD2 might be
positioned to locally regulate CORT levels that act on nearby neuronal membranes.
Neuroanatomical studies to assess the cellular location of the 118-HSDs in the songbird
brain would prove useful, as would neurophysiological studies to assess rapid actions of
CORT when 11B8-HSD activities are modified.

4.1 Conclusions

In conclusion, our results and those of Pérez et al. (2020) support the hypothesis that
peripheral 118-HSD2 activity, most likely in the adrenals, regulates circulating CORT in
songbirds. While adrenal 11R3-HSD2 expression has been well-documented in mammals,
only Mazzocchi et al. (1998) documented the potential impact of this expression on
circulating CORT. Future work across taxa should evaluate this rarely considered
mechanism for directly regulating CORT at the source. In addition, while we previously
documented 11R3-HSD2 expression and activity in the zebra finch brain (Katz et al., 2010;
Rensel et al., 2018, 2014), it appears that neural 113-HSD?2 plays little role in regulating
GC-dependent gene expression, suggesting other possible mechanisms of action.
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Highlights
. 11R-HSD expression is widespread in the songbird, but its function is unclear
. Peripheral 11R-HSD inhibition induced a 4-fold increase in baseline
corticosterone
. Central 118-HSD2 inhibition did not alter corticosterone-dependent gene

expression
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Figure 1. Plasma CORT levels before and after a single CBX or vehicle injection and in response
to a handling and restraint stressor.

The stressor was repeated on day 2 to examine lasting effects of CBX on circulating CORT.
* indicates a significant (P < 0.05) difference between CBX and vehicle-injected animals at
a given time point. For pairwise comparisons between sampling timepoints within each
treatment group, see Table 2. (CBX = carbenoxolone)
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Figure 2. Plasma CORT levels of individual birds injected with vehicle (left panel circles) or CBX
(right panel squares) on day 1 (open symbols) or day 2 (closed symbols).

Day 1 datapoints for one CBX-injected bird were not included because of multiple escapes
during day 1 sampling. (Sample Number: 1 = pre-injection baseline sample on day 1; 2 =
baseline sample collected 60min after injection day 1 and again on day 2 without prior
injection; 3 = restraint stress sample collected 30min after baseline sample on days 1 and 2.)
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Figure 3. Relative expression of CORT-regulated genes in micro-dissected slices of zebra finch
brain incubated with 30nM CORT or 30nM CORT + 1uM CBX.

Symbols and lines indicate individual animals and paired samples. + indicates P < 0.1. (CER
= cerebellum; HYP = hypothalamus; HP = hippocampus; cTEL = caudal telencephalon.)
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Quantitative RT-PCR Primers

Table 1.

Gene Primer Sequence [Primer] (uM)T Mean Efficiency (%0)

SGK1 F: AGGCGTCTGGTCCTACCTTA 0.6 97.4
'FIS&SAACTTCAGGGTGCTTGCAT

GILZ F: CTGCAACAGGAACATCGACC 0.3 99.8
'FIS'.I'TTTCACAAGATCCATCGCCT

FKBP5 F:GGCAAGGGCCAGGTAATCAA 0.3 103.8
EbTCAAACAAGTCCTCGCCT

GR F: TGCAGTACTCCTGGATGTTCC 0.6 99.8
EAGCATGTGTTTGCATTGTTC

MR F: AAGAGTCGGCCAAACATCCTTGTTCT 0.3 96.3
iAGAAACGGGTGGTCCTAAAATCCCAG

GAPdH 0.3 97.8

F: TGACCTGCCGTCTGGAAAA
R:
CCATCAGCAGCAGCCT

7 .
per reaction
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Table 2.

Post-hoc comparisons of plasma CORT in vehicle and CBX-injected animals obtained from generalized linear
mixed model (significant comparisons in bold).

t P

\Vehicle

Day 1 Baseline*Day 1 Post-Injection 0.42 0.898
Day 1 Baseline*Day 1 Restraint Stress -2.96 0.067
Day 1 Baseline*Day 2 Baseline -0.28 0.898
Day 1 Baseline*Day 2 Restraint Stress -1.61 0.543
Day 1 Post-Injection*Day 1 Restraint Stress -3.38 0.029
Day 1 Post-Injection*Day 2 Baseline -0.70 0.870
Day 1 Post-Injection*Day 2 Restraint Stress -2.03 0.331
Day 1 Restraint Stress*Day 2 Baseline 2.68 0.109

Day 1 Restraint Stress*Day 2 Restraint Stress 1.35 0.657

Day 2 Baseline*Day 2 Restraint Stress -1.34 0.657
CBX

Day 1 Baseline*Day 1 Post-Injection -4.79 0.001
Day 1 Baseline*Day 1 Restraint Stress -3.54 0.01
Day 1 Baseline*Day 2 Baseline 0.56 0.918
Day 1 Baseline*Day 2 Restraint Stress 0.03 0.974
Day 1 Post-Injection*Day 1 Restraint Stress 1.25 0.644
Day 1 Post-Injection*Day 2 Baseline 5.53 <0.001

Day 1 Post-Injection*Day 2 Restraint Stress 5.01 0.001
Day 1 Restraint Stress*Day 2 Baseline 424 0.003
Day 1 Restraint Stress*Day 2 Restraint Stress  3.71 0.008
Day 2 Baseline*Day 2 Restraint Stress -0.58 0.918

N
Sequential Sidak adjustment for multiple comparisons
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Table 3.

Page 24

Results of paired t-tests examining effect of CBX treatment on GC-dependent gene expression in slice culture

of hypothalamus (HYP), hippocampus (HP), caudal telencephalon (cTEL), and cerebellum (CER).

t(df) 95% CI[LL,UL] Cohen’sd P
HYP
SGKI  0.86(5) [-0.168,0.337] 0.350 0.215
FKBP5 035(5)  [-0.228,0.299] 0.142 0.371
GILZ  -1.74(5) [-0.166,0.032] 0.712 0.071
MR 007 (5) [-0.341, 0.356] 0.036 0.948
GR 072(5)  [-0.078,0.139] 0.296 0502
HP
SGKI  -0.89(4) [-0.593, 0.306] 0.397 0.213
FKBP5 1.15(4)  [-0.118,0.284] 0513 0.158
GILZ ~ 146(4)  [-0.037,0.118] 0.652 0.109
MR -0.94(4) [-0.296, 0.146] 0.420 0.401
GR -054(3) [-0.026, 0.018] 0271 0.625
cTEL
SGKI ~ -0.95(5) [-0.294, 0.136] 0.386 0.194
FKBP5 -131(5) [-0.153, 0.050] 0536 0.124
GILZ  -053(3) [-0.354,0.252] 0.267 0315
MR 0.35(5)  [-0.053, 0.070] 0.144 0.738
GR 1.84(5)  [-0.016, 0.098] 0.751 0.125
CER
SGKI  054(5)  [-0.425,0.648] 0.218 0.308
FKBP5 0.72(4)  [-0.192,0.327] 0.322 0.256
GILZ  037(5) [-0.117,0.157] 0.152 0.363
MR -151(5) [-0.394, 0.102] 0.617 0.191
GR -2.15(5)  [-0.385, 0.034] 0.877 0.084
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