Anti-testosterone treatment; methods, results, and a discussion of the mechanisms of nuptial plumage production

Methods

The effects of T on behaviour and morphology can result from the actions of androgens via the androgen receptor pathway (including effects after conversion of T to 5α-dihydrotestosterone by 5α-reductase), or can stem from enzymatic conversion of T to estradiol by aromatase and subsequent actions via the oestrogen receptor pathway. Therefore, our anti-testosterone (Anti-T) treatment consisted of a combination of an aromatase inhibitor (blocking T conversion into 17(-estradiol) and an anti-androgen (androgen receptor antagonist) to block both known pathways by which T might affect plumage color. Specifically, we used 1-4-6 androstatrien-3,17dione (ATD; Sigma A7710), which is an effective, irreversible aromatase inhibitor [1], and trifluoro-2-methyl-4’-nitro-m-propionotoluidid (flutamide; Sigma F9397), which is a reversible androgen antagonist that blocks androgen receptors. Previous studies of songbirds have combined ATD and flutamide to effectively block actions of testosterone [2-6]. 

Luteinizing Hormone (LH) Radioimmunoassay

In consequence of the surprising effects of our Anti-T treatment on plumage color and morphology (see below), we conducted a post-hoc analysis of plasma LH concentration utilizing plasma collected at the mid-treatment recapture. We analyzed LH concentration in plasma of Anti-T (N=3), T (N=6), control (N=6), and unmanipulated ASY males molting into red/black plumage (N=5). We measured LH by a post-precipitation, double-antibody radioimmunoassay [7, 8]. This assay utilizes purified chicken LH for standard curves and for radio-iodination and goat anti-rabbit gamma globulin precipitating serum as second antibody. Further details of the LH assay are described by [9], and intra- and inter-assay variabilities were similar to those of previous studies. 
Results
While we had near perfect implant retention for T and control implants for the duration of the experiment (1 control implant was lost), the Anti-T implants were all lost within 2 weeks of implantation (by the mid-treatment recapture). As a result, only one of the 4 Anti-T males sampled at the mid-treatment recapture had retained both implants, one had lost both implants, and the other two had only the flutamide implant remaining. By implant removal, none of the birds had retained Anti-T implants (N=4 recaptured birds). 

Androgens and Luteinizing Hormone
Anti-T males had intermediate concentrations of excreted androgens at the mid-treatment recapture that did not differ from either T (Fig. S1A; χ2=1.07, df=1, p=0.302) or control males (χ2=0.5, df=1, p=0.479), but at implant removal their androgen metabolite concentrations were basal, albeit not significantly lower than those of T males (Fig. S1A; χ2=1.35, df=1, p=0.245). The increase and decline of excreted androgen metabolite concentrations of Anti-T males between implantation and implant removal corresponded with implant loss. 
LH concentration at the mid-treatment recapture differed with treatment (Fig. S5; ANOVA conducted using log-linearized LH concentrations: F2,12=13.44, p=0.0009). As predicted by negative feedback inhibition of T on LH secretion, T implanted males had significantly lower concentrations of LH than control, Anti-T, and unmanipulated ASY males (Tukey adjustment for multiple comparisons, α=0.05; control, Anti-T, and ASY male LH did not differ). There was no apparent difference in LH concentration between Anti-T males which had retained both the ATD and the flutamide implant and those with only the flutamide implant remaining (N=3; low sample sizes precluded statistical analysis). 
CP Volume and Bill Color
No Anti-T males developed a visible CP during the course of the experiment, but by the time of the post-treatment recapture CP volumes did not differ between the treatment groups (T, Anti-T, and control) and unmanipulated red/black males (χ2=0.436, df=3, p=0.9327). 

At the mid-treatment recapture the bills of T males were not significantly darker than those of Anti-T males (Fig. S1B; χ2=2.72, df=1, p=0.099), but Anti-T males had significantly darker bills than did control males (Anti-T vs. control: χ2=7.71, df=1, p=0.006). All males exhibited bill darkening over the course of the treatment period and by the post-treatment recapture there was no difference in bill color between T, Anti-T, and control males (χ2=3.97, df=2, p=0.138)

Molt and Plumage Color
Anti-T treatment stimulated early onset of molt (Fig. S1C) compared to controls, and Anti-T molt intensity at the mid-treatment recapture was intermediate; molt intensity was not significantly lower than in T males but higher than in control males (Anti-T vs. T: χ2=2.59, df=1, p=0.108; Anti-T vs. control: χ2=4.71, df=1, p=0.029). 

Anti-T males exhibited an initial increase in % red/black plumage that paralleled that seen in T males and was different from that of control males (Fig. S1D; mid-treatment Anti-T vs. T: χ2=1.39, df=1, p=0.238; Anti-T vs. control: χ2=8.31, df=1, p=0.004); but the acquisition of red/black coloration in Anti-T males was truncated at the mid-treatment recapture and % red/black of Anti-T males was significantly lower than for T males at implant removal, but still greater than for control males (Anti-T vs. T: χ2=7.5, df=1, p=0.006; Anti-T vs. control: χ2=8.91, df=1, p=0.003). As with T males, red/black feathers plucked from Anti-T males at implant removal grew back brown. 

While Anti-T males produced red back feathers that were spectrographically similar to those of T and ASY males (Table S1, Fig S3A), the coloration of their breast feathers differed dramatically (Table S1, Fig S3B); Anti-T birds produced dark brown, not black breast feathers with a significantly lower spectral purity than in T and ASY males (α=0.05; Anti-T (mean ± SE) 1.32±0.48, T 5.39±0.10, ASY 5.72±0.17), higher red chroma (Anti-T 0.19±0.05, T 0±0, ASY 0±0), lower UV chroma (Anti-T 0.26±0.08, T 0.95±0.01, ASY 0.98±0.0.007), and highest hue (Anti-T 526.55±46.59nm, T; 330.29±4.21 nm, ASY 346.19±7.18 nm). Anti-T, T, and ASY males all produced similar colored black crown feathers with the exception that crown color produced by Anti-T birds was of a significantly higher hue (Table S1, Fig S3C; Anti-T 399±24.89 nm, T 325.04±1.17 nm, ASY 328.56±3.09 nm); there was a trend for lower spectral purity in the crown feathers of Anti-T males vs. those of T and ASY males (Anti-T vs ASY: χ2=3.84, df=1, p=0.05; Anti-T vs T: χ2=4.03, df=1, p=0.045).
Discussion

The results of our Anti-T treatment, designed to rigorously test for a role of T in regulation of plumage phenotype by pharmacological blockage of T action, were unexpected and surprising but also informative. Our pharmacological approach, while failing due to implant loss, reveals our current ignorance about the physiological mechanisms of sexual signal production.  Anti-T treated males acquired plumage intermediate in color to that of T and control males, and also demonstrated bill darkening and an early onset of molt. Three scenarios might explain these results, all of which pertain to cellular mechanisms of plumage color control. 1) The inability of Anti-T birds to perceive T due to blocking of both the androgen- and the oestrogen-receptor pathway should have disrupted negative feedback on the hypothalamus and pituitary and lead to heightened LH secretion. We hypothesized that increased LH stimulated feather follicles to produce elaborate nuptial plumage (as seen in other passerine species, but see “results” and below). 2) The flutamide treatment may have partially failed or malfunctioned (incomplete androgen receptor antagonism or receptor agonism). 3) The ATD implant may have been ineffective allowing for conversion of T to oestradiol and explaining effects on trait elaboration only if those traits are controlled by T functioning on oestrogen receptors after conversion by aromatase. 

Molt into sexually dichromatic nuptial plumage is stimulated by LH in most passerine species studied to date ([10]; reviewed in [11]; but see [12])]. In these species heightened concentrations of oestradiol in females are assumed to suppress LH secretion and hence impede development of a male-like nuptial coloration, while males produce elaborate plumage in the presence of androgens as well as following gonadectomy [10]. We conducted post-hoc plasma LH assays from samples collected at the mid-treatment recapture, predicting that concentrations of LH in Anti-T birds would be elevated compared to control and T treated males. Contrary to our predictions, there was no difference in plasma LH between Anti-T, control, and ASY males.  However, T males had the lowest concentrations of LH as would arise from strong negative feedback on the brain and pituitary. Thus, we find no evidence to support a role of LH in acquisition of male nuptial plumage coloration in red-backed fairy wrens.  Moreover, the intermediate concentrations of LH expressed by Anti-T males are suggestive of flutamide malfunction, enabling partially effective negative T feedback on the pituitary and limiting LH secretion. 

Additional evidence supports the possibility of malfunctioning androgen receptor antagonism by flutamide: Anti-T male fecal androgen metabolite concentrations were elevated at the mid-treatment recapture (prior to implant loss), their bills darkened earlier, and molt intensity was heightened relative to controls. This suggests that T was functional (excreted T metabolites were elevated) and the flutamide ineffective. While flutamide has performed reliably as an androgen receptor antagonist in other experimental studies of birds [2-6], it can also upregulate androgen receptor expression (mRNA) and can cause time-dependent insensitivity to further antagonism [13, 14]. However, Anti-T males did not produce a measurable CP during the period of their elevated androgens, suggesting either that CP growth requires a higher initial threshold of T than bill color and onset of molt, or indicating that flutamide was indeed effective and the ATD implant failed. In this third scenario, local conversion of T to oestradiol would explain the bill darkening and enhanced molt of the Anti-T males and also explain why CP’s did not develop in Anti-T males (assuming CP growth is androgen-dependent). 
In sum, our attempt to block effects of endogenous T at the level of the target cell was clearly ineffective, both due to implant loss as well as malfunction or unexpected pharmacological effects of either the ATD or flutamide treatments. These results highlight the limitations to our understanding of the cellular mechanisms of T action on feather follicles and other traits. Specifically, T may interact with androgen receptors in feather follicles to stimulate pigment production, transport and deposition or may function via the oestrogen receptor after aromatase conversion.  Rigorous and carefully controlled pharmacological approaches are now necessary before we can conclude that T, and only T, regulates male sexual signal production at the cellular level. 
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