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Free and total testosterone levels in field males of Octodon degus
(Rodentia, Octodontidae): accuracy of the hormonal regulation of behavior

Niveles de testosterona libre y totales en machos silvestres de Octodon degus (Rodentia,
Octodontidae): exactitud de la regulaciéon hormonal del comportamiento

MAURICIO SOTO-GAMBOA

Instituto de Zoologia, Facultad de Ciencias, Universidad Austral de Chile, Casilla 567, Valdivia, Chile;
e-mail: mrsoto@uach.cl

ABSTRACT

Animals exhibit continuous seasonal changes in physiological, morphological and behavioral traits associated
to their natural annual cycles. One of the most important changes in the organism occurs at the initiation of
breeding season. In males these changes include activation of spermatogenesis, enhance of sexual secondary
characters and an increase of aggressiveness. All of theses changes are basically regulated by testosterone, but
the physiological basis of this testosterone regulation and the effective hormone proportion that acts in target
tissues are unknown. In this work I evaluated the relationship between total testosterone, free testosterone
associated to aggressive behavior in wild males of Octodon degus. 1 compared hormonal levels and aggressive
behavior during pre, middle and post breeding periods. Results showed that behavioral aggressiveness was
correlated with both total and free testosterone in June, during the beginning of breeding season, but not at
other times. Results also indicated a lack of relationship between free and total testosterone in most of
breeding period. I discuss the importance of this behavior-hormonal regulation (determined by free
testosterone) and the physiological importance of this mechanism to the organism.

Key words: free testosterone, total testosterone, globulin, binding-proteins, aggressive behavior, challenge
hypothesis, Octodon degus.

RESUMEN

Los animales presentan variaciones estacionales continuas que incluyen cambios fisioldgicos, morfoldgicos y
conductuales, asociados al ciclo anual. Estos cambios generalmente estdn activados por factores endégenos o
exogenos, pero son regulados por el sistema endocrino de organismo. Uno de los cambios mds importantes
ocurre en el inicio del periodo reproductivo. Durante este periodo los machos presentan cambios asociados a
la produccién de espematozoides, exacerbacion de caracteres sexuales secundarios y un aumento de la
agresividad. Todos estos cambios son regulados en parte por los niveles de testosterona, sin embargo, los
mecanismos fisioldgicos de esta regulacidon son desconocidos. En este trabajo evalué la relacién que existe
entre los niveles de testosterona libre y totales, y examiné su posible asociacién con los niveles de agresividad
en machos de una poblacién natural de Octodon degus. Mis resultados indicaron que la agresividad se
correlaciona directamente con los niveles de testosterona libre y totales solo durante el mes de junio, al inicio
del periodo reproductivo, pero no durante el resto del ciclo reproductivo de esta especie. Esto indicaria que la
agresividad solo se correlaciona con los niveles de testosterona libre ya que en el medio y el final del periodo
reproductivo los niveles de testosterona total se mantienen altos sin que se manifiesten dichas conductas.
Finalmente, discuto la importancia de la regulacion fina de la conducta determinada por la testosterona libre y
la importancia fisiolégica de este mecanismo de regulacién dentro del organismo.

Palabras clave: testosterona libre, testosterona total, globulinas, proteinas ligando, hipétesis de desafio,
Octodon degus.

INTRODUCTION in body reserves, body coloration and sexual

maturation associated to breeding events (Dufty

Animals exhibit seasonal changes in their et al. 2002, Goymann & Wingfield 2004).
physiology, morphology and behavior coupled  These changes can be activated by endogenous
to natural annual events. These include changes or exogenous factors, but they are regulated by
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the endocrine system of the organism (Nelson
2000, Deviche et al. 2001, Dufty et al. 2002).
By example, glucocorticoids change seasonally
in association with environmental stress, food
and/or water availability (Wingfield et al. 1998,
Romero et al. 2000, Sapolsky et al. 2000,
Romero 2002, Goymann & Wingfield 2004,
Wingfield 2004), whereas androgens and
estrogens increase during the reproductive
period in males and females (Wingfield et al.
1994, Ulibarri & Yahr 1996, Faulkes & Abbott
1997, Sinervo et al. 2000, Buck & Barnes 2003,
Wingfield & Sapolski 2003). In this study I
analyze the importance of hormonal regulation,
particularly testosterone regulation, on the
aggressive behavior in males seasonally.

Among vertebrates, testosterone has several
physiological functions on the organism. It
regulates spermatogenesis and development of
secondary sexual characters, and participates in
the activation and regulation of sexual male
behavior (Wingfield et al. 1997, Nelson 2000,
Blottner et al. 2000). In this context,
testosterone levels have direct effects in mating
activities including females’ attractiveness to
males, and on male-male interactions for the
access to females (Wingfield et al. 1990,
Wingfield et al. 1994, Emerson 1997, Cavigelli
& Pareira 2000, Sinervo et al. 2000, Goodson
& Bass 2001, Dunlap et al. 2002). In addition,
testosterone secretion can be activated by social
stimuli during the breeding season (Wingfield
et al. 1992, Wingfield et al. 1997, Cavigelli &
Pareira 2000, Soto-Gamboa et al. 2005). In
rodents, testosterone levels have been
associated to territory defense, reproductive
group formation, and social dominance
(Zielinski & Vandenbergh 1993, Wolff 1994,
Faulkes & Abbott 1997, Clarke & Faulkes
1998, Cavigelli & Pareira 2000, Rogovin et al.
2003). Nevertheless, not all rodent species
exhibit a direct relationship between
testosterone concentration and aggressiveness.
The aggressive behavior of several Myomorhp
species of Peromyscus and Phodopus exhibit
no direct relationship to testosterone levels. In
these cases, aggressiveness seems more linked
to vasopressin levels (Bester-Meredith et al.
1999, Jasnow et al. 2000, Goodson & Bass
2001).

This apparent lack of association among
testosterone concentration and aggressive
behavior can be the consequence of three

physiological pathways. First, hormone action-
receptor pathway, where the number of
receptors in the targets nuclei cell is low and
continuously saturated (Tramonti et al. 2003).
Second, receptors may have low affinity to
testosterone; and third, testosterone might be
associated with binding proteins (Hadley
1992). The hormone action-receptor pathway
has been described in birds where the number
of testosterone receptors in song nuclei cells of
brain change seasonally, decreasing from the
mid breeding season (Wingfield et al. 1997,
Tramonti et al. 2003, Moore et al. 2004). A low
affinity of receptors has been described in
genetically manipulated mice, in which mutant
receptor genes have low testosterone affinity
and males mutants act (physiologically and
behaviorally) as females (Yeh et al. 2002).
Finally, most plasma testosterone in mammals
can be bound to albumin, specifically to sex
hormone-binding globulins (SHBG), whereas a
smaller fraction remains unbound (Vermeulen
et al. 1999). This remaining testosterone is the
fraction available at cellular level to activate
target tissues, and is recognized as free
testosterone (Wingfield et al. 1990, Hadley
1992, Vermeulen et al. 1999). Therefore,
albumins may inhibit or regulate the
testosterone effects over target tissues.

The relationship between free and total
testosterone has been well studied in humans
for diagnostic purposes (more detail in Rosner
1990, Vermeulen et al. 1999, Hampl et al.
2001), but rarely so in natural populations of
mammals. Therefore, the objectives of this
work were to determine the relationship
between male’s behavioral aggression and
testosterone levels in a wild population of the
rodent Octodon degus (Molina, 1782), and
examine if total testosterone is an adequate
measure of hormone levels affecting target
tissues. To evaluate these objectives, I studied
variations in hormonal levels and behavior of
wild animals during their breeding cycle.

MATERIAL AND METHODS

I studied a natural population of O. degus in
Rinconada de Maipu (33°31” S, 70°50° W), a
field station of the Universidad de Chile,
located near Santiago, in central Chile.
Observations were conducted during April to
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September 2002 and 2003, encompassing the
reproductive cycle of degus: pre-breeding
(Abril-May), breeding (June-July), and post-
breeding (August-September) periods (Bustos
et al. 1977, Contreras & Bustos-Obregén
1977, Ebensperger & Hurtado 2005). I
captured animals using a capture effort of 100
Sherman live traps during five days every
month. All captured animals were sexed,
weighed and marked with a unique plastic
colored collar. For later hormonal analysis
(see below), I took blood samples from all
captured males (approximately 700 uL from
the suborbital sinus with a heparinzed glass
pipette), following the methodology described
by Kenagy et al (1999). To avoid
manipulation effects, traps were checked
every 30 min, following Place et al. (2000).
Preliminary data also reveled that degus do
not show significant variation in testosterone
and glucocorticoid levels when animals are
kept between O to 2 h inside traps (KS. Matt &
F. Bozinovic, unpublished results). The
handling time during the acquisition of
samples never exceeded 30 sec, and samples
were obtained immediately after animals were
removed from the traps.

Five days after capture, I recorded
behavioral data through direct observations,
consisting in 15 min of focused male
observation, during which I registered all
interactions between the focused and other
animals (Altmann 1974, Martin & Bateson
1993). In total, between 10 and 30 focal
observations per month were registered
depending on the season. Interactions were
classified using four different classes based on
the behavioral repertory described by Fulk
(1976). 1 focused my analysis onto agonistic
interactions, including chases, mounting and
foreleg pushing, and registering the winner or
loser male based on their capacity to remain or
abandon the conflicted area. I used these data
to calculate the Dominance Index (DI) as:

DI = (Wc-Le) / Tc,

where Wc represents the number of individual
winner confrontations, Lc represents the looser
confrontations, and Tc represents total of ago-
nistic interactions. DI negative values indicate
that males lose in the majority of agonistic inte-
ractions, DI near cero represent males with si-

milar looser and winner interactions, while po-
sitive DI values represent males with mostly
victorious confrontations.

Blood samples were transported to the
laboratory in a refrigerated cooler to be
centrigugated at 7,000 rpm for 10 min within
the next eight hours of being taken. Plasma was
separated from cells and stored at -20 °C for
subsequent hormone assays. Testosterone
concentration was measured by enzyme
immunoassay with reagents supplied by the
World Health Organization program for the
Provision of Matched Reagents for RIA of
Hormone in Reproductive Physiology, and
following recommended procedures (Sufi et al.
1998). For testosterone determination, I
extracted the hormone by diethil-ether,
evaporating 50 uL of plasma, and resuspending
in RIA assay buffer. This method had
resolution limits for testosterone of 0.12 ng
mL-!. All samples were analyzed in duplicated.
Assay precision estimated from the coefficient
of variation was 5.3 % for intra-assay whereas
precision assessed from the inter-assay was 9.3
%. Free testosterone was determined with Coat-
A-Cont ® Kit of hormone determination,
followed by a I'> radioinmunoassay procedure.
Intra-assay coefficient of variation was 15 %,
whereas the inter-assay reached 19 %.

Statistical analyses were performed using
parametric and non-parametric statistics. To
analyze behavioral relationships, I used the
total number of agonistic interactions. I utilized
the Kruskal-Wallis test to evaluate significant
differences across months. Monthly variation
of free and total testosterone was analyzed
using the Kruskal-Wallis test. The relationship
between total and free testosterone was
examined monthly through Linear Regression
Analysis. Finally, Spearman Correlation
Analysis was used to determine the relationship
between dominance index and total and free
testosterone (Zar1996). All statistical analyses
were performed using Statistica 6.0 software
(StatSoft 2001). Results are presented as means
+ standard error (SE).

All experimental procedures were carried
out according to the current Chilean law,
permit number SAG-698 by the Servicio
Agricola y Ganadero, Ministerio de
Agricultura, and under the approval of the
Pontificia Universidad Catdlica de Chile
Ethical Committee.
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RESULTS

Wild degu males exhibited a clear seasonal
aggression pattern (Fig. 1A). During the pre-
breeding period (April-May), animals showed
low levels of aggression among males, but this
pattern changed significantly during June
where aggression peaked (Hs = 53.94, P <
0.0001). During the successive months,
relatively lower levels of agonistic interactions
occurred (Fig. 1A). This pattern was mirrored
by total testosterone (Fig. 1B). Males presented
the highest level of total testosterone during
June (Hs = 30.15, P < 0.0001), and these levels
remained similarly high through July and
August (Fig. 1B). In contrast, free testosterone
exhibited a significantly high peak during June
only (Hs = 34.34, P < 0.0001), remaining at
minimum levels both before and after this peak
(Fig. 1C).

The linear regression analysis showed that
total and free testosterone were significantly
associated during June only (R = 0.482, P =
0.001, Fig. 2). In pre-breeding period I did not
find significant relations (April: R? = 0.044, P
= 0.49; May: R? = 0.07, P = 0.29), similar to
meddle and final breeding season (July: R? =
0.17, P = 0.36; August: R? = 0.06, P = 0.60;
September: R = 0.25, P = 0.740). As expected
both total and free testosterone levels were
positively associated with the rate of aggression
and (DI) (Fig. 3). Thus, individuals with
elevated levels of testosterone during June
exhibited a high frequency of aggressive
interactions and were more dominant.

DISCUSSION

Seasonal changes in aggressive behavior linked
to major breeding events are common in wild
mammals (King 1973, Poole & Morgan 1975,
Schaffner & French 1997, Co6té 2000). Previous
studies suggested that degu breeding is initiated
during late May and is characterized by social
instability with continuous agonistic challenge
among males (Fulk 1976, Solis & Rosenmann
1990, Veloso 1997). This study demonstrated a
clear association between aggressive behavior
and main events of breeding period where
social instability is restricted to the beginning
of this period (in June), and associated with a
quick social structure formation. Males
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Fig. I: Monthly changes on the aggressive be-
havior and hormonal concentration in males of
Octodon degus. Panel A exhibit months varia-
tion of agonistic interactions per male, B pre-
sent total testosterone levels variations, and C
represent seasonal variation of free testosterone
levels. An asterisk (*) indicates significant di-
fferences at P < 0.05 using the Kruskal-Wallis
test. Sample size was n = 13 for April, n = 18
for May, n = 19 for June, n = 7 for July, n =7
for August, and n = 6 for September.

Variaciones mensuales en el comportamiento agresivo y con-
centraciones hormonales en machos de O. degus. En el grifi-
co A se presentan las variaciones en el nimero de interaccio-
nes agonistas por machos en los diferentes meses del estudio,
B se presentan las variaciones mensuales de los niveles de
testosterona totales, y en C se presentan las variaciones esta-
cionales de los niveles de testosterona libre. El asterisco (*)
representa valores de significancia con un P < 0,05 utilizando
una prueba de Kruskal-Wallis. Los tamanos muestréales fue-
ron n = 13 para abril, n = 18 para mayo, n = 19 para junio, n
=7 para julio, n = 7 para agosto, y n = 6 para septiembre.



FREE AND TOTAL TESTOSTERONE LEVELS IN FIELD MALE DEGUS 233

12

—_
[} (@)
T T

Free testosterone (pmol L'l)
(o)

4 o
2 -
. R? = 0.482
. P=0.001
0 [ 'l - . I. L L
1 2 3 4 5

Total testosterone (nmol L'l)

Fig. 2: Relationship between free and total levels of testosterone during June. Free and total
testosterone presents a linear relationship during this period. Linear regression analysis show a
significant relation with R? = 0.482. Dotted lines represent the 95 % of confidence of data, with n =

19 males.

Relacion entre los niveles de testosterona libre y total durante el mes de junio. La testosterona libre presenta una relacion
linear con la testosterona total. El andlisis de regresion lineal muestra una relacion significativa, con un R? = 0,482. Las
lineas discontinuas representan el 95 % de intervalo de confianza y con un n = 19 machos.

establish territories and monopolize females at
this time resulting in harem formation (Fulk
1976, Ebensperger et al. 2004, Soto-Gamboa
2004). Once territories are established,
agonistic interactions among males decline
significantly (July to September, Fig. 1A), most
likely due to a displacement of transient males
that were unable to acquire a territory (Soto-
Gamboa et al. 2005). Similar results were
reported for laboratory degus indicating that
male-male aversion increases during breeding
season (Solis & Rosenmann 1990).

Seasonal changes in free and total
testosterone levels closely followed behavioral
changes. Both free and total testosterone
concentration reached their highest levels
during June, but only total testosterone
maintained these high levels during late
breeding months (July and August). During
June, free and total testosterone levels were
highly and positively correlated indicating that
at this time, total testosterone is a good
predictor of hormone reading target tissues. A
lack of relationship between both testosterone
forms during middle and final phases of

reproductive season probably indicates a fine
regulation on free testosterone levels through
the action of androgen globulin-binding
proteins (Ekins 1990, Klukowski et al. 1997,
Titus et al. 1997).

The guinea pig (Cavia porcellus) is one of
the most studied caviomorph rodents. In this
species, the concentration of total testosterone in
captive individuals prior to male-male
confrontations test is not a good predictor of
male dominance (Sachser & Lifjeld 1989).
Nevertheless, in multi-males groups testosterone
is positively correlated with dominance
primarily during times of social instability, but
not so during posterior social stability (Sachser
& Prove 1986, Hennessy 1999). These results
have been associated to alternative mating
strategies where at low densities these animals
tend to be monogamous or polygamous
(harems), but change to promiscuity at high
densities (Asher et al. 2004). Degus showed a
similar pattern where total testosterone
concentrations plays an important role during
social instability, but this relationship breaks
down when social interactions diminish.
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Fig. 3: Relationship between aggressive behavioral traits and testosterone levels during June. Pa-
nels A and B represent the positive relationship between aggressive traits, measured as total agonis-
tic interactions per male with total and free testosterone levels respectively. Panels C and D repre-
sent Dominance index relationship with total and free testosterone levels respectively. In all cases
Spearman correlation are significant at P < 0.05 using n = 19 males.

Relacion entre los rasgos de comportamiento agresivo y los niveles de testosterona determinados durante el mes de junio.
En los gréificos A y B se presenta la relacion positiva que existe entre la tasa de interacciones agonista por macho y los
niveles de testosterona totales y libres respectivamente. En los graficos C y D se presenta la relacién entre el Indice de
Dominancia y los niveles de testosterona total y libre, respectivamente. En todos los casos, las correlaciones de Spearman
fueron significativas con un P < 0,05 utilizando un n = 19 machos.

However, degus have a stereotyped mating
system consisting in one territorial male with
one to three females (Fulk 1976, Ebensperger et
al. 2004, Soto-Gamboa 2004, Soto-Gamboa et
al. 2005). This could be indicating that total
testosterone is associated to behavioral
interactions between males and playing an
important role during harem formation.

These results indicate that aggressive
behavior among males is more associated to
free testosterone than total testosterone levels.
But, does free testosterone regulate aggressive
behavior, or does a lack of aggressive
interactions activate androgen globulin-binding
protein secretion? Winfield et al. (1990)
proposed the ‘challenge hypothesis’ according
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to which testosterone levels are directly
associated with social interactions. Thus the
intensity of males’ interactions enhances
testosterone secretion and, as a consequence,
increases male hormonal levels enhancing
males’ aggressiveness (Wingfield et al. 1990,
Cavigelli & Pareira 2000, Ostner & Kappeler
2002, Muller & Wrangham 2004). Degu males
exhibiting high agonistic interactions also
showed high values of dominance, indicating a
high frequency of social interactions, and
consistently high levels of free testosterone.
Thus, social stimuli may activate testosterone
secretion. During June (begin reproductive
season), free testosterone is directly associated
with total testosterone, indicating low
concentrations of globulin-binding proteins. As
soon as the territories have been established
and social stimuli diminish, levels of free
testosterone could be modulated by an increase
of globulin-binding protein concentration,
disabling testosterone actions over target cells.
Therefore, the remaining testosterone can be
gradually degraded through the action of
aromatase (producing 17f-estradiol), or
reduced to 5B-dehidrotestosterne (Wingfield et
al. 1997, Soma et al. 1999, Nelson 2000, Soto-
Gamboa 2003). A similar physiological
pathway has been proposed using
methodological procedures based on hormonal
implants. In these cases, no relationship has
been described between agonistic behavior and
artificially enhanced testosterone levels during
mid and late breeding seasons (Klukowski et al.
1997, Klukowski & Nelson 1998, Bester-
Meredith et al. 1999, Jasnow et al. 2000,
Goodson & Bass 2001).

Hormones have pleiotrophic effects over
morphological and physiological traits, and
could affect individual performance (Ketterson
et al. 1996, Wingfield et al. 1997, Ketterson &
Nolan 1999, Dufty et al. 2002, Ketterson et al.
2004). Since these multiples effects have
potentially associated benefits and costs, an
efficient regulation is fundamental. High levels
of testosterone increase field metabolic rate and
decrease of body weight (Place et al. 2002),
and suppress immune systems (Wedekind &
Folstad 1994, Wingfield et al. 1997, Klein &
Nelson 1998, Westneat et al. 2003, Peters et al.
2004). Therefore, restricting the action of
testosterone over target tissues to the required
time periods only could reduce these by-

product physiological costs. Captive male
degus increase daily metabolic rate during
breeding season independently of social
interactions, indicating an augment of costs
associated to gonadal activation and
testosterone production (Solis & Rosenmann
1990). Therefore, a fine regulation of free
testosterone during social stability could reduce
costs of high testosterone levels needed during
harems formation.

Finally, this study is the first to report
estimates of free testosterone to a field
mammal. The importance of the steroidal
hormone transport on blood exist, particularly
regarding androgens is a major unknown (Ekins
1990). A lack of relation between seasonal
change of free and total testosterone levels
throughout most of breeding events in degus
indicates that total testosterone measures are
not adequate to evaluate hormonal regulation of
behavior. Nevertheless, two caveats are
important. First, low concentrations of free
testosterone, nearby to detection limits, could
affect the relationship between free and total
testosterone, specially when not in social
instability (most of free testosterone levels
were not detectable by the kit). Second, precise
age (unknown in this study) may covariate with
hormonal levels to influence dominance and
performance of males. Young males present
high levels of testosterone during puberty and
could have posterior consequences during
breeding season, three months after (Soto-
Gamboa 2004). Previous laboratory data
indicate that mean total testosterone is 2.51 =
0.29 nmol L-! for two year’s old reproductive
males (Bustos-Obregén & Ramirez 1997) is
similar to measures obtained in this study in
June (2.35 = 0.22 nmol L-!), indicating that
wild animals most likely were reproductively
active but remember unknown if circulating
testosterone binding-globulins change with the
age, independently of total testosterone.
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