PHILOSOPHICAL
TRANSACTIONS

——OF
THE ROYAL
SOCIETY

Phil. Trans. R. Soc. B (2008) 363, 1699-1710
do0i:10.1098/rstb.2007.0010
Published online 28 November 2007

Review

Individual variation and the endocrine
regulation of behaviour and physiology
in birds: a cellular/molecular perspective

111,2,3,>{<

Gregory F. Ba and Jacques Balthazart*

' Department of Psychological and Brain Sciences, 2Department of Neuroscience, and > Department of
Biochemistry and Molecular Biology, Fohns Hopkins University, Baltimore, MD 21218, USA
“Center for Cellular and Molecular Neurobiology, University of Liége, Liége 4000, Belgium

Investigations of the cellular and molecular mechanisms of physiology and behaviour have generally
avoided attempts to explain individual differences. The goal has rather been to discover general
processes. However, understanding the causes of individual variation in many phenomena of interest
to avian eco-physiologists will require a consideration of such mechanisms. For example, in birds,
changes in plasma concentrations of steroid hormones are important in the activation of social
behaviours related to reproduction and aggression. Attempts to explain individual variation in these
behaviours as a function of variation in plasma hormone concentrations have generally failed.
Cellular variables related to the effectiveness of steroid hormone have been useful in some cases.
Steroid hormone target sensitivity can be affected by variables such as metabolizing enzyme activity,
hormone receptor expression as well as receptor cofactor expression. At present, no general theory
has emerged that might provide a clear guidance when trying to explain individual variability in birds
or in any other group of vertebrates. One strategy is to learn from studies of large units of intraspecific
variation such as population or sex differences to provide ideas about variables that might be
important in explaining individual variation. This approach along with the use of newly developed
molecular genetic tools represents a promising avenue for avian eco-physiologists to pursue.
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1. INTRODUCTION: FUNDAMENTAL ISSUES
RELATED TO THE HORMONAL REGULATION OF
BEHAVIOUR AND OTHER PHENOTYPIC TRAITS.
HOW DO HORMONES EXERT THEIR EFFECTS ON
BEHAVIOUR AND PHYSIOLOGY?

Hormones are one type of chemical messenger that exert
marked effects on physiology and behaviour. They are
released into the blood and can act simultaneously on
many different target tissues including the brain. As such,
it is reasonable to hypothesize that variation in hormone
concentrations in the blood might explain individual
variation in behaviour and physiology. However,
attempts at relating individual variation in hormone
concentrations with variation in behaviour have generally
failed (Crews 1998; Adkins-Regan 2005). In this review,
we argue that knowledge about cellular and molecular
aspects of target tissues is essential for one to develop a
comprehensive understanding of individual variation in
hormone-regulated traits. Although measurements of
variation in plasma hormone concentrations will con-
tinue to be useful for our understanding of hormone—
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behaviour interrelationships, investigations focused on
cellular/molecular variables that influence hormone
efficacy at target tissues will provide an important new
dimension in our thinking about this problem. We will
rely primarily on examples concerning the effects of sex
steroid hormones on reproductive behaviours in birds
owing to the wealth of data available on species in this
taxon ranging from field studies to cellular/molecular
mechanistic investigations (Ball & Balthazart 2002;
Wingfield & Silverin 2002). Studies in other taxa notably
reptiles such as the leopard gecko (Eublepharis macular-
us), where the system of temperature-dependent sex
determination can lead to pronounced individual
variation in sexual behaviour, have also been promising
candidate species for the study of individual differences in
hormone-behaviour relationships (Crews 1998).
A detailed discussion of other vertebrate groups is
beyond the scope of this paper.

Early investigators trying to link hormones with
behavioural effects purposely selected behaviours that
exhibited an extreme pattern of hormone dependence in
order to establish the fact that hormones can actually
exert marked behavioural effects (Feder 1984). Studies
tended to focus on group effects comparing, for
example, subjects in which a critical endocrine
gland had been removed with subjects that had the
gland removed but were additionally administered
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a replacement hormone treatment (Berthold 1849).
There was a realization, even at early stages in this field,
that individual differences in behaviour might not be
explained by variation in the hormone concentrations in
the blood. For example, Grunt & Young (1952)
classified male guinea-pigs into groups of high, medium
and low sexual activity based on behavioural tests with
females. When castrated, all the males exhibited
substantial reductions in their rate of sexual activity.
When tested with similar replacement doses of testoster-
one though, they segregated into the same three separate
groups of subjects displaying again high, medium and
low frequencies of sexual behaviour. This was one of the
first systematic studies suggesting that properties of the
target tissue are more important in explaining individual
variation than plasma concentrations per se. These
studies, which even pre-dated the ability to measure
steroid hormones reliably in the blood, pointed towards
the target of steroid hormone action as being important
in understanding individual differences.

The targets of hormone action that control modifi-
cations in behaviour can be logically divided into at
least three modules. Hormones can modulate sensory
inputs, they can act directly on the central nervous
system or they can regulate effector systems. There is
evidence for all three types of effects (Pfaff ez al. 2004;
Adkins-Regan 2005). It is important to note that
hormones do not cause behaviours directly nor do they
elicit behaviours in a simple stimulus—response
relationship. Rather they change the probability and
intensity of a behavioural response to a particular
stimulus situation (Pfaff ez al. 2004). The effects of
steroid hormones on peripheral auditory tuning
(Sisneros et al. 2004) or on olfactory sensitivity
(Pfaff & Pfaffmann 1969) as well as on peripheral
effector systems have been identified in specific cases
and play a key role in the control of reproductive
behaviours. They are, however, not the rule, and most
attention is now focused on the brain. Hormones can
induce prominent shifts in neural processing, which
result in an individual exhibiting qualitative differences
in their response to a stimulus such as a sexually
attractive mating partner. Endogenous changes in
response to a constant stimulus are often referred to
as changes in motivation, and this is indeed one of the
most dramatic ways steroid hormones can modify
behaviour (Pfaff 1999). With the discovery of steroid
hormone receptors, one could map the location of
candidate brain regions where hormones might act
(Morrell & Pfaff 1978). These data were then
combined with methods such as lesions and the
stereotaxic implantation of crystalline steroids in loca-
lized areas of the brain to identify brain sites involved in
specific behaviours (Barfield 1971; Balthazart &
Surlemont 1990). The combined data provided a
focus for investigations of target properties in specific
brain regions involved in particular behaviours. These
findings thus form a foundation for studies of the
cellular basis of individual differences in the beha-
vioural response to steroid hormones. In this review, we
first consider attempts to relate plasma concentrations
of steroids to variation in behaviour and then elucidate
how the problem of individual variation in the response
to hormonal stimulation could be attacked by
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investigating cellular/molecular properties of target
tissues in the brain. This research programme is still
in its infancy. One way to guide it in a profitable
direction is to learn from the results of more advanced
studies that have analysed other forms of intraspecific
variation, e.g. sex differences in the effects of hormones
on behaviour. Insight of this sort needs to be dealt with
cautiously though, as sex and gender differences
represent an example of a group difference that may
not always be based on the same mechanisms as
individual differences that can exhibit a wide range in
variation. However, when appropriate, comparisons
will be made between studies investigating the
mechanisms of individual and sex differences in the
hormonal control of behaviour.

2. PLASMA CONCENTRATIONS OF SEX
STEROIDS AND THE CONTROL OF INDIVIDUAL
DIFFERENCES IN BEHAVIOUR

Initial studies in birds correlated changes in the timing
of reproductive behaviour with plasma sex steroid
concentrations. As expected, clear positive correlations
between these two variables were detected based on
sampling across the annual breeding cycle of temperate
zone species. Copulatory behaviour frequency in male
ducks (Anas plaryrhynchos), for example, is well
correlated with changes in plasma testosterone concen-
trations, with both variables peaking in April and then
rapidly decreasing when the female begins to incubate
the eggs (Balthazart & Hendrick 1976).

Unexpectedly, attempts to correlate, at a specific
time point, individual plasma testosterone concen-
trations with measures of male sexual behaviour
produced extremely disappointing results. For
example, there was no relationship between individual
variations in sexual behaviours (grabbing female neck
feathers, ‘pumping’, mounting and actual copulations)
and plasma testosterone in a large group of 30 male
domestic ducks (Balthazart er al. 1977), despite the fact
that all these behaviours had been shown to be
testosterone-dependent by the castration—replacement
approach (Balthazart & Stevens 1975; Balthazart &
Hendrick 1979; Deviche 1979).

Similarly, in a study of agonistic behaviour displayed
by male Japanese quail (Coturnix japonica) during brief
dyadic encounters of a round-robin tournament, it was
found that the aggressive or submissive behaviour was
not related to plasma testosterone concentrations,
except in the early phases of the tournament before the
agonistic associations were established (Ramenofsky
1984). Once the social relationships had stabilized,
concentrations of testosterone in winners declined to
levels seen in losers and the qualitatively different
behaviours displayed by winners and losers were no
longer related to their circulating testosterone concen-
trations (Ramenofsky 1984). This study therefore
offered a partial explanation for the lack of correlation
between individual differences and plasma hormone
concentrations, as correlations were only found during
periods of social instability. Other studies have failed to
find such correlations. For example, the amount of
sexual behaviour and social displays exhibited by
castrated ducks injected with a standard dose of
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testosterone propionate is significantly correlated with
precastration activity (Deviche 1979). Similar results
were observed in zebra finches (Taeniopygia guttata;
Arnold 1975) and ring doves (Strepropelia risoria). In
these species, quantitative individual differences in
courtship behaviour are maintained after castration
and standardized androgen replacement therapy
(Hutchison 1970, 1971; for examples concerning quail
behaviour, see also Balthazart er al. (1979) and Tsutsui
& Ishii (1981); for additional examples in both mammals
and birds, see also Balthazart (1983) and Wingfield &
Ramenofsky (1985)).

Published studies indicate that this phenomenon
appears to be quite widespread. Correlations are
observed only during the period of fast changes in
behaviour. These correlations reflect the asynchrony of
behavioural changes between individuals rather than
true correlations between individual differences in
hormones and behaviour.

This lack of correlation was similarly detected in
genetic selection studies. Systematic bidirectional selec-
tion for high and low mating behaviour has resulted in
lines of chicken and quail that consistently display
different frequencies of mating behaviour during stan-
dardized tests. In both species, treatment of castrated
males with similar doses of exogenous testosterone
induced sexual activity that remained significantly more
frequent in the high than in the low mating line
(McCollom et al. 1971; Cunningham ez al. 1977).

Although it was later established that plasma
testosterone concentrations are higher in the
high than in the low mating line of chicken (Benoff
et al. 1978), these data suggest that individual
differences in sexual activity are not caused by
limiting circulating testosterone concentrations, since
treating all subjects with a same dose re-established
these differences after castration. A limiting factor
other than the plasma steroid concentration presum-
ably has to be invoked.

3. DIFFERENT MODELS OF THE RELATIONSHIP
BETWEEN PLASMA HORMONE LEVELS AND
BEHAVIOUR

Based on a theoretical review of hormone influence on
sex-specific traits (Hews & Moore 1997), it has been
argued that the lack of any correlation between
individual variation in plasma steroid concentrations
and behaviour could be a direct consequence of the
nature of the dose-response relationship between
hormone concentration and behaviour (Adkins-Regan
2005). The concept is that for many hormone-
dependent, non-behavioural characters, there is a
graded dose-response relationship between the
concentration of steroid available and the morpho-
logical or behavioural response (figure 1a, model (i)).
This would only happen occasionally for behaviour but
instead, in most cases, a step function would be seen:
behaviour would be absent below a certain threshold of
hormone concentration and present above that
threshold; once the threshold is reached, behaviour
would occur at similar levels regardless of the dose
(figure la, model (ii)). At the population level, the
accumulation of individual variations in threshold
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would provide the impression of a graded response,
but this gradation would in fact not exist in any subject
(figure la, model (iii)).

We would like to suggest an alternative explanation
to this phenomenon. We see no a prior: reason why the
activation of behaviour by steroids would be a quantal
phenomenon while morphological and physiological
effects of the hormone would be more quantitative in
nature. We argue that sex steroids can activate
behaviour in a graded manner but that this dose-
response relationship is only observed within certain
concentration limits (figure 1a, model (iv)). There is a
low threshold (LT; figure la(iv)) below which no
behaviour is observed and a high threshold (HT) above
which no further increase in behavioural performance
can be induced by increasing the dose of the hormone.
Between these two points, it is quite plausible that a
dose-response relationship would occur. The slope of
this line or curve (its exact nature is unclear at present)
may be very steep but is not necessarily vertical.
Experiments in which animals are treated with
increasing doses of steroids will, according to this
model, produce a graded response only if the different
doses fall in the range between LT and HT and
behaviour is measured on an appropriate ordinal scale
rather than based on a nominal scheme.

In support of this contention, we observed, during
several dose-response studies in quail performed over
the years, that both behavioural (attempts to mount the
female or crowing occurrence frequency) and morpho-
logical variables (e.g. size of the androgen-dependent
cloacal gland) were stimulated in a graded fashion by
increasing the doses of testosterone (e.g. Balthazart
et al. 1990; figure 15). It is important to note that these
dose-response studies were carried out with different
groups of subjects being treated with the different doses
of the hormone. The observed dose-response relation-
ship described at the population level could thus reflect
the superposition of multiple individual dose-responses
as well as the addition of multiple threshold functions
(figure 1a, models (iii) and (v)). The critical test needed
to discriminate between these models would consist in
performing a dose-response experiment in a single
group of subjects, with each subject being its own
control for different doses of the hormone. But even in
this case, as correctly pointed out by Hews & Moore,
changes in time of the critical threshold could obscure
the results (Hews & Moore 1997).

Other approaches, based largely on field obser-
vations, have been taken to this problem of examining
interrelationships among hormones, behaviour and
morphological traits (e.g. Wingfield ez al. 1990).
When considering birds in the natural environment,
many environmental factors (e.g. weather, population
density, predator prevalence) can interact with an
individual’s circulating hormone concentration to
affect the expression of behaviour. Therefore from
this perspective, correlations between variation in
hormone concentration and behaviour are not to
be expected. The pattern of hormone secretion in a
range of environmental situations may be the key
hormonal variable to measure when considering
individual differences rather than hormone-behaviour
correlations per se. For example, the relationships
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Figure 1. Relationships between hormone concentrations and activation of hormone-dependent traits. (@) Theoretical models of
the relationships between hormone levels and biological responses. At the individual level, the relationship can be represented by
various functions such as (i) dose-dependent relationship, (ii) threshold response or (iv) dose-dependent relationship with a LT
and a HT corresponding to the maximal level of activation. Both models (ii) and (iv) should result at the population level in
similar dose-response relationships (respectively (iii) and (v)). Models (i)—(iii) are adapted from Adkins-Regan (2005) and
(iv) and (v) are new interpretations proposed here. We do not consider here the case of inverted U-shape curves also considered
by Adkins-Regan. (b) Experimental data illustrating the effects of increasing doses of exogenous testosterone (expressed by the
length of the Silastic capsules implanted in castrated males) on the activation of two types of reproductive behaviour, (i) mount
attempts and (ii) crowing, and on the growth of (iii) the cloacal gland, an androgen-dependent structure. Both behavioural and
morphological responses demonstrate a dose-response relationship with the amounts of testosterone supplied to the subjects.
The grey areas indicate the mean + s.e. of corresponding data observed during the same experiment in sexually mature gonadally
intact males. Adapted from data in Balthazart ez al. (1990).

between testosterone and aggression, as discussed, individual (Wingfield et al. 1990; Goymann er al
based on the ideas associated with the °‘challenge 2007). But even with this view, the efficacy of the
hypothesis’ suggest that increases in testosterone will hormonal response will be influenced by target tissue
not always be observed in all individuals encountering properties. In this review, we focus on cellular/
aggressive situations but rather will be limited by the molecular aspects of target tissue properties in relation
particular mating system and seasonal state of the to hormone-behaviour relationships.

Phil. Trans. R. Soc. B (2008)
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4. PLASMA TESTOSTERONE CONCENTRATIONS
ARE USUALLY HIGHER THAN THE MINIMAL
REQUIREMENTS FOR BEHAVIOURAL
ACTIVATION

Dose-response experiments coupled with measure-
ment of circulating concentration of testosterone
established by Silastic implants of various sizes greatly
helped to clarify the relationships between spon-
taneously occurring testosterone concentration and
behavioural activation. For example, when castrated
rats are treated with Silastic implants filled with
testosterone, which have sizes ranging from 2 to
60 mm, mating behaviour is restored to precastration
levels in most subjects with implants of 2-5 mm in
length, which establish circulating concentration of
testosterone that are only 10-20% of the values
observed in gonadally intact sexually active males
(0.2-0.3 versus 2-3 ngml~'; Damassa ez al. 1977).
In agreement with the theoretical model proposed in
§3, there was a graded reaction to increasing testoster-
one treatments in the low range of the doses that were
used (implants of 2 or 5 mm in length), but, at higher
doses, no such relationship could be observed. This
experiment clearly demonstrated that plasma concen-
trations in intact males are substantially above the
critical threshold for activating behaviour and possibly
occur owing to the physiological requirement for high
testosterone levels to sustain spermatogenesis (Turek
et al. 1976; Desjardins & Turek 1977). In a normal
population of untreated subjects, plasma testosterone
concentration is clearly not a limiting factor for
behavioural activation, and therefore there is no reason
to expect a correlation between individual differences
in behaviour and testosterone concentrations.

5. INDIVIDUAL DIFFERENCES IN PROPERTIES OF
ENDOCRINE TARGET TISSUES REGULATING
BEHAVIOUR

Having realized that plasma concentrations of steroids
could not explain individual differences in behaviours,
behavioural endocrinologists began exploring alterna-
tive possibilities. It is widely assumed that most (but
not all; see Balthazart & Ball 2006) behavioural effects
of sex steroids are mediated by the interaction of the
steroid with its intracellular cognate receptors, which,
when occupied, dimerize, associate with the DNA and
enhance the transcription of specific steroid-sensitive
genes (McEwen & Alves 1999; McEwen 2001). Any of
these steps in hormonal action could therefore be
specifically regulated in individual subjects and create a
differential response to a same concentration of
circulating hormone (figure 2).

These multiple possibilities have been investigated
to some degree and positive results have been obtained
in a number of cases. Some prototypical examples are
provided in this section and §6.

Steroids also exert some of their effects on brain and
behaviour by non-genomic mechanisms that involve
the interaction with the neuronal membrane and/or
with intracellular signalling cascades. These effects that
are not mediated by the binding to intracellular
receptors and the resulting changes in gene transcrip-
tion have been shown to modify the electrical activity of
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Figure 2. Schematic of the sequential steps in sex steroid
action on cellular responses resulting in the activation of
reproductive behaviour. (i) Circulating hormones (H) such
as steroids in the plasma are associated in a reversible manner
with transport proteins. (ii) When they enter their target cells,
sex steroids are potentially metabolized into behaviourally
active or inactive metabolites. (iii) Active metabolites will
then bind to specific receptors, which will then undergo a
number of transformations leading to their association with
(iv) specific sites in the DNA. The occupied receptors will at
this level serve as transcription factors resulting in a change in
transcription of specific genes and their translation into
(v) proteins that will ultimately affect behaviour expression.
Each of these steps is potentially regulated by a variety of
environmental or endocrine factors and could contribute to
the modulation of individual differences in behaviour.

neurons, their metabolism and, probably as a result, the
overt behaviour of the subjects. They have been best
documented for oestrogens, in particular oestrogens
derived from testosterone aromatization in the brain
(see Balthazart & Ball (2006) and Cornil ez al. (2006)
for recent reviews on his topic). Non-genomic effects
have unfortunately never been studied in relationship
with individual differences in behaviour, and such
effects will therefore not be discussed further here
except to observe that the experimental analysis of
these effects probably represents a valuable topic for
future research.

(a) Steroid-binding proteins in the plasma

Because they are highly lipophilic, steroids do not easily
dissolve in the blood. To achieve sufficient concen-
trations, they must therefore be associated with a
carrier protein to which they bind in a reversible
manner. Only free steroids can enter their target cells
and exert physiological effects. As a consequence,
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(individual) variation in carrier proteins could obscure
the relationship between behaviour and total steroid
concentration in the plasma. Most assays are indeed
performed after the extraction with organic solvent of
the steroids from the plasma, which releases the steroid
from its carrier. These assays therefore measure the
sum of free and bound steroids.

The limiting role of carrier proteins in the expression
of physiological effects of steroids has been well
documented for corticosterone in birds. In the plasma,
corticosterone, which circulates in much higher
concentration than sex steroids, is reversibly associated
with corticosterone-binding globulin (CBG) and,
in multiple experimental situations, it has been
demonstrated that CBG limits corticosterone action
(Hammond 1995, 2002; Deviche ez al. 2001; Breuner &
Orchinik 2002; Breuner ez al. 2006).

CBG does not bind sex steroids with high affinity
(Deviche et al. 2001), and the low affinity of this binding
suggests that it probably does not play a major
physiological role. Another protein, the sex hormone-
binding globulin (SHBG), has been identified in the
blood of some mammals, although its presence in the
plasma of any avian species has still not been confirmed
to this date. The protein is expressed in the brain of
representative species of all classes of vertebrates (Wang
er al. 1990; Herbert ez al. 2003, 2005) and the transcript
for SHBG has been detected in the brain of zebra fish
and sea bass using iz sizu hybridization and PCR
(Solange Miguel-Queralt and Geoffrey L. Hammond,
University of British Columbia 2005-2006, unpub-
lished data). Based on indirect evidence, it seems that
SHBG, if present in birds, would not play a major role
in limiting testosterone entry and action in the brain. It
has been demonstrated in quail lines selected for high
and low levels of mating behaviour that following
identical treatment with radioactive testosterone, similar
amounts of accumulated radioactivity (the sum of
testosterone and its metabolites, see §5b) are seen in
the brain of the two lines. This suggests that the low
copulatory activity in the low mating line is not due to
testosterone being sequestered by a carrier protein in the
blood (Cohen-Parsons ez al. 1983). The expression of
SHBG within brain cells (either neurons or glia) could
be a way to limit the availability of steroid in a specific
brain region. Therefore, even if one has evidence for
accumulation of radioactive testosterone in a brain
region, the steroid might not be readily available to the
steroid receptor.

(b) Intracellular metabolism

After entering their target cells, but before binding to
their intracellular receptors, sex steroids are exposed to
a variety of metabolizing enzymes that can transform
them into other behaviourally active steroids or
inactive/less active metabolites. This intracellular
metabolism has been described for all sex steroids
including androgens, oestrogens and progestagens (see
Balthazart & Schumacher (1985) and Balthazart
(1989) for reviews of this topic focusing mostly
on birds) but has been best studied and appears
physiologically most relevant in the case of the
androgen testosterone. In birds, as in mammals,
testosterone can be transformed into an oestrogen,
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such as 17p-oestradiol (E,) by aromatase, or into
5a-dihydrotestosterone (DHT), a process catalysed by
5a-reductase. A substantial fraction of the behavioural
effects of testosterone are actually mediated by the
action at the cellular level of these two metabolites
(E, and DHT). In birds, testosterone can also be
5B-reduced, which produces a suite of metabolites that
have little or no behavioural activity (see Balthazart
(1983, 1989) for a more comprehensive review).

It is therefore immediately obvious that the observed
behavioural effects of a given amount of testosterone
could be regulated by the activity of the enzymes that
transform this steroid into active versus inactive
metabolites. The idea that this mechanism could
contribute to explaining individual differences in
behaviour was originally tested in a study of rats by
Dessi-Fulgheri ez al., who demonstrated that individual
differences in fighting behaviour of rats are not
correlated with their plasma testosterone or oestradiol
concentrations but are directly related to the rate of
transformation of testosterone into E, in the brain
(Dessi-Fulgheri er al. 1976).

Intrigued by this observation, we performed during the
1980s a number of experiments assessing the relationship
of the brain metabolism of testosterone with individual
differences in sexual and aggressive behaviours of male
quail, but also with the well-established sex difference in
behavioural responses to testosterone in that same species
(castrated males produce an active copulatory behaviour
when treated with exogenous testosterone but ovari-
ectomized females never respond to such a treatment
(Adkins 1975; Balthazart ez al. 1983).

In a first study, we analysed the frequency of sexual
behaviour displayed by 20 male quail during standar-
dized encounters with sexually mature females. We also
quantified aggressive behaviour directed towards other
males, plasma concentration of testosterone and the
activity of two testosterone reductases (5o and 5f) in the
preoptic area—hypothalamus (HPOA). No relationship
could be detected between any of the behavioural
measures and plasma testosterone, but aggressive
interactions were more frequent in birds exhibiting low
5B-reductase activity in their HPOA and high production
of androstenedione (catalysed by the 17p3-hydroxysteroid
dehydrogenase; Balthazart er al. 1979).

During two additional experiments under slightly
different conditions, we again assessed the same depen-
dent variables in two large groups (=21 and 16) of
sexually mature male quail. Once again, no significant
correlation between plasma testosterone and any aspect
of behaviour was detected, but several significant
correlations between behaviour and 5 -reductase activity
were observed in both experiments (Delville ez al. 1984).
The direction of these correlations was, however,
opposite in the two experiments, making an interpre-
tation of these data difficult based on available evidence: if
5B-reductase inactivates testosterone and testosterone
activates behaviour, then a negative correlation should be
observed between individual variation of these two
variables, as shown in two of the three experiments
reported in these papers (Balthazart ez al. 1979; Delville
et al. 1984). Taken together, these data suggest the
existence of relationships between the expression of
aggressive behaviour and 5B-reductase activity in the
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HPOA, but the reason(s) explaining the reversal of this
relationship in one of the three experiments remains
unclear (see Balthazart & Schumacher (1985) for a more
detailed presentation and discussion).

In many avian (and mammalian species), the
aromatization of testosterone into an oestrogen plays
a key, limiting role in the activation of male sexual
behaviour (see Balthazart (1989) and Balthazart ez al
(2004) for reviews highlighting avian studies). We
found in Japanese quail that aromatase activity in the
HPOA is significantly higher in males than in females
and the enzymatic activity, which had decreased to
basal levels in both sexes after gonadectomy, was
differentially induced (higher activity in males than in
females) by a similar treatment with testosterone in
both sexes (Schumacher & Balthazart 1986). This
suggested that the sex difference affecting the
activation by testosterone of male-typical copulatory
behaviours (probably the most prominent form of
individual difference within a same species) could be
the result of a sexually differentiated aromatase
activity, with females producing less of the behaviou-
rally active metabolite in critical brain areas. This sex
difference in enzyme activity, though it may contrib-
ute to explaining the differential responsiveness of
males and females to testosterone, is, however, not
sufficient to explain the difference by itself. If
ovariectomized females are treated with exogenous
oestradiol, a procedure that should bypass the
enzymatic sex difference, they still fail to display
male-typical copulatory behaviour (Schumacher &
Balthazart 1983).

Similarly, differences in testosterone aromatization
in the brain do not seem to explain the differences in
copulatory behaviour between the high and low mating
lines of quail and chickens. Injection of identical
amounts of tritiated testosterone resulted in a similar,
nearly identical accumulation of tritiated oestrogens in
the brain of males from these two mating lines,
suggesting that the behavioural difference between
lines is not caused by a lower aromatization rate in
the low mating line (Cohen-Parsons et al. 1983;
Van Krey et al. 1983).

Likewise, brain aromatase activity is not decreased
in non-copulating rats when compared with active
subjects (Portillo et al. 2007). Other factors, down-
stream in the action of testosterone on its target
neurons, should therefore be invoked to explain
individual differences in behaviour.

(c) Sex steroid receptor density

The next logical step in sex steroid action involves the
binding of the hormone to its cognate receptor. The
density of these receptors could also obviously be a
limiting factor for the activation of behaviour since they
are expressed in very low densities (less than a hundred
femtomoles per milligram protein; see Blaustein &
Olster 1989). This possibility is difficult to assess in the
context of individual differences since no study has, to
our knowledge, attempted to correlate individual levels
of sexual or aggressive behaviour with the brain
concentrations of the sex steroid receptors supposed
to mediate the activation of these behaviours. A search
in the ISI Web of Knowledge as of May 2007 retrieves
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17429 entries for ‘steroid receptors’ but only 31 of
these refer to ‘individual differences’ and none are
concerned with behaviour (they mostly relate to
biomedical studies of individual differences in disease
susceptibility).

In addition, it seems fairly well established that sex
differences in behaviour are explained, at least in part,
by the differential expression of sex steroid receptors in
key areas of the brain. The best-documented case
probably concerns sex differences in singing behaviour
of oscine species living in the temperate zone. The
production of song in most of these species is more
frequent or even sometimes exclusively observed in
males (Arnold 1992). This behavioural difference
corresponds with a sex difference in the size of brain
regions (song control nuclei) mediating vocal pro-
duction, in particular the nuclei HVC (used as a proper
name; see Reiner ez al. 2004) and the nucleus robustus
arcopallialis (RA; MacDougall-Shackleton & Ball
1999). Both HVC and RA express high densities of
androgen (AR) and/or oestrogen receptors (ER) of the
alpha subtype (ERa; Ball ez al. 2002). Testosterone and
its brain metabolite E, are clearly implicated in the
control of singing in oscines (Harding ez al. 1983, 1988;
Walters & Harding 1988), but the specific site of their
action and the role played by these steroids in HVC or
RA remains somewhat unclear at present (e.g. see Ball
et al. (2003, 2004) for discussion). Given the large sex
difference in volume of the song nuclei in many species,
the number of steroid receptors should be significantly
greater in males than in females. In zebra finches where
only males sing, even taking into account the sex
difference in nucleus volume, there are still a lower
proportion of cells expressing ER in the female HVC
and another nucleus, lateral part of the magnocellular
nucleus of the anterior nidopallium (IMAN), per
unit tissue than in the corresponding male nucleus
(Arnold & Saltiel 1979). In canaries, both sexes sing,
though males sing a more complex song than females.
In this species, there is not a sex difference in ER per
unit tissue because there is a sex difference in HVC
volume with greater numbers of cells expressing ER in
males compared with females (Brenowitz & Arnold
1992). This study and other comparative studies have
led Brenowitz and colleagues to hypothesize that the
complexity of song produced is related to the total
number of hormone-sensitive cells present in the song
nuclei (Brenowitz & Arnold 1992). A second more
recently proposed hypothesis, based on studies of
oestrogenic metabolites of testosterone and the quality
of song activated, is that ER in HVC is directly related
to the ability to produce complex syllables preferred by
females (Fusani & Gahr 2006). Both of these
hypotheses require further testing.

In Japanese quail, several studies have also identified
sex differences in brain sex steroid receptors. In vivo
autoradiographic studies have demonstrated
that following injection of tritiated E,, males accumu-
late more radioactivity than females in the nucleus
taeniae of the amygdala (Watson & Adkins-Regan
1989), suggesting higher numbers of ERs. Subsequent
immunocytochemical studies specifically analysing and
quantifying the distribution of ERa-immunoreactive
cells in the quail brain failed to confirm this difference
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but did not provide any explanation for the discrepancy
(e.g. biological variation, differences in technical
approach; Balthazart ez al. 1989). In 1996, a second
form of ER, called ERP to distinguish it from the
previously known ERa, was identified in mammals
(Ruiper et al. 1996), and soon thereafter cloned and
found to be expressed also in avian species (Bernard
er al. 1999; Foidart et al. 1999). We recently completed
an extensive survey by radioactive i situ hybridization
of the comparative expression in the male and female
quail brains of ERa, ERB and ARs. Multiple sex
differences in expression were identified (Voigt et al
2007), but, in particular, a significantly higher
expression in males than in females was detected for
ERB in nucleus taeniae (no sex difference in ERa or AR
was present in this nucleus). These data therefore
strongly suggest that the originally reported higher
accumulation in males of tritiated E, in this nucleus
was due to a denser expression of ERB but not ERa.
Although the nucleus taeniae of the amygdala is
obviously implicated in the control of various aspects
of sexual and possibly other behaviours (Phillips 1964;
Maley 1969; Thompson ez al. 1998; Cheng ez al. 1999;
Absil ez al. 2002), it is, at this point, difficult to relate
the sex difference in ERf expression to the control of
any specific behaviour and, for the purpose of the
present review, to predict whether such differences in
receptor expression could contribute to explaining
individual differences in behaviour.

6. OTHER ASPECTS OF STEROID ACTION:
CO-REGULATORS OF TRANSCRIPTION AND
PHOSPHORYLATIONS

Binding of the steroid to its receptor initiates a cascade
of intracellular biochemical events including receptor
phosphorylation, dimerization and translocation to the
nucleus, which will result in the association of the
occupied receptor with steroid-specific binding sites on
the DNA (Tsai & O’Malley 1994). The receptors then
act as transcription factors and regulate the expression
of specific genes (e.g. neurotransmitter receptors), and
this will ultimately result in changes in behaviour. Any
of these steps could of course be the target of specific
regulations that would be individually specific and
would then contribute to explaining individual
differences in behaviour. This proposition has not
been specifically tested so far, but it is already clear that
many steps in the process schematically summarized
above are the object of very specific controls. This has
been best established in a limited number of mamma-
lian species (mice, rats and humans), but exploratory
studies already indicate that similar control mecha-
nisms are also present in birds. The analysis of steroid
receptor co-regulators represents an enlightening
example here.

A few years ago, a new family of proteins
was discovered, which controls the association and
transcription efficacy of intracellular nuclear receptors,
a group of proteins that includes all sex steroid
receptors (e.g. McKenna er al. 1999; McKenna &
O’Malley 2002). These co-regulators markedly
increase (receptor co-activators) or decrease (receptor
co-repressors) transcriptional activity induced by the

Phil. Trans. R. Soc. B (2008)

nuclear receptors, and thus play a very important role
in the control of the activity of various signalling
processes including sex steroid hormones action. At
least two of these receptor co-activators have now been
cloned or identified in birds: the steroid receptor
co-activator-1 (SRC-1) and the cyclic AMP response
element-binding protein (CBP; Auger et al. 2002;
Charlier et al. 2002). They are expressed in particularly
high densities in sex steroid-sensitive areas that are
known to play a critical role in the activation by
steroids of reproductive behaviour such as male
copulatory behaviour in quail (Charlier ez al. 2002)
or singing in songbirds (Auger er al. 2002; Charlier
et al. 2003). It is now clearly established, at least for
SRC-1, that the expression of this co-activator is not
constitutive but rather is regulated by a variety of
factors including the endocrine condition or sex of the
subject, the stress it recently experienced or even
the time of the day (Charlier er al. 2006). Blocking the
expression of SRC-1 by intracerebroventricular injec-
tion of antisense oligonucleotides partially blocked the
activation in male quail of copulatory behaviour by
testosterone, thereby confirming the significant role
played by this protein in the control of behaviour
(Charlier ez al. 2005). Whether SRC-1 is implicated in
the regulation of individual differences in behaviour
remains unknown at present.

SRC-1 is only one protein among a large family of
co-regulators that includes at least 30 members at
present (McKenna & O’Malley 2000), and the control
of co-regulator expression and action is only one
among multiple mechanisms that could regulate the
transcriptional activity of sex steroid receptors. Other
steps such as the dimerization of the receptors or their
translocation to the nucleus or events taking place at
the post-transcriptional level (mRNA editing and
translation of mRNA into protein) could similarly
modulate the causal link between steroid entry into its
behaviourally important brain target(s) and the
expression of behaviour. Understanding the control
of individual differences in behaviour at this level will
be a daunting task but fortunately a few alternative
approaches to this goal have been emerging in recent
years, such as the analysis of single nucleotide
polymorphism or of the epigenetic regulation of
DNA transcription following methylation or acetyl-
ation of associated histones.

7. CONCLUSION: IN THE ABSENCE OF DETAILED
STUDIES OF INDIVIDUAL DIFFERENCES HOW
MIGHT WE STUDY SUCH VARIABLES AT THE
CELLULAR/MOLECULAR LEVEL?

The general problem of individual differences
in behaviour relates to the fact that ultimately at
some level every individual is unique. Although
the functioning of the nervous system exhibits many
generalities as a function of population or species, it is
also the case that each individual has a unique set of
experiences that shapes the nervous system so that each
member of a population has its own peculiar memories
and predispositions that influence how a male/female
responds to events in their life. Understanding the
mechanistic physiological basis of such variability is in
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its infancy. There is a robust field trying to understand
the causes of personality variation (Nettle 2006). Here
animal studies of groups that exhibit patterns of
behaviour such as reliably seeking novelty or reliably
engaging in risk avoidance have clearly found that
among birds and other taxa, there are definitely
systematic coping strategies that constitute a form of
intraspecific variation akin to what is described as
human personality variation (Groothuis & Carere
2005). With the use of the candidate gene approach,
investigators are starting to find variation in gene
expression that corresponds with differences in these
personality types (Fidler ez al. 2007). One issue to keep
in mind when contemplating the mechanistic basis of
individual variation in the response to hormones is that
more general variation in neurophysiology or connec-
tivity related to a coping strategy could be as important
in modulating the effectiveness of hormones as
variables directly involved in hormone action. It is
also the case though that ontogenetic variation in
hormonal exposure that can be regulated by epigenetic
factors could be one of the major sources of nervous
system variation that limits the actions of hormones on
behaviour (Carere & Balthazart 2007). In the absence
of a clear theory about variables that might explain
individual variation in the response to hormones, how
might one proceed? One proposal is to first identify
variables that explain intraspecific variation in the
responsiveness to hormones. Sex difference in reactiv-
ity to hormones is one obvious case. For example,
males will respond to testosterone treatment in a
qualitatively different way than females (Ball &
Balthazart 2002). Even though the causes of such
variation have been investigated for many years, the
exact basis of such differences is still poorly understood
(Balthazart ez al. 1996) and more work along those
lines is clearly needed. With the advent of genomic
methods being applied to birds (e.g. Clayton 2004),
one can also envision being able to identify clusters of
genes that vary with phenotypes associated with
variation in hormone action. The identification of
these genes could then guide research to a specific
aspect of steroid hormone action or to other steroid-
independent mechanisms that are causally involved in
the control of individual differences. This approach in
conjunction with the appropriate behavioural studies
directed towards a causal analysis of hormone action
could prove to be one promising method by which to
identify the mechanistic basis of variation in the
response to hormones.

Collaborations with evolutionary biologists and
ecologists can also be helpful in this regard. Their
thinking about reaction norms and other measures of
intraspecific phenotypic variation could profitably be
applied to ideas about the mechanisms that modulate
hormone effectiveness. Such collaborations would
reveal the full potential of integrating laboratory—field
approaches to the study of individual differences.
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