
This item is the archived peer-reviewed author-version of:

Rapid changes in auditory processing in songbirds following acute aromatase inhibition as assessed by
fMRI

Reference:
Van Der Linden Anne-Marie, Balthazart Jacques.- Rapid changes in auditory processing in songbirds follow ing acute aromatase inhibition as assessed by fMRI
Hormones and behavior - ISSN 0018-506X - San diego, Academic press inc elsevier science, 104(2018), p. 63-76 
Full text (Publisher's DOI): https://doi.org/10.1016/J.YHBEH.2018.03.011 
To cite this reference: https://hdl.handle.net/10067/1505260151162165141

Institutional repository IRUA

http://anet.uantwerpen.be/irua


-1- 

 

Prepared for Hormones and Behavior 

Special Issue on Fast effects of steroids 

Revised March 15, 2018 

 

 

 

Rapid changes in auditory processing in songbirds following acute 

aromatase inhibition as assessed by fMRI 

 

Annemie Van der Linden1, Jacques Balthazart 2 

 

1Bio-Imaging Laboratory, University of Antwerp, CDE, Universiteitsplein 1, B-2610 

Antwerp, Belgium, and 2Research Group in Behavioral Neuroendocrinology, GIGA 

Neurosciences, University of Liège, B-4000 Liège, Belgium 

 

 

Key words: neuroestrogens; aromatase; songbirds; caudomedial nidopallium; HVC; 

European starling;  fMRI 

 

 

 

Running title:  fMRI of fast neuromodulation by estrogens  

 

 

 

 

Corresponding author: Professor Annemie Van der Linden, Bio-Imaging Laboratory, 

University of Antwerp, CDE, Universiteitsplein 1, B-2610 Antwerp, Belgium 

Email: annemie.vanderlinden@uantwerpen.be 

  



-2- 

Abstract 

This review introduces functional MRI (fMRI) as an outstanding tool to assess rapid 

effects of sex steroids on auditory processing in seasonal songbirds. We emphasize 

specific advantages of this method as compared to other more conventional and invasive 

methods used for this purpose and summarize an exemplary auditory fMRI study 

performed on male starlings exposed to different types of starling song before and 

immediately after the inhibition of aromatase activity by an i.p. injection of Vorozole™. 

We describe how most challenges that relate to the necessity to anesthetize subjects and 

minimize image- and sound-artifacts can be overcome in order to obtain a voxel-based 

3D-representation of changes in auditory brain activity to various sound stimuli before 

and immediately after a pharmacologically-induced depletion of endogenous estrogens. 

Analysis of the fMRI data by assumption-free statistical methods identified fast specific 

changes in activity in the auditory brain regions that were stimulus-specific, varying 

over different seasons, and in several instances lateralized to the left side of the brain. 

This set of results illustrates the unique features of fMRI that provides opportunities to 

localize and quantify the brain responses to rapid changes in hormonal status. fMRI 

offers a new image-guided research strategy in which the spatio-temporal profile of fast 

neuromodulations can be identified and linked to specific behavioral inputs or outputs. 

This approach can also be combined with more localized invasive methods to 

investigate the mechanisms underlying the observed neural changes.  
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Highlights  

 

-fMRI detects rapid changes in brain activity induced by acute aromatase inhibition 

 

-Effects of aromatase inhibition on starling brain auditory activity vary across seasons 

 

-Some effects of aromatase inhibition are lateralized to the left auditory cortex  

 

-Effects of aromatase inhibition are stimulus-specific 

 

-fMRI is an outstanding tool to localize rapid effects of steroids in the brain  
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1. Introduction 

Estrogens exert pleiotropic effects on a variety of morphological, physiological and 

behavioral responses in all vertebrate classes ranging from fishes to mammals. Effects of 

estrogens in the brain concern reproductive behaviors (aggression, copulation, sexual 

differentiation, control of gonadotropins secretion) but also pain perception, language 

acquisition, various aspects of cognition (verbal and spatial memory, mood), as well as 

more broadly brain plasticity (neurogenesis, synaptogenesis, spinogenesis, 

angiogenesis, neuroprotection), cancer cell growth or immune function (Amandusson 

and Blomqvist, 2013; Au et al., 2016; Ervin et al., 2015; Fortress and Frick, 2014; Luine 

and Frankfurt, 2013; Marrocco and McEwen, 2016; Srivastava et al., 2013) (for more 

information see two full books on this topic: (Balthazart and Ball, 2013; Etgen and Pfaff, 

2009)).  

It has long been thought that effects of estrogens on behavior rely on the same 

genomic mechanisms as morphological effects: estrogens regulate the expression of a 

variety of transmitters synthesizing or metabolizing enzymes and of neurotransmitters 

receptors, which in turn affect behavior expression. Estrogens like other steroids are 

indeed known to bind to intracellular receptors that then act as transcription factors to 

regulate gene expression (Jensen et al., 1968; McEwen and Alves, 1999). As such, these 

effects are relatively slow since they involve the transcription of specific genes into 

mRNA, their translation and then often posttranslational modifications of the resulting 

proteins and their incorporation into functional units (e.g. at the neuronal membrane). 

As a whole these processes take hours and sometimes days and as a result these 

genomic effects of steroid on behavior usually have latencies that range between a few 

hours and a few days. 

Faster actions of estrogens were however detected first at the cellular level (Kelly 

et al., 1976) (for reviews see:(McEwen, 1994; Schumacher, 1990)) and then more 

recently in terms of behavior control ((Cross and Roselli, 1999); reviews in (Balthazart 

and Ball, 2013; Cornil et al., 2012)). There was consequently a major paradigm shift in 

how we consider estrogens and more generally steroid action (Balthazart et al., 2018). 

Multiple reviews have dealt with this new way of thinking about steroid action (e.g. 

(Balthazart, 2017; Cornil et al., 2015; Foradori et al., 2008; Ronnekleiv and Kelly, 2017; 

Rudolph et al., 2016; Saldanha et al., 2011; Vasudevan and Pfaff, 2008). The current 
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Special Issue of Hormones and Behavior focuses on these fast actions of estrogens, and 

more broadly of steroids, on brain and behavior. In this context, we review here recent 

data demonstrating rapid actions of estrogens on stimulus processing in animals 

considering in particular our recent work analyzing rapid estrogen action on auditory 

processing in songbirds as assessed by functional magnetic resonance imaging 

(fMRI)(De Groof et al., 2017).  

 

2. Sex steroids and social communication 

Estradiol and testosterone have long been known to modulate both the production and 

the processing of external stimuli, in particular stimuli relevant to reproductive 

behaviors (Ball and Balthazart, 2009). It is for example clear that the production of 

rodent pheromones that control sexual interactions (Baum and Bakker, 2013; Petrulis, 

2013) and the vocal activity of some fishes, amphibians and songbirds are markedly 

influenced by androgens and estrogens (Bass, 2008; Brenowitz, 2004, 2008; Zornik and 

Kelley, 2011). Similarly, androgens drastically modify the electric organ discharges that 

are used by gymnotiform electric fishes for sex recognition (Bass and Zakon, 2005). 

Additionally, a host of studies demonstrate that steroids modify the perception 

and processing of sensory signals. This topic was recently covered in a special issue of 

Frontiers in Neuroendocrinology considering olfaction, vision, nociception and most 

importantly audition, which is the focus of this review (Balthazart, 2013). These effects 

of steroids are largely mediated by changes in the processing and interpretation of 

sensory signals by the brain, more than by changes in the sensory receptors themselves. 

There are only few examples where steroids were shown to modify the sensitivity or 

specificity of sensory detectors. One exception concerns neotropical electric fishes in 

which tuning of electrosensory receptors to changes in electrical organ discharges is 

affected by sex steroids. Similarly, estrogens modulate the inner ear capacity for 

encoding frequencies in female midshipman fishes, Porichthys notatus (Bass and Zakon, 

2005). Accordingly, estrogen receptors and sometimes the estrogen producing enzyme, 

aromatase, are expressed in the inner ear of a wide variety of species ranging from 

fishes to birds, rodents and probably humans (Bass and Zakon, 2005; Chariditi and 

Canlon, 2010; Munaut et al., 2001; Noirot et al., 2009). Sex steroids could thus act 

directly on the inner ear but there is to date limited evidence that this is the case, 

possibly because this possibility has not been extensively investigated. 
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There are in contrast many studies demonstrating that sex steroids modulate 

brain processing of stimuli related to reproduction and this correlates with the 

observation that steroid receptors and aromatase are expressed in many brain nuclei 

that are part of the olfactory, visual and auditory pathways. Nearly 50 years ago, Pfaff 

and Pfaffmann already discovered that sexually relevant olfactory inputs only reach the 

preoptic area of male rats if they are exposed to elevated concentrations of testosterone 

(Pfaff and Pfaffmann, 1969). Castration does not modify the detection of these signals by 

the olfactory receptors as shown by the fact that they elicit neural activity in the 

olfactory bulbs, but the surgery completely blocks the transfer of this information to the 

preoptic region, and this effect is reversed by a treatment with exogenous testosterone. 

Importantly, this effect of testosterone is specific to olfactory signals controlling sexual 

behavior (pheromones): other olfactory signals never reach the preoptic area 

independently of the endocrine condition of the subjects. This concept (central rather 

than peripheral controls) is supported by multiple studies based namely on the 

detection of brain activity via the demonstration of increased immediate early gene 

expression (fos or egr-1) that have subsequently confirmed the role of sex steroids in 

the selective processing of sexually relevant olfactory stimuli (Baum and Bakker, 2013; 

Petrulis, 2013; Wood and Newman, 1995). 

Other sensory modalities are similarly affected by sex steroids. This is not 

extensively documented for the visual system (Little, 2013) and in this specific case 

effects of estrogen seem to be mostly impacting the eye (Gupta et al., 2005; Hutchinson 

et al., 2014). The work of Richmond Thompson and collaborators in goldfishes 

(Carassius auratus) similarly demonstrates rapid actions of estrogens on the processing 

of visual stimuli and effects are mediated at least in part in the eye although this work 

does not exclude so far additional effects in the central nervous system (Lord et al., 

2009; Mangiamele et al., 2017; Yue et al., 2018). In contrast, there is an extensive 

literature demonstrating effects of sex steroids on the perception and processing of 

somatosensory inputs, in particular pain stimuli. This topic is however complex and the 

modulatory effect of sex steroids on nociception seems to vary as a function of the sex of 

the subjects, the type of painful stimuli and other specific aspects of the experimental 

protocols. This topic has been reviewed multiple times recently (see for recent reviews: 

(Amandusson and Blomqvist, 2013; Gintzler and Liu, 2012; Traub and Ji, 2013)) and is 

beyond the scope of the present paper. 
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The modulation of audition by steroids has also received a substantial attention 

in a variety of animal models including humans (Caras, 2013) and there is in particular a 

very substantial literature of the effect of estrogens on the processing of auditory 

stimuli, which is the focus of this review.  

 

3. Estrogens and audition 

There is multidimensional correlative evidence suggesting that estrogens modulate 

auditory function in humans. Women demonstrate a better perceptual sensitivity for 

high frequency sounds compared to males, their auditory function fluctuates in parallel 

with circulating estrogen concentrations during the menstrual cycle, and auditory 

function is decreased during pregnancy and after menopause but can be restored by a 

treatment with exogenous estrogens (reviewed in (Caras, 2013)). The causal value of 

these correlations has not been tested in humans for obvious ethical reasons but there is 

a variety of animal studies in fishes, frogs, birds and mammals demonstrating in a causal 

way the impact of estrogens on the processing of auditory stimuli (Caras, 2013; Maney 

and Pinaud, 2011; Miranda and Liu, 2009; Sisneros, 2009; Wilczynski et al., 1993; Zornik 

and Kelley, 2011). We briefly review here the available information related to songbirds 

that are the focus of this review and were used in our functional Magnetic Resonance 

Imaging (fMRI) studies. 

Songbirds are outstanding models in the study of vocal communication (Maney 

and Pinaud, 2011). Following the pioneering studies of William H. Thorpe and Peter 

Marler on the development of song in chaffinches (Fringilla coelebs) and white-crowned 

sparrows (Zonotrichia leucophrys) (Marler, 2004; Thorpe, 1954), Nottebohm and 

colleagues identified the neural network mediating song production in oscines 

(Nottebohm, 1980; Nottebohm et al., 1976). The auditory inputs to this circuitry were 

later described (Mello et al., 2004; Theunissen et al., 2008) and formed the basis of the 

functional studies of estrogens on audition. As already mentioned, estrogen receptors 

alpha and aromatase are expressed in the zebra finch (Taeniopygia guttata) inner ear 

(Noirot et al., 2009). They are also expressed together with estrogen receptor beta at 

high densities in a major telencephalic second-order auditory area of songbirds, the 

caudomedial nidopallium, NCM (Jeong et al., 2011; Metzdorf et al., 1999; Peterson et al., 

2005; Saldanha and Coomaralingam, 2005; Saldanha et al., 2000). Additionally, the 

membrane G protein-coupled estrogen receptor GPER1, also known as GPR30, is 
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expressed in broad areas of the zebra finch telencephalon (Acharya and Veney, 2012; 

Krentzel et al., 2018). 

Three types of evidence indicate that systemic estradiol presumably acting 

through these estrogen receptors regulate auditory sensitivity and selectivity. First, the 

auditory brainstem response (ABR) recorded immediately after the onset of auditory 

stimuli have an increased amplitude during the spring when circulating estradiol 

concentrations are high in a number of songbird species (Henry and Lucas, 2009; Lucas 

et al., 2007). Opposite effects have however been observed in white-breasted nuthatches 

(Sitta carolinensis) and downy woodpeckers (Picoides pubescens) (Lucas et al., 2002; 

Lucas et al., 2007). Seasonal plasticity thus seems to affect the peripheral auditory 

processing, possibly with estrogenic mediation of inner ear function (Caras, 2013). 

Accordingly, in another seasonal songbird, the Gambel’s white-crowned sparrow 

(Zonotrichia leucophrys gambelii), females in breeding condition (i.e. maintained under 

long day length and implanted with a subcutaneous estradiol pellet), the ABRs displayed 

elevated threshold and longer peak latencies compared to ABRs from females in non-

breeding condition (short day length and no estradiol implant) (Caras et al., 2010).  

Secondly, this role of estrogens is confirmed by electrophysiological recording of 

neurons in telencephalic auditory areas. The comparison of extracellular single unit 

responses to pure tones or to conspecific songs in white-crowned sparrows (Zonotrichia 

leucophrys) brought into breeding or non-breeding condition as described above 

identified highly specific effects of estradiol (Caras et al., 2012). Estradiol increased the 

spontaneous firing rates, the maximally evoked firing rates and the auditory response 

strength across a wide range of stimuli specifically in one class of cells showing a 

monotonic response to stimuli. The response properties of these cells were additionally 

correlated with circulating estradiol concentrations. These effects were not present in 

the non-monotonic cells that display suppressed firing rates at higher sound intensities. 

Other studies based on single- and multi-units recordings in canaries (Serinus canaria) 

have additionally reported enhanced spontaneous activity and neural selectivity for the 

bird own song (BOS) as a function of season in the song control nucleus HVC (used as a 

proper name) that receives indirect auditory inputs from the telencephalic auditory 

areas (Del Negro and Edeline, 2002; Del Negro et al., 2000; Del Negro et al., 2005). 

Similarly in zebra finches, increases in neuroestrogens in the auditory area NCM 

enhance song selectivity in HVC whereas opposite effects are observed following 
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inhibition of neuroestrogens production in NCM (Remage-Healey and Joshi, 2012). 

Thirdly and finally, multiple studies have analyzed the activation of neurons in 

the auditory telencephalic areas of songbirds in response to various auditory stimuli. 

Neuronal activation was identified by the increased expression of immediate early genes 

such as fos or ZENK (also know as zif-268, egr-1, NIFI-A or krox-24)(Maney and Pinaud, 

2011; Mello et al., 2004). These studies clearly demonstrate that the neuronal activation 

in these auditory area is specifically related to the nature of the sound stimuli ((Gentner 

et al., 2001; Leitner et al., 2005; Mello and Clayton, 1994; Mello and Ribeiro, 1998; 

Monbureau et al., 2015), reviewed in (Maney and Pinaud, 2011)). 

In addition, this approach has shown that estrogens modulate the immediate 

early gene response in telencephalic auditory area mainly in NCM and in the 

caudomedial mesopallium, CMM. In females of a seasonally-breeding species, the white-

throated sparrow (Zonotrichia albicollis), the systemic administration of estradiol 

resulted in a higher density of ZENK-immunopositive cells in NCM and CMM in response 

to song exposure as compared to pure tones but this stimulus specificity was absent in 

untreated birds (Maney et al., 2006; Sanford et al., 2010). Similarly, species-specific 

songs and calls induced a higher density of ZENK–positive cells than heterospecific 

vocalizations in the NCM of male black-capped chickadees (Poecile atricapilus) during 

the breeding season but not in birds that were not in reproductive condition (Phillmore 

et al., 2011) 

Taken together, these studies indicate that estrogens modulate the auditory 

inputs reaching HVC. How much of this regulation mirrors changes in the inner ear that 

are reflected in the ABR versus central changes taking place in the telencephalic 

auditory areas remains somewhat unclear but recent work focusing on rapid effects of 

estrogens brings direct support to the latter of these options. This work has been 

reviewed multiple times (Krentzel and Remage-Healey, 2015; Remage-Healey, 2012, 

2013; Remage-Healey et al., 2012) and is also considered in detail in this special issue 

(see Remage-Healey and Vahaba, this volume). It will thus be mentioned here only 

briefly. 

The development of in vivo dialysis and of ultrasensitive radioimmunoassays for 

estradiol recently allowed investigations of endogenous fluctuations of estradiol 

concentrations in the NCM of awake zebra finches. These studies revealed that local 

estradiol concentrations significantly increase within 30 min in NCM but not in adjacent 



-10- 

areas when males engage in social interactions with females (Remage-Healey et al., 

2008). Additional experiments showed that acoustic playback of male songs is sufficient 

to produce rapid increase in NCM estradiol concentrations (Remage-Healey et al., 2008). 

Because these changes were not reflected in the periphery, they presumably reflect a 

local production of neuroestrogens. 

Retrodialysis of estradiol or of aromatase inhibitors was then combined with 

electrophysiology to analyze the functional significance of these rapid changes in 

estradiol concentration in NCM. Retrodialysis of estradiol in anesthetized males rapidly 

(within minutes) increased the auditory-evoked activity of NCM neurons and this 

response returned to baseline in the subsequent wash-out condition (Remage-Healey et 

al., 2010). This global increase was caused by the switch of some neurons from a tonic, 

isolated firing pattern to a burst firing pattern under the influence of estradiol. 

Conversely when the aromatase inhibitor Fadrozole™ was retrodialyzed, the rate of 

burst firing in neurons was significantly inhibited and again the effect rapidly 

disappeared at wash-out. Similar rapid electrophysiological effects of estradiol were 

observed in females although in this sex, elevated neuroestradiol concentrations were 

observed only in response to auditory stimuli whereas they were detected in response 

to visual and auditory stimuli in males (Remage-Healey et al., 2012).  

Another heroic set of studies combining retrodialysis with electrophysiological 

recording at two distinct brain sites further indicated that the estradiol-induced 

increase in auditory-evoked firing in NCM also enhanced the selectivity of auditory-

evoked responses in the downstream sensorimotor nucleus HVC (Remage-Healey and 

Joshi, 2012). Because NCM is not mono-synaptically connected to HVC, additional 

research was designed to investigate the pathway mediating this effect. This research 

demonstrated that the rapid effects of estrogens in NCM influence HVC via the nucleus 

interfacialis of the nidopallium (Nif) that has a direct input to HVC. Acute administration 

of estradiol to NCM increased the baseline firing rate and auditory-evoked firing rates in 

Nif while blockade of estradiol synthesis in NCM decreased selectivity of Nif and HVC 

neurons (Pawlisch and Remage-Healey, 2015). 

It was also shown that these changes in electrophysiological activity in NCM and 

HVC have functional consequences at the behavioral level. Retrodialysis of Fadrozole™ 

into the left NCM of awake male zebra finches caused within 30 min an acute 

suppression of their preference for their own song versus a conspecific song and after 
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30 min of wash-out the preference for the familiar versus unfamiliar song was restored. 

Surprisingly, no such effect was observed after retrodialysis of Fadrozole™ in the right 

NCM (Remage-Healey et al., 2010).  

A more recent study of this group revealed an age-dependent lateralisation of 

estradiol action on auditory processing in male zebra finches. More specifically, estradiol 

decreased auditory responsiveness in both hemispheres during the sensory phase of 

song learning, but estradiol increased auditory response in the right NCM and still 

decreased it in the left NCM during the sensorimotor phase (Vahaba et al., 2017). Given 

that previous studies in adult birds showed that inhibition of estrogens production in 

the left NCM suppresses burst firing of auditory neurons and interferes with proper 

song discrimination (Remage-Healey et al., 2010), it appears that there is an age-

dependent shift in auditory processing and in its lateralized sensitivity to estrogens that 

would deserve further investigation. Taken together, all these data indicate that 

estrogens modulate auditory perception on songbirds by acting both at the level of the 

inner ear and in the telencephalic auditory area NCM. 

 

4. Functional Magnetic Resonance Imaging for non-invasive studies of brain 

activity and its (hormonal) modulations  

To obtain a comprehensive understanding of the neuromodulatory impact of hormones, 

a careful selection of appropriate research strategies and techniques is crucial. As 

outlined above, most research on neuronal activity and its modulation by hormones in 

songbirds was so far performed using electrophysiology or immediate early gene 

techniques (ZENK, fos). These techniques are highly sensitive and specific, but they are 

invasive and/or constrained to a specific region of the brain. Therefore, they do not 

allow (1) to link changes in time of behavior with possible alterations in brain structure 

and function in the same bird and (2) to discern comprehensive neural network 

modulations over time within the same bird. In addition, it has been clearly 

demonstrated that any kind of brain injury induces expression of glial aromatase in both 

the songbird and mammalian brain (Garcia-Segura et al., 1999; Peterson et al., 2001; 

Saldanha et al., 2005). The simple fact of lowering an electrode or dialysis probe into the 

brain thus induces expression of the estrogen-synthesizing enzyme, which potentially 

confounds the results of studies analyzing actions of neuroestrogens. In contrast, in vivo 

imaging techniques and in particular fMRI is capable of overcoming these limitations 
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and was proven appropriate and very promising for observing and further unraveling 

fast hormone actions in the brain. 

We will now briefly introduce the principles and the applicability of in vivo MRI 

as a novel tool that was first applied to the study of songbirds by our team in 1998 (Van 

der Linden et al., 1998). This has since then resulted in an extensive list of publications 

based on in vivo MRI studies of songbirds from our team often in collaboration with 

other songbird neuroscientists. These studies are dedicated to topics such as MRI atlases 

(De Groof et al., 2016; Gunturkun et al., 2013; Poirier et al., 2008; Vellema et al., 2011), 

or seasonal and hormone-driven neuroplasticity in canaries (Tindemans et al., 2003; 

Van der Linden et al., 2002) or starlings (De Groof et al., 2009; De Groof et al., 2008; Van 

der Linden et al., 2004; Van der Linden et al., 2002; Van Meir et al., 2004).  

These anatomical studies were followed by the first functional MRI studies of 

auditory processing in songbirds that were performed in starlings (Van Meir et al., 2005; 

De Groof et al., 2017; De Groof et al., 2013b) and in zebra finches (Boumans et al., 2008a; 

Boumans et al., 2007; Boumans et al., 2008b; Poirier et al., 2011; Poirier et al., 2010; van 

der Kant et al., 2013; Van Ruijssevelt et al., 2018; Van Ruijssevelt et al., 2017a; Van 

Ruijssevelt et al., 2017b; Vignal et al., 2008)(For reviews see: (Hamaide et al., 2016; Van 

der Linden et al., 2009; Van Ruijssevelt et al., 2013b)). Auditory processing in zebra 

finches was further investigated using functional MRI by Voss et al. (Voss et al., 2007), 

focusing on modulations in auditory responses in a model for stuttering (Voss et al., 

2010) and in song-deprived males and females (Maul et al., 2010).  

In principle, MRI is a non-invasive imaging technique used both in clinical and 

research settings to investigate all types of soft tissue including the brain. MRI allows the 

acquisition of virtual slices in any direction throughout the entire organism or any part 

of it such as the brain. Its success mainly resides in its high spatial resolution (e.g., 150 

microns or even less in small animals), superior tissue contrast and non-invasive nature, 

which allows repeated imaging of the same subject. This permits longitudinal studies 

where for each subject the outcome can be compared to its own baseline measurement 

along the course of a pathology, over different training sessions or before and after 

neuromodulatory interventions of any kind (For more details on the MRI method, we 

refer the reader to the following books: (McRobbie et al., 2006; Westbrook et al., 2005)). 

After image acquisition, data can be processed by assumption-free data-driven 

strategies enabling detection of changes throughout the entire brain instead of using 
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Regions Of Interest (ROI)-based processing techniques in a hypothesis-driven approach. 

Furthermore, the MRI signal can be sensitized to a wide range of biological phenomena 

by varying the MRI acquisition protocols. This implies that using MRI one can explore - 

even within the same experiment and in 3D - anatomy, microstructural tissue 

characteristics, blood perfusion and, if studying the brain, even neuronal activation in 

response to any type of stimulation.  

This latter approach is called functional MRI (fMRI) and uses neuronal activity-

induced changes in the local blood perfusion (the so-called hemodynamic response) as 

readout for brain activity. The responsible contrast mechanism is the Blood-

Oxygenation Level-Dependent (BOLD) contrast that relies on subtle differences in the 

magnetic properties of oxygenated (diamagnetic) versus deoxygenated (paramagnetic, 

disturbing the local magnetic field) hemoglobin. When challenged by a specific task or 

stimulation, specific neuronal populations will metabolize more glucose and thus use 

more oxygen. This will induce a hemodynamic response resulting in an increase of the 

blood flow and blood volume in that area within a few seconds. This will also result in a 

local change of the ratio of oxygenated versus deoxygenated hemoglobin evoking a local 

BOLD contrast (Logothetis, 2002, 2008; Logothetis et al., 2001). Subjects must remain 

immobilized throughout the scanning procedure for fMRI to be successful. For animals, 

this usually requires the use of anesthesia, which limits the type of experiments or 

stimulation paradigms that can be applied (see also (Van der Linden et al., 2007)). 

However, a number of studies have explored possible ways of performing fMRI studies 

by implementing training protocols to teach animals to remain immobile in combination 

with restraining. Examples of awake fMRI are found in rodents (Ferris et al., 2011; 

Jonckers et al., 2014; King et al., 2005) but also in pigeons (De Groof et al., 2013a) and 

zebra finches (Van Ruijssevelt et al., 2017a).  

Exact details on how fMRI can be performed in songbirds are provided in a 

review paper (Poirier et al., 2010) but also in a video available in JoVe (Van Ruijssevelt 

et al., 2013a). In the next chapter, we now summarize a study that we recently published 

(De Groof et al., 2017) to illustrate the use of fMRI in studying the spatial extend of rapid 

effects of aromatase inhibition on auditory processing in the telencephalon/brain of 

male starlings over different seasons.  
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5. Functional MRI visualizes fast effects of brain estrogens depletion following 

acute aromatase inhibition on auditory processing in a seasonal songbird 

We initially established using fMRI that auditory processing by the caudomedial 

nidopallium (NCM) of male European starlings (Sturnus vulgaris) of species-specific 

aspects of songs (whistles and warblings i.e. high-pitched trills coming from the end of 

the warbling that are found in the repertoire of all male starlings; SPEC) significantly 

differs between breeding and non-breeding seasons, while processing of individual-

specific aspects of songs (individual motifs taken from the initial part of the warbling 

that are specific to each individual; INDIV) and pure-tones (control) remain unaffected 

(De Groof et al., 2013b) (see (Hausberger et al., 1997) for detailed description of these 

vocalizations). Seasonal songbirds are exposed to extremely different concentrations of 

testosterone (T) and its brain metabolite estradiol (E2) in the breeding and non-

breeding seasons (Fusani et al., 2000; Riters et al., 2001; Soma et al., 2003). In follow-up 

studies, we therefore asked whether these seasonal differences in activity of auditory 

regions are controlled by changes in steroid concentrations. Furthermore, since E2 has 

been shown to rapidly modulate neuronal activity in the auditory cortex of zebra finches 

(Remage-Healey et al., 2010; Tremere and Pinaud, 2011), we asked whether rapid 

changes in brain estrogens concentrations would also affect auditory processing and 

which brain regions would be involved. Availability of estrogens in the brain was 

affected in these experiments by acutely blocking aromatase activity by an i.p. injection 

of the aromatase inhibitor Vorozole™ (VOR). 

Finally, because studies in a variety of models showed that rapid behavioral 

effects of E2 are modulated by the photoperiod (in California mice, Peromyscus 

californicus; (Trainor et al., 2008)) or by seasons (in a songbird, the song sparrow, 

Melospiza melodia; (Heimovics et al., 2012; Heimovics et al., 2015)), we wondered 

whether rapid effects of manipulations of E2 availability would be similar at different 

times of the year. Therefore, fMRI imaging sessions assessing acute effects of estrogen 

depletion were performed at three different times of the year, specifically in December 

(birds exposed to a 8 h light/16 h dark cycle), in early March (11 h light/13 h dark) and 

again in May/June (16 h light/8 h dark). Because we wanted to assess the effect of 

seasonal changes on rapid effects of E2 depletion without the confounding effect of the 

seasonal changes in circulating testosterone (T) concentrations, males were chronically 

treated with T for 3 weeks before each imaging session.  
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In each set of studies, fMRI was used to assess auditory brain responses to the 

presentation of songs stimuli conveying either species-specific (SPEC songs) or 

individual information (INDIV songs)(see (De Groof et al., 2017)) or to synthetic pure 

tones (PT). fMRI responses were first quantified during a control session and then 10 

min after an intraperitoneal injection of the aromatase inhibitor Vorozole (6-[(4-

chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl]-1-methyl-1H-benzotriazole; 30 mg/kg) 

(VOR; (Wouters et al., 1994)) (See Figure 1).  

 

Insert figure 1 about here  

 

fMRI data were acquired in a Magnetic Resonance system (Bruker Biospin) as 

previously described (De Groof et al., 2013b). Subjects were anesthetized throughout 

data acquisition and their body temperature was constantly monitored and maintained 

at 41.5±0.5 °C by a feedback heating system, a critical feature to ensure reliability and 

reproducibility of measures of brain activity. Anesthesia was first induced by an 

intramuscular injection of a standard amount of medetomidine and ketamine and then 

maintained during the entire period of image acquisition by continuous infusion of this 

mixture at doses that were adapted to maintain a stable respiration rate and amplitude. 

fMRI data were acquired using a T2-weighted fast-spin echo sequence.. In addition, 

anatomical three-dimensional (3D) images were obtained using a RARE T2-weighted 

sequence to provide accurate localization of functional data.  

Each imaging session was based on an ON/OFF block design alternating periods 

of auditory stimulation (ON blocks) with resting periods (OFF blocks). Each block (ON or 

OFF) lasted 16 s, which allowed enough time for the acquisition of two images (8 s are 

needed to acquired an image of the whole brain). Each stimulus type was presented 42 

times, thus resulting in the acquisition of 84 images per stimulus. The order of stimuli 

presentation was counterbalanced within and between subjects and each starling was 

presented with the same set of three stimuli during each fMRI session in each season. 

 

5.1. Localization by fMRI of the acute effects of aromatase inhibition on auditory 

responses in the starling brain over seasons  
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fMRI data sets of the entire brain were obtained repeatedly from the same bird over 

three different seasons and before and after an i.p. injection of Vorozole™ (VOR) (see 

figure 1). All fMRI images from each subject were then co-registered to each individual 

anatomical 3D dataset and spatially normalized (SPM12) with a high-resolution ex vivo 

starling MRI atlas (De Groof et al., 2016). Subsequently, the entire set of data was 

analyzed by a three way ANOVA including the two treatments (Control vs. VOR), the 

different stimuli (SPEC, INDIV and PT) and the three seasons (December, March, 

May/June) as factors. Main effects of the factors and of their interactions were 

subsequently explored looking selectively at voxels that demonstrated a significant 

BOLD response to any of the stimuli at any time point. 

This global analysis identified a significant overall effect of stimuli in a bilateral 

cluster and a significant overall effect of treatments in a cluster specifically located on 

the left side of the brain. There was also a nearly significant season by treatment 

interaction. 

The area demonstrating an overall effect of stimuli is illustrated in figure 2. The 

voxels displaying a significant effect overlap with NCM, Field L and CMM on both sides of 

the brain. Additional analyses showed that this global effect resulted from a higher 

BOLD response to INDIV as compared to PT and to SPEC as compared to PT. 

 

Insert figure 2 about here  

 

The overall effect of treatment (VOR vs. Control) concerned an area overlapping with 

the rostral NCM and Field L but was quite interestingly located exclusively in the left 

hemisphere (see figure 3). 

 

Insert figure 3 about here  

 

The acute inhibition of aromatase by VOR thus triggered a rapid and marked decrease in 

BOLD responses to conspecific songs in auditory brain regions. Additional analyses 

revealed that the overall effect was essentially triggered by the largest effect present in 

March and this is actually the only season when post-hoc tests indicated a significant 

effect of VOR. Although there was no overall effect of seasons, the post-hoc tests also 
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indicated a decrease in response in the control condition in May/June as compared to 

March. 

Finally, the season by treatment interaction specifically concerned the caudal 

NCM and was again exclusively located in the left hemisphere (see figure 4). 

 

Insert figure 4 about here  

 

The post-hoc analyses demonstrated that the interaction was due to the presence of a 

significant treatment effect in March but not in the two other seasons and also from a 

lower response in control conditions in May/June as compared to the two other seasons. 

 

5.2. Lateralization of responses 

A number of brain activations were thus observed in the left but not the right 

hemisphere. This however did not by itself demonstrate the existence of a lateralization. 

Voxels might just be significant on one side and be just above the significance threshold 

on the other side but not be statistically different between the left and right side. In 

order to determine whether there were statistically significant differences in responses 

between the two hemispheres, we directly compared brain activation in the regions of 

interest in the left side defined by the analyses described above and in equivalent areas 

on the right side. These analyses thus concerned the rostral NCM/Field L where an effect 

of treatment had been identified on the left side and the caudal NCM that was affected by 

the treatment by season interaction. The corresponding results are summarized in 

figure 5. 

 

Insert figure 5 about here 

 

Analysis of these data by two separate two-way ANOVA (2 repeated factors: 

hemispheres and seasons) identified in both cases a significant season by hemisphere 

interaction that was in both cases driven by a larger response on the left compared to 

the right side observed selectively in March but not in December nor May/June. This 

confirmed therefore the presence of a true lateralization of responses but this 

lateralization was particularly prominent or exclusively observed in March during the 

reproductive season. 
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5.3. Song stimulus specificity of aromatase inhibition effects on auditory responses 

We also wondered whether the treatment by season interaction would differentially 

affect the brain activation induced by the different stimuli. The effects of VOR were 

therefore analyzed for each stimulus during each season separately (figure 6). 

 

Insert figure 6 about here  

 

In December, aromatase inhibition rapidly reduced BOLD responses to INDIV songs but 

not to other stimuli in the left rostral NCM/Field L. In March, VOR also decreased -

auditory-evoked BOLD responses in left NCM/Field L, but in this case, the effect was 

observed for each of the three types of stimuli including pure tones. Finally, in May/June 

estrogen depletion decreased auditory-evoked BOLD responses in left rostral 

NCM/Field L and post-hoc analysis revealed the effect was significant only for SPEC 

songs. 

 

6. Discussion 

6.1. Rapid changes in brain auditory activity are revealed by fMRI 

Together, these data demonstrate that the estrogen synthase inhibitor Vorozole™ 

rapidly (within 10 to 45 min) affects brain auditory activity in a region- and season-

specific manner. These effects are in full agreement with the rapid changes in neuronal 

activity previously observed by electrophysiology in the zebra finch NCM following 

aromatase inhibition (Remage-Healey et al., 2010; Tremere and Pinaud, 2011). Analysis 

of changes in brain activity by assumption-free methods additionally allowed describing 

the full neuroanatomical extent of the effects. These acute changes in activity 

differentially affect the rostral versus caudal NCM as a function of seasons: there was a 

major inhibition of the BOLD response by VOR in the caudal NCM in March but not in 

December nor in May/June. Interestingly, this region of the caudal NCM seems to 

correspond in parasagittal view to the region that shows a dense expression of 

aromatase mRNA in two separate species of songbirds, zebra finches (Pinaud et al., 

2006) and black redstarts, Phoenicurus ochuros (Apfelbeck et al., 2013). This region also 

contains dense populations of neurons expressing the aromatase protein as revealed by 

immunohistochemistry (Balthazart et al., 1996; Saldanha et al., 2000). 
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These effects are presumably too fast to be mediated by the classical mechanism 

of steroid action that involves the binding to intracellular receptors and modulation of 

the transcription of specific genes. The effects probably result from membrane-initiated 

effects as already demonstrated in electrophysiological studies using estradiol bound to 

a compound that prevents its entrance into brain cells (e.g. bovine serum albumin or 

biotin; (Remage-Healey et al., 2012)). Recent research also demonstrated that the 

membrane GPER1 plays a critical sexually differentiated role in the control of the 

electrophysiological activity underlying auditory processing in zebra finches. Activation 

of GPER1 did not, however, mimic all effects of estradiol indicating that other types of 

membrane estrogen receptors must be implicated in the modulation of rapid effects of 

estrogens on auditory processing (Krentzel et al., 2018). Similar approaches using 

agonists and antagonists of membrane estrogen receptors or estrogenic compounds that 

cannot pass the cell membrane could be used in the future to confirm that effects 

described here by fMRI are similarly mediated by membrane estrogen receptors. 

Interestingly, many of the observed effects were specifically lateralized to the left 

side of the brain. This lateralization is reminiscent of behavioral studies demonstrating 

that aromatase inhibition in the left but not the right NCM decreases the preference of 

zebra finches for their own song (Remage-Healey et al., 2010). The mechanism 

underlying this lateralization remains unclear at this time. Radioenzymatic assays did 

not detect a systematic difference in aromatase activity between the left and right NCM 

or CMM (De Groof et al., 2017) but this does not exclude that rapid changes in enzymatic 

activity, such as those triggered by activity-dependent phosphorylations (Charlier et al., 

2011) could be lateralized and explain the differential response to VOR. Any other 

aspect of estrogens actions (density of receptors, their coupling with the downstream 

signaling cascades, …) could of course also be lateralized and this topic should be further 

investigated. 

These fMRI studies also revealed that estrogens bioavailability seem to 

differentially affect the auditory BOLD responses to specific stimuli in a season-specific 

manner. This finding is reminiscent of our previously identified differences between 

birds studied during and outside the breeding season that showed a decreased BOLD 

response in caudal NCM to species-specific signals in the breeding season while 

responses to individual-specific signals remained unaltered (De Groof et al., 2013b). 

Note that responses to all auditory stimuli were on average decreased following VOR 
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injection at all three time points. The magnitude of the effects was however variable so 

that some decreases reached statistical significance while others did not. It would be 

biologically relevant to have more prominent effects of estrogens depletion during the 

breeding season than outside this season but additional work should be performed to 

test the reliability of these apparent seasonal changes in stimuli specificity. The final 

answer to this question should also guide future work investigating the anatomical site 

where aromatase inhibition produces these effects: more general effects would be 

expected following inhibition of aromatase in the ear or in initials relays of the auditory 

pathway (e.g. Field L) than following inhibition in NCM.  

 

6.2. Cautions when applying (auditory) fMRI in songbirds 

Anesthesia affects the outcome of functional imaging by influencing specific 

neurotransmitter systems, physiological parameters such as body temperature and 

vascular tone. These changes potentially impact the neurovascular coupling (Richards, 

2002) and the BOLD signal (Vanhoutte et al., 2006). Boumans and colleagues compared 

in adult male zebra finches the auditory fMRI responses in the primary and secondary 

auditory cortices acquired under different types of anesthesia including isoflurane, 

medetomidine and urethane. They found that song stimulation under isoflurane and 

urethane anesthesia elicit larger areas of activation compared to medetomidine 

(Boumans et al., 2007). Moreover, the effects of anesthesia are considered to be region-

specific, as demonstrated by different neural responses in HVC in awake versus 

urethane-anesthetized zebra finches (Vallentin et al., 2016). Based on 

electrophysiological recordings in the primary auditory area of female starlings, Karino 

et al. demonstrated that anesthesia (1.82 mg/kg of medetomidine and 4.55 mg/kg of 

ketamine) modulates neuronal responses to biologically irrelevant and relevant sounds 

(Karino et al., 2016). A recent publication however by Van Ruijssevelt et al. compared 

fMRI results in zebra finches that were either awake or lightly anesthetized with either 

isoflurane or a combination of medetomidine and isoflurane. They demonstrated that 

isoflurane alone (1.2%) appeared to be the most promising anesthesia given the high 

success rate, non-invasive induction, quick recovery and limited effects on selective 

BOLD responses to natural versus synthetic sounds in zebra finches (Van Ruijssevelt et 

al., 2017a). 
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Although anesthesia constrains the results that can be obtained by fMRI, awake 

experiments, which have recently shown to be feasible (De Groof et al., 2013a; Van 

Ruijssevelt et al., 2017a) also come with limitations. They require a very long and 

tedious training of the subjects, which limits the applicability of this approach when 

larger groups of animals are needed, as is the case for auditory fMRI studies (usually n= 

10 to 15). The two awake studies we carried out also taught us that maintaining a 

constant level of alertness of the trained animal during scanning poses an additional 

challenge. In this respect, auditory fMRI under light anesthesia offers a well-controlled 

alternative provided sufficient validation studies comparing awake and anesthetized 

outcomes are performed. 

The air cavities in the skull of songbirds induce marked artifacts on susceptibility 

weighted images, gradient echo or T2*-weighted images commonly used to perform 

BOLD fMRI. This T2* contrast increases with higher field strengths that are needed to 

obtain sufficient contrast to noise ratios in small voxels as required for fMRI on the very 

tiny songbird brain. To overcome this problem of susceptibility artifacts, Poirier et al. 

proposed using spin echo (SE) or T2-weighted, instead of gradient echo (GE) sequences 

for bird brain fMRI (Poirier et al., 2010). SE sequences, although suffering from a lower 

BOLD contrast-to-noise ratio, are still sufficiently sensitive to detect differential BOLD 

responses to different kinds of auditory stimuli such as avian songs and without 

substantial artefacts as shown by all our subsequent fMRI studies in starlings and zebra 

finches (Poirier et al., 2011; van der Kant et al., 2013; Van Ruijssevelt et al., 2018; Van 

Ruijssevelt et al., 2017a; Van Ruijssevelt et al., 2017b). Because one of the most 

important assets of fMRI remains its in vivo entire brain approach, allowing repeated 

measures and subsequent voxel-based analyses, the obtained images should be artefact-

free to allow their accurate realignment in space and time. The use of SE images with 

fewer artefacts allowed us to obtain accurate voxel-based image analysis leading to 

assumption-free discoveries of zebra finch brain areas that are involved in own song 

recognition such as the dorso-lateral mesencephalic nucleus Mld (Poirier et al., 2009) 

and uncover a novel region involved in auditory perceptual decision-making in a 

sensory integrative region, the caudocentral nidopallium (NCC), outside the traditionally 

studied auditory forebrain pathways (Van Ruijssevelt et al., 2018). In relation to the 

present review, this approach led to the discovery of seasonal changes and hormone-

induced fast modulations of auditory processing of specific vocalization in specific 
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regions of the auditory system (NCM) in starlings (De Groof et al., 2017; De Groof et al., 

2013b).  

The switching of magnetic gradients in the magnet during image acquisition 

produces substantial noise (80dB), which also poses specific challenges for auditory 

fMRI and auditory stimulation inside the MRI bore. Furthermore, this noise aggravates 

at higher field strengths, which could make it impossible for (anesthetized) birds to 

distinguish scanner noise from the auditory stimulation. To overcome this problem, long 

gradient ramp times can be implemented as they result in less acoustic noise produced 

by gradient switching, although they increase the acquisition time of one slice and thus 

limit the number of slices one can acquire (Poirier et al., 2010). Fortunately, BOLD 

responses to continuous tone stimulation (such as gradient noise) in the avian 

secondary auditory system (NCM) have a very low amplitude, while sounds with more 

complex acoustic features, such as songs, elicit a more sustained response (Van Meir et 

al., 2005) so that auditory fMRI experiments assessing brain activity in response to 

songs remain feasible. Therefore, we have never been forced to reduce the effect of 

gradient by noise cancellation headphones or similar procedures. Furthermore, and 

maybe more surprisingly, the scanner magnet enhances specific frequencies of sound 

stimuli. To compensate for this artificial enhancement, equalizer functions are usually 

applied and always validated in play back experiments with behavioral readouts 

(Boumans et al., 2008a). 

 

6.3. Other in vivo imaging modalities used in (song)birds: PET 

Other in vivo imaging methods, such as Positron Emission Tomography (PET), were 

introduced very recently in songbirds. Gold et al. (2016) studied the entire brain 18F-

fluorodeoxyglucose (18F-FDG) uptake associated with flight in starlings (Gold et al., 

2016) and several studies reported (18F-FDG) PET data on corvids visualizing the 

neural substrates that support different cognitive processes (Cross et al., 2013; Marzluff 

et al., 2012; Morell, 2013). Importantly with this technique, the cognitive tasks could 

take place in awake birds who had received an 18F-FDG injection before performing the 

task. Subsequently, the 18F-FDG PET data were acquired under anesthesia -for proper 

immobilization- and superimposed on anatomical MRI data for more accurate definition 

of the regions accumulating 18F-FDG in the (lower resolution) PET images. More 

relevant to the topic of this review, Lattin et al. using in vivo (18F-FDG) PET examined 
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the long-term effects of estradiol on male song processing in female house sparrows 

(Passer domesticus)(Lattin et al., 2017). They demonstrated that large scale brain 

activity in females exposed to heterospecific songs immediately prior to imaging are 

significantly reduced in females with estradiol implants.    

As compared to BOLD fMRI, the limitations of PET are the lower spatial 

resolution (800 microns) and obligatory timed radiotracer injection, which limits the 

number of stimuli that can be individually assessed in a single experiment but also limits 

the time window during which neuromodulation can be detected. However, recently 

Villien and colleagues developed the so-called fPET-FDG technique that can be used in 

an analysis pipeline similar to fMRI to define within-session differential metabolic 

responses (Villien et al., 2014). PET on the other hand can provide excellent information 

complementing fMRI such as the localization and density of specific hormone or 

neurotransmitter receptors as shown for estrogen receptors in rats (Khayum et al., 

2014). Using female zebra finches, a very nice recent study used a delayed 

[11C]raclopride-PET technique to detect changes in striatal dopamine 

neurotransmission after hearing song in awake female zebra finches (Tokarev et al., 

2017)  

Combining both imaging modalities, one could use PET to obtain information on 

the localization and quantification of specific receptors even in awake conditions (while 

performing particular tasks or being exposed to specific stimuli), while fMRI could 

provide accurate spatio-temporal information (about 150 versus 800 microns 

resolution) on differential brain responses to several sensory stimuli within a single 

experiment. Such multimodal imaging studies combining the best of two worlds have 

started to emerge in humans (Wei et al., 2017) and should be developed in animal 

models. 

 

6.4. Advantages of using functional Magnetic Resonance Imaging in songbirds 

Contrary to what happened in neuroscience research on rodent models, MRI came as a 

quite late player in the songbird neuroscience community. Since then the long list of 

publications from our team and others have proven that the major drawbacks 

associated with the use of this technique in songbird (see section 6.2 before) can be 

overcome. Functional MRI has proven to stand out as an excellent complementary tool 

with specific advantages as compared to the other more conventional methods 
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recognized by this field. In relation to the topic of the current paper, we show here that 

fMRI provides an outstanding tool to assess rapid effects of sex steroids on auditory 

processing and potentially on other brain functions that can be studied in anesthetized 

subjects. It has limitations compared to electrophysiology or to the immediate early 

gene approach but also has several advantages. One of the limitations relates to the 

recently publicized problem of false positive results (Cox et al., 2017; Eklund et al., 

2016) and lack of reproducibility of fMRI (Glasser et al., 2016; Munafo et al., 2017; 

Poldrack et al., 2017). One should be fully aware that any fMRI outcome can be biased by 

(1) the nature of the data acquisition (spatial and temporal resolution, stability MR 

system); (2) the preprocessing algorithms to correct for motion, drift and normalization 

of the data to a template; (3) the methodology of data analysis and subsequent statistical 

analysis. The complexity of these processes might indeed lead to reproducibility 

problems but these can be minimized by carefully controlling all aspects in the 

procedure and standardizing them across experiments and laboratories. Ultimately, the 

reliability of the results will depend on whether they can be reproduced or not. The fact 

that two of our studies (De Groof et al., 2017; De Groof et al., 2013b) produced closely 

related results is certainly encouraging in this respect. 

As opposed to electrophysiological approach, the fMRI technique allowed us to 

precisely define in an assumption-free manner the brain areas where changes in 

auditory processing occur and to delineate their extent. These changes in brain activity 

involve all secondary auditory brain regions when responses to specific stimuli are 

concerned but the season by treatment interaction only pointed out to the caudal NCM. 

This suggests that estrogen effects might be preferentially located in this subregion that 

displays a high aromatase expression and also potentially rapid fluctuations of E2 

concentrations (Remage-Healey et al., 2008). Clearly the fMRI outcome could stimulate 

further molecular characterization of the observed changes. 

In addition, as opposed to ZENK and fos data, the fMRI approach allows us to 

investigate the neuromodulatory impact of hormones on the neural response to multiple 

auditory stimuli in the same bird, which represents a major advantage compared to the 

approach based on immediate early genes detection in which response to only a single 

stimulus can usually be analyzed, unless different genes are detected by double or triple 

label immunohistochemistry or in situ hybridization following exposure at different time 

points to different stimuli (e.g. (Vazdarjanova and Guzowski, 2004; Zhang et al., 2018)). 
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However, this procedure is complex, technically challenging and potentially associated 

with interpretation problems. Moreover, the in vivo nature of the fMRI method allows 

linking the observed neuronal modulations to behavioral changes in the same 

individual. 

The current review clearly shows the added value of fMRI but at the same time 

illustrates that still many opportunities and possibilities to investigate the brain 

responses to fast hormonal changes using fMRI remain unexplored.  We hope that this 

review and the study presented as an example convinced the reader that functional MRI 

offers a clear assumption-free image-guided research strategy in which the spatio-

temporal profile of fast steroid-induced changes in brain function can be uncovered and 

linked to specific functional responses. This should identify new mechanisms and areas 

of research that could then be further targeted with more localized invasive methods to 

help understanding underlying mechanisms down to the molecular level. 
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Figure legends 

 

Figure 1. Experimental design used to test the effect of acute aromatase blockade by 

Vorozole™ (VOR; 30 mg/kg). The down pointing arrow indicates when VOR was injected. 

Each fMRI session lasted for 35 min and VOR injection was done 10 min before the second 

fMRI session. The figure illustrates the ON-OFF block paradigm diagram used to present 

the different auditory stimuli during acquisition of fMRI data. These imaging sessions were 

repeated in the same birds at three different time points across the year each time before 

and after an injection of the aromatase inhibitor VOR. SPEC= Species specific songs, 

INDIV=Individual songs (allowing individual recognition, most important during breeding 

season), PT=Pure tone (control).  

 

Figure 2. Brain regions demonstrating an overall main effect of stimuli. The left column 

(INDIV>PT) identifies regions showing enhanced responses during individual songs versus 

pure tones. The right column (SPEC>PT) illustrates regions showing enhanced responses 

during species-specific songs versus pure tones. The region overlaps with NCM, CMM and 

Field L. The statistical threshold was set at p <0.05. Redrawn from data in (De Groof et al., 

2017). 

Figure 3. Statistical maps of the brain regions demonstrating (by t-tests) an overall main 

effect of treatment (Vorozole™ vs. Control). This region overlaps with the rostral NCM and 

Field L but is located exclusively on the left side of the brain. No statistically significant 

voxel was detected in the right hemisphere. T-test values are color-coded according to the 

scale displayed in panel A. The threshold for significance was set at puncorrected < 0.01. Panels 

A, B and C respectively represent the sagittal, coronal and horizontal view of the positive 

cluster of voxels. Panel D shows an enlargement of the positive area in sagittal view. The 

bar graph in panel E summarizes the relative response amplitude (+SEM) of the peak voxel 

in the left rostral NCM/Field L cluster. The baseline (zero) level corresponds to mean 

activation during rest periods. ***pFWE < 0.05. Redrawn from data in (De Groof et al., 2017). 

 

Figure 4. Brain region demonstrating an interaction between season and treatment. This 

region overlaps with the caudal NCM but is located exclusively on the left side of the brain. 

No statistically significant voxel was detected in the right hemisphere. T-test values are 
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color-coded according to the scale displayed in panel A. The threshold for significance was 

set at puncorrected < 0.01. Panels A, B and C respectively represent the sagittal, coronal and 

horizontal view of the positive cluster of voxels. Panel D shows an enlargement of the 

positive area in sagittal view. The bar graph in panel E summarizes the relative response 

amplitude (+SEM) of the peak voxel in the left caudal NCM cluster. The baseline (zero) level 

corresponds to mean activation during rest periods. ***pFWE < 0.05; *puncorrected < 0.01. 

Redrawn from data in (De Groof et al., 2017). 

 

Figure 5: Statistical analysis of the lateralization of Vorozole™ effects on brain responses 

to pooled auditory stimuli (INDIV and SPEC and PT). Errors bars represent the SEM of data 

in all subjects. Results of post-hoc tests performed after detecting of a significant 

hemisphere by season interaction are indicated by stars as follows: **=p<0.01. Redrawn 

from data in (De Groof et al., 2017). 

 

Figure 6. Statistical map of regions displaying a significant main effect of treatment 

analyzed for each season separately. Reductions of brain responses after Vorozole™ were 

observed during each season in the left NCM/Field L but the stimuli and specific areas 

concerned changed seasonally. In March response to all types of stimuli were affected and 

these effects also concerned the caudal NCM, whereas only INDIV were concerned in 

December and SPEC in May/June and responses were located more rostrally. T-values are 

color-coded according to the scales displayed. The threshold was set at puncorrected < 0.05. 

Bar graphs represents plots of relative response amplitude (+SEM) of the local peak voxel 

at each season. Zero level corresponds to mean activation during rest periods. Stars 

indicate significant differences between control and VOR conditions as follows: ***pFWE < 

0.05; **puncorrected < 0.001; puncorrected < 0.01). Redrawn from data in (De Groof et al., 2017). 
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