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I - Seasons

 The Earth is orbiting the Sun every 365 solar days. In 24 hours it rotates on itself 

according to a 23,5 degrees inclined axis to the Earth-Sun plane. As a consequence, the 
alternation of day  and night is an important cue (a «Zeitgeber»), that synchronises an 
organism’s endogenous time-keeping system. Moreover, a second consequence of this 
astrophysical fact is that polar and temperate parts of the Earth undergo marked seasonal 
climatic variations. These seasonal climatic changes involve variations in parameters such as 

temperature, hygrometry or light exposure. These seasonal variations in turn induce marked 
changes in the whole ecosystem (see Figure 1). In order to survive, species must adapt their 
behaviours to the seasons and anticipate these changes. Many species display seasonal 
variations of behaviours such as migration, changes in fur, hibernation or daily torpor, and 
reproduction.

 Indeed, one of the ways to face the harsh environment (temperature, lack of food 
availability, hygrometry...) is to migrate. Many species such as the white stork, geese, 
pigeons, swallows, penguins, butterflies, whales, salmons, bisons, reindeers or turtles are 
travelling thousands of kilometres in order to change their ecosystem. They must face first of 
all a huge demand in energy  for their journey, but they also need to orientate, and anticipate 

the critical migration period.
 Another solution to adapt to the seasonal changes in the environment, is to stay and 
confront the rigours of seasons with specific physiological responses like hibernation or daily 
torpor (which are a periodic decrease of the body temperature towards the ambient 
temperature in order to save energy). Furthermore, some of the animals display strong 

variations in body weight. Indeed, some species (e.g. the Syrian hamster also called the 
golden hamster, Mesocricetus auratus) increase their body  weight during summer to build fat 
reserves for winter (to prepare for hibernation), until food availability is increasing in spring. 
Other, species (e.g. the Djungarian hamster also called the Siberian hamster, Phodopus 
sungorus; see Figure 2) are decreasing their body weight towards winter (lower body mass 

costs less energy). In order to adapt to winter conditions a lot of species are moulting (e.g. 
sheep, deer, rabbits or bears...). The fur changes to a new coat for better insulation to decrease 
heat loss but also a differently coloured coat to be camouflaged. All these processes 
(hibernation, daily torpor, body weight variation, fur changes) have one final aim: maximal 
physical performances. For endotherms, thermoregulation is the highest expenditure of energy 

during cold seasons.
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Figure 1: Photoperiodic changes in the abundance of plant biomass.  The mean aboveground 
plant biomass values as measured at 6 agricultural research stations located between 47° and 52°N 
latitude. Adapted from Paul et al. 2009a.

 All these adaptations parallel the variations of food resources. The arrival of the new 
offspring must also coincide with increased food resources. Therefore reproduction is finely 
regulated in seasonal animals. Survival of the species, and the perpetuation of genes to the 
following generation depend on this process.

 How can organisms anticipate seasonal changes, or how do they know the precise 
moment of the year? The most reliable external signal that animals can use in nature is the 
day length: the photoperiod. The closer to the polar region you are, the more the seasons are 
marked. However, in regions close to equatorial parts of the Earth, at least two different 

seasons of the year can be observed, depending on the hydrometry essentially.
 In temperate and polar regions, animals are using light as a «clue» to perceive the 
calendar (Reiter 1980). To adapt their physiology and anticipate changes in seasons, animals 
measure the annual time through the photoperiod.
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Figure 2: Geographic repartition of  the Phodopus genus. Djungarian hamster (Phodopus 
sungorus) is frequently wrongly confused with Phodopus campbelli, which is also commonly 
called Siberian or Djungarian hamster. The reparation area of Phodopus sungorus are extending 
from the East Kazakhstan to South West Siberia. The Phodopus roborovski and Phodopus 
campbelli are present respectively more on the Northern China and Mongolia territory. Provided 
by Prof. Dr. D. Weinert.

 For instance, hamsters (such as the Syrian or the Djungarian hamster) are sexually 
active in spring and early  summer (long photoperiod, LP), so that pups will born during this 
period (20 days of gestation; see Figure 3; Hoffmann 1979). They are so-called long-day 
breeders. When photoperiod falls under a critical photoperiod, testes size starts to decrease 
and spermatogenesis and steroidogenesis progressively stop. In non-natural short  photoperiod 

exposure, after about 15 to 18 weeks, these functions are activated again and testes size 
increases, hamsters become sexually active again. This recrudescence of sexual activity is 
spontaneous. Despite the short photoperiod (SP), hamsters become sexually active. This is 
called photorefractoriness because photoperiod no longer inhibits the reproductive axis. The 
mechanisms of this phenomenon are still not clearly understood.
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Figure 3: Annual natural rhythms in Djungarian hamsters. A: Body weight annual variation 
of Djungarian hamsters exposed to natural light exposure in Hannover, Germany (latitude 52° 
North). B: Annual variation in testicular weight of Djungarian hamsters exposed to same 
conditions. C: Variation in seminal vesicles weight of Djungarian hamsters exposed to identical 
conditions, during one year. The seminal vesicles are a paired tubular gland located behind the 
bladder. They are part of the male reproductive organ and have a role in the ejaculate making 
process.
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 On the contrary, sheep, whose gestation lasts six months, are sexually active in early 

winter such that lambing occurs in early  spring. Short  days promote the reproductive function. 
Such breeders are called short-day breeders.
Thus, most seasonal breeders use photoperiod to integrate the annual time. But how do 
animals perceive the variation of day and night?

II - The circadian rhythms

 The day/night alternation is perceived by the eye, and specially the retina. The rods, 
cones and the newly discovered the melanopsin cells (which are a particular ganglion cells, 
perceiving changes in luminance through melanopsin) of the retina perceive changes 
in day/night cycle (Panda et al. 2002). These cells project to the 
suprachiasmatic nucleus (SCN) via glutamatergic projections (Johnson et al. 1988; Moore and 

Lenn 1972; Pickard 1982). This structure contains neurones expressing various genes 
oscillating on a rhythm of about 24 hours independently  on the time of the day (endogenous 
circadian timing). The photic message (light) from the retina will synchronise the activity of 
the SCN. The SCN is considered as the master clock of the body (Moore 1983; Rusak and 
Zucker 1979; Klein et al. 1991). Indeed, clocks in the other organs are also oscillating on a 

24-hour based clock, but need the SCN to synchronise their activity. Thus the SCN might be 
considered as the conductor of the peripheral oscillators, using a mechanism that is not yet 
fully understood.
 The molecular basis of these clocks is based on a complex and well organised 
oscillation of feedback loops of specific genes (called clock genes). These genes are 

expressed rhythmically (see Figure 4). The circadian rhythm is generated by  a transcriptional 
regulation of these genes which autoregulate themselves by feedbacks loops. 
CLOCK:BMAL1 protein heterodimers act on E-box sequences of the Per (Per1, Per2 and 
Per3) and Cry (Cry1 and Cry2) genes. This activation of PER and CRY protein synthesis, 
induces then a heterodimerisation of PER:CRY, which will then inhibit the CLOCK:BMAL1 

complex. On the other hand, CLOCK:BMAL1 is also activating, in the same manner, two 
other genes, Rev-erb-α and Ror-α. REV-ERB α and ROR α fine tune the oscillations by  either 
facilitating PER degradation or by  acting on Bmal1 expression (inhibiting or promoting 
respectively its expression). Light entrainment is acting on the Per (1 and 2) transcription by 
promoting it (Foster and Kreitzmann, 2004).
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Figure 4: Clock genes mechanisms. CLOCK:BMAL1 heterodimers stimulate the transcription of 
Pers and Crys,  Decs Reverbs and Rors via E-Box elements. Once translated into proteins in the 
cytosol, PER and CRY form heterodimers that enter the nucleus, inhibit CLOCK/BMAL thus their 
own stimulation. DECs support this feedback loop. In addition REV-ERBs and RORs also inhibit 
and activate Bmal1 transcription. Casein kinase 1ε (Ck1ε) modulates the oscillation by facilitating 
PER degradation. One autoregulatory cycle takes around 24 hours. VP: Vasopressin. Provided by 
Dr. P. Pévet.
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 The output of the SCN projects to the paraventricular hypothalamic nucleus neurones 

(PVN). These PVN neurones then project  to the intermediolateral column (IML) of the upper 
three segments of the spinal cord. From there, the IML neurones will then innervate the rostral 
part of the superior cervical ganglion (SCG). SCG neurones then project to the pineal gland 
(also called epiphysis). Noradrenalin release from these terminals in the pineal gland 
stimulates melatonin synthesis only during the night period (see Figure 5).

Figure 5: Projections of  the retino-hypothalamic tract-suprachiasmatic nucleus-pineal gland 
in rodents.  Light information is perceived by ganglion cells in the retina that send projections to 
the SCN (suprachiasmatic nucleus) via the retino-hypothalamic tract. SCN are able to integrate the 
photoperiod. However, to distribute the photoperiodic message to the whole organism, SCN 
control the synthesis and release of a hormone called melatonin. The SCN, via a multisynaptic 
pathway involving PVN (paraventricular hypothalamic nucleus) and IML (intermediolateral 
column), control the release of noradrenalin in the pineal gland by the SCG (superior cervical 
ganglion). Noradrenalin release occurs exclusively at night and induces the production and release 
of melatonin by the pineal gland. As a consequence,  melatonin release is restricted to night length. 
Since, melatonin is released into the bloodstream, this hormone provides an endocrine 
representation of photoperiod to the whole organism, including the brain itself. Therefore, the 
duration of the nocturnal peak of melatonin release is the direct reflection of photoperiod (LP: long 
photoperiod; SP: short photoperiod). Adapted from Korf et al. 1998.
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III - The pineal gland and melatonin

 In 1917, C.P. McCord and F.P. Allen (1917) demonstrated that a substance from bovin 

pineal gland extracts is capable to lighten the pigmentation of amphibian skin. In 1958, A.B. 
Lerner et al. (1958 and 1960) identified this pineal substance as N-acetyl-5-
methoxytryptamine. This colour change is due to an aggregation of melanin in amphibian skin 
melanocytes. They named it melatonin.
Circulating melatonin is mainly produced by the pineal gland, although other organs were 

identified to secrete it.
 It should be mentioned that in non-mammalian vertebrates, the melatonin-producing 
pineal organ is directly sensitive to light  and capable of generating circadian rhythms 
independently («the third eye»).
 The pineal gland is composed of pinealocytes and is highly  vascularised. Moreover it 

is located outside of the blood-brain-barrier (BBB). The rodents’ pineal gland is located at the 
top of the brain, although they also have a deep part located close to the diencephalon. In 
sheep, the pineal gland is located deep in the brain like in humans. As the pineal is close to the 
third ventricle, it has been suggested that melatonin can be released into the cerebrospinal 
fluid (CSF). Furthermore, it is known that in sheep melatonin concentration is fluctuating 

over 24 hours in the CSF (Kanematsu et al. 1989; Reppert  et al. 1979; Skinner and Malpaux 
1999). This led to the concept, that  melatonin has two compartments for its distribution in the 
body: the plasma, from which melatonin can act  on peripheral organs and the CSF, for its 
action on the brain (Guerra et al. 2009).
 Melatonin is an amphiphilic molecule and it is not stored. Because of this property, 

melatonin diffuses all through the body. Melatonin is the «darkness hormone», secreted only 
during night. It spreads the «chronologic message» to different organs. Its half life in plasma 
is 20 minutes and it is degraded by the liver (Yu et al. 1993).
 This hormone is part  of a group called indoles (see Figure 6). They are synthesised 
from tryptophan and derived from serotonin. Two enzymes are central to this biosynthesis: 

AA-NAT (arylalkylamine-N-acetyltransferase) and HIOMT (hydroxyindole-O-
methyltransferase). The AA-NAT is considered to be the melatonin rhythm-generating 
enzyme, because melatonin production is tightly linked to the activity of this enzyme. 
HIOMT is a more stable enzyme and might limit  the amount of melatonin synthesis according 
to photoperiod (Ribelayga et al. 1999; Ribelayga et al. 2000; Simonneaux et al. 2002; 

Simonneaux and Ribelayga 2003).
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Figure 6: Metabolism of  indoles in the mammalian pineal gland. 5-HIAA: 5-
hydroxyindoleacetic acid; 5-HIAL: 5-hydroxyindole acetaldehyde; 5-HL: 5-hydroxytryptophol; 5-
HT: 5-hydroxytryptamine or serotonin; 5-HTP: 5-hydroxytryptophan; 5-MIAA: 5-methoxyindole 
acetic acid; 5-ML: 5-methoxytryptophol; 5-MT: 5-methoxytryptamine; 5-MTP: 5-
methoxytryptophan; AAAD: aromatic amino acid decarboxylase; AA-NAT: arylalkylamine-N-
acetyltransferase; HIOMT: hydroxyindole-O-methyltransferase; MAO: monoamine oxidase; 
MEL: melatonin; NAS: N-acetylserotonin; TPOH: tryptophan hydroxylase; Trp: tryptophan. From 
Simonneaux and Ribelayga 2003.
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IV - Melatonin receptors

 The melatonin receptors are belonging to the G-coupled protein receptors (GPCR). 

This receptor involve the molecular intermediary Gi/o subunit, thus the inhibition of the 
adenylate cyclase (AC) and its signalling pathway. Consequently, the decrease of protein 
kinase A (PKA) activity  and the cyclic adenosine monophosphate (cAMP) intracellular 
concentration. There are three types of receptors for melatonin, based on radioligand binding 
experiments. Although low and high affinity  membrane receptors were identified. To date 

only high affinity melatonin receptors are considered to be the melatonin-binding receptors:

- MT1 receptors: are present in many  cerebral structures (about 110). Including, the SCN, the 
MBH (mediobasal hypothalamus) and the pars tuberalis (PT) of the adenohypophysis. 
Recently, it has been directly  implicated in the photoperiodic message perception (Masson-

Pevet et al. 1994; Prendergast 2009).

- MT2 receptors: present also in the SCN and the retina. But  because of their absence in the 
Syrian and Djungarian hamsters, it was hypothesised that they are not involved in seasonal 
and circadian rhythms (Weaver et al. 1996; Weaver 1997).

- Mel1c receptors: not present in mammals, originally described in frogs and chicken.

V - Seasonality and reproduction 

 Photoperiod can induce changes in the way the whole brain is working. Electrical 

activity of SCN slices of hamsters exposed to LP or a SP showed that the daily duration of 
SCN electrical activity is shortened in SP, proving that the SCN is able to integrate the 
photoperiod (Mrugala et al. 2000). As shown previously (Introduction-IV), the SCN expresses 
melatonin receptors. Furthermore, the SCN not only displays a different electrophysiological 
pattern between seasons, but the photoperiod is also reflected in its clock gene expression. 

Indeed, the photoperiod is quickly  integrated in terms of the clock genes Per2 and Per3. The 
SCN seems to incorporate day after day the changes in photoperiod to construct daily 
photoperiod-dependent messages to drive the circadian and seasonal physiology. But what 
remains unclear is that in SP, Clock mRNA levels are reduced, but Bmal1 expression becomes 
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arrhythmic, which will probably  result in the reduction of vasopressin (VP) expression, one of 

the outputs of the SCN (Tournier et al. 2007; Tournier et al. 2009). 
 We have also seen that photoperiod controls the reproductive function and this is 
mediated by melatonin. For instance, when hamsters are exposed to a SP, for a minimum of 
ten weeks, they undergo a marked testicular atrophy. As already  suggested, two important 
regions, for this matter, are expressing melatonin receptors in mammals: the SCN and the PT 

of the adenohypophysis (Masson-Pevet et al. 1994). Clock gene expression in the PT appears 
to be dependent on the melatonin rhythm.

 Since the duration of the nocturnal melatonin peak is directly  proportional to the 
duration of the night, melatonin distributes a hormonal representation of the seasons to the 

whole organism. If Syrian hamsters are pinealectomised (removal of the major source of 
melatonin, the pineal gland), before being exposed to SP, testicular atrophy is prevented 
(Revel et al. 2007). On the contrary, hamsters kept in LP are sexually  active. Artificially 
lengthening the nocturnal melatonin peak (by  performing daily  late afternoon melatonin 
injections) during 8 weeks induces testicular atrophy in Djungarian hamsters (Hoffmann, 

1979). These data indicate that melatonin mediates the effect of photoperiod on the 
reproductive axis. However, how melatonin acts on the reproductive axis is still unclear and 
there are probably important differences between species. Significantly, in long day breeders, 
the short photoperiod is inactivating the reproductive function and in short day  breeders it is 
activating the same processes. Furthermore, seasonal animals might be considered totally 

different animals between long days and short days. Indeed, from a physiological point of 
view, these animals display  seasonal changes not only  in the reproductive axis but also in 
body weight, fur composition (density, thickness, colour...), metabolism, digestive system, 
thermogenic capacity, immune system, activity and behaviours, body temperature, etc...
(Dausmann et al. 2004; Hoffmann, 1979; Geiser 2004; Prendergast and Pyter 2009; 

Steinlechner and Heldmaier 1982).
 Melatonin secreted in the bloodstream only during dark phases, in all known species, 
will act  on the brain and specially on the hypothalamus (Simonneaux and Ribelayga 2003). 
Indeed, the reproductive axis, also called the hypothalamo-pituitary-gonadal (HPG) axis (or 
gonadotropic axis), works differently in between the seasons. 

 The HPG axis is constituted by GnRH (gonadotropin-releasing hormone) neurones in 
the preoptic area (POA), the LH (luteinizing hormone) and FSH (follicle-stimulating 
hormone) cells of the pituitary and the gonads. The GnRH neurones are distributed diffusely 
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in the POA and send their axons towards the median eminence where they release GnRH into 

the capillaries of the pituitary portal system. The GnRH acts on the anterior pituitary (also 
called adenopituitary or adenohypophysis) to activate the gonadotrophs FSH and LH cells and 
the synthesis and release of their gonadotropins (two glycoprotein hormones: LH and FSH). 
LH and FSH are released into the bloodstream and act on the gonads to control gametogenesis 
and the synthesis of sex steroids. Finally, sex steroids exert  feedbacks on GnRH release. In the 

male, testosterone inhibits GnRH release. In females, most of the time, oestrogen inhibits 
GnRH release, except just before ovulation when oestrogen exerts a positive feedback leading 
to the preovulatory LH surge (see Figure 7).

Figure 7: Hypothalamo-hypohysis complex  in males and females. The gonads activity is under 
the control the LH (luteinizing hormone) and FSH (follicle-stimulating hormone), secreted by the 
anterior pituitary. Whereas LH/FSH release is regulated by GnRH (gonadotropin-releasing 
hormone) release by hypothalamic neurones of the POA (preoptic area) and projecting to the ME 
(median eminence). Sex steroids in both sexes are regulated by a homeostatic feedback loop on the 
hypothalamus. The precise central sites of action of these hormones on the gonadotropic axis is not 
yet totally clear. (-) and (+) are respectively the stimulatory and inhibitory actions.
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 Photoperiod affects the GnRH protein content within tissue homogenates from the 

POA-MBH (Bernard et al. 1999), the number of GnRH immunoreactive neurones and GnRH 
mRNA level (Porkka-Heiskanen et al. 1997) in the Djungarian hamsters, indicating that 
melatonin could act on GnRH production in this species.

VI - Sex steroids

 In this thesis, investigations were performed mainly  on males and on gonadal steroids, 
even though neurosteroids do exist.

1 - Biosynthesis in males 

 Male animals were chosen because of their constant hormonal background in 
comparison to females, thus more «comfortable» for studying seasonal rhythms.
 Leydig cells are present in the interstitial tissue of testis. These cells synthesise and 
release a class of hormones called androgens (19-carbon steroids) including: testosterone, 

androstenedione and dehydroepiandrosterone (DHEA). Androgens are necessary for the 
spermatogenesis in the seminiferous tubules, but have actions all throughout the male 
organism.
 In mammals, pituitary LH binds to its receptor on Leydig cells, which will induce an 
activation of AC and thus PKA via increase of cAMP. The cholesterol ester pools of the cell 

are recruited and via the same enzymes as adrenal glucocorticoid biosynthesis, testosterone is 
synthesised starting in the mitochondria. Indeed, the first  enzyme is the cholesterol side-chain 
cleavage enzyme (desmolase), also called P450scc. It is localised on the inner face of the 
inner mitochondrial membrane. The pregnenolone obtained will be converted to progesterone 
by the 3β-HSD (3β-hydroxysteroid dehydrogenase). Progesterone is then converted to 

androstenedione by the P450c17 (17α-hydroxylase/c17-20 lyase), and this is the precursor of 
testosterone, the final conversion being done by the 17β-HSD-3 (17-ketoreductase also called 
17β-hydroxysteroid dehydrogenase type 3). All sex steroids derived from cholesterol (C27) 
and have a cyclopentanophenanthrene ring (see Figure 8).

General Introduction

14



Figure 8: Sex steroids hormones synthesis. Sex steroids synthesis derived from cholesterol. The 
rate-limiting enzyme of the steroidogenesis is the P450scc (cholesterol side-chain cleavage 
enzyme), also called desmolase, or cholesterol desmolase, or 20,22 desmolase, or CYP11A1. The 
P450c17, for the cytochrome P450 is also called 17α-hydroxylase, or 17,20-lyase, or 17,20 
desmolase, or CYP17A1.

 A little testosterone can be also produced by Sertoli cells. These cells are mainly 

providing a spermatogonial stem cell niche in testis. Thus they are involved in gametogenesis, 
regulated through FSH. FSH acts here also via a cAMP- and PKA-transduction pathway (see 
Figure 9). 
 Sometimes testosterone is considered to be a prohormone because of its low potency 
compared to its final conversion into 5-α-dihydrotestosterone (DHT), which is 10 times more 

active.
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Figure 9: Hypothalamo-pituitary complex and LH/FSH actions in males. Hypothalamic 
neurones release GnRH (gonadotropin-releasing hormone) into the portal capillaries system. The 
GnRH will activate the secretion of LH (luteinizing hormone) and FSH (follicle-stimulating 
hormone), by the anterior hypophyse.  LH/FSH release in the bloodstream will act on the testicles. 
LH is stimulating the Leydig cells and thus induce the secretion of testosterone which can 
feedback on the brain for instance. FSH is stimulating the Sertoli cells and thus induce the 
spermatogenesis in testicles. Adapted from http://svt.ac-dijon.fr/schemassvt.
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 Aromatase is a complex endoplasmic reticulum enzyme which allow the conversion of 

testosterone to oestradiol. It is found in the ovary  and in numerous other tissues, like in the 
male Sertoli cells, or in the male and female brain. This enzyme is a member of the 
cytochrome P450 superfamily. Its activity is stimulated by FSH.
 The sex hormone synthesis is tightly controlled, via two negative feedback loops 
(short and long) on the secretion of FSH/LH via hypothalamic neurones in both sexes, 

discussed previously (see Introduction-V).

2 - Sex steroids transporters and receptors

 Sex steroids are released and transported in the general blood circulation via a 

transport protein, the gonadal-steroid binding globulin (GSBG). 
 The BBB isolates the brain from the rest of the organism. Sex steroids like the other 
amphiphilic hormones, can diffuse all through the body  and thus penetrate the central nervous 
system (Pardridge and Mietus 1979a, b). But more recent studies exhibited also the existence 
of membrane transport system (Hammes et al. 2005).

 It is commonly accepted that sex steroids bind intracellular receptors. Indeed, these 
receptors are found in the cytosol and the nucleus.
 The steroid hormone receptors belong to the steroid and thyroid hormones (TH) 
receptor super-family of proteins, that includes not only the receptors for steroid hormones 
(androgen receptor, AR; progesterone receptor PR; oestrogen receptors, ER), but also for 

thyroid hormone (TR), vitamin D (VDR), retinoic acid (RAR), mineralocorticoids (MR), and 
glucocorticoids (GR). This large class of receptors is known as nuclear receptors.
The AR can bind either DHT or testosterone. However, DHT is binding it with a higher 
affinity. AR bound to its ligand triggers the dissociation from a HSP (heat shock protein) and 
dimerisation before being translocated to the nucleus. This nuclear receptor is classified as a 

class I ligand-activated transcription factor. The AR is widely distributed in body: bone, 
adipose tissue, heart, muscles, and brain...
 There are two types of ER: the nuclear receptors and the oestrogen GPCR (GPR30). 
ER nuclear receptors are of two types: ERα and ERβ. Like the AR, ER are translocated to the 
nucleus. However they have the capacity to hetero- or homodimerise, when bound to their 

ligand.
ERα is expressed in the ovaries, the uterus, and the brain. ERβ is present  in kidney, brain, 
bone, heart, lungs, prostate, and endothelial cells (Couse et al. 1997).
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 Similarly  to TH, sex steroid receptor-hormone complexes exert their action by binding 

to specific nucleotide sequences in the DNA of responsive genes. The response elements were 
identified to be the hormone-response elements (HREs). The hormone bound to its receptor 
on the DNA will influence transcriptional levels (either reducing or inducing gene 
transcription).

3 - Seasonal changes

 During the SP, in females the oestrous cycle is stopped, and animals display constant  
hormonal levels, i.e. they are anoestrous. A functional involution of the ovary  occurs, with 
oogenesis interrupted at the level of medium follicles (Schlatt et al. 1993).

 In males Djungarian hamster, SP exposure induces a body weight decrease (about 30 
to 40%); a testicular involution, i.e. by a decrease of their weight (between 70 to 90%); 
spermatogenesis is interrupted at the level of early  germ cells, only a few primary 
spermatocytes differentiate and degenerate; the seminiferous tubular lumen and the seminal 
vesicles shrink considerably (Bergmann 1987; Schlatt et al. 1995).

 But how does melatonin control this HPG axis, thus the sex steroids secretion?
 MBH, and especially  DMH (dorsomedial hypothalamus) lesions prevent the 
integration of SP by the HPG axis. In these regions several genes are expressed that can 
intervene in the seasonal regulation of reproduction.

VII - Kisspeptins

 GnRH neurones do not display melatonin binding sites (Lehman et al. 1997).
However, photoperiod via variations in the duration of the nocturnal peak of melatonin is 
known to regulate the expression of several genes. Only a few of them appear to be direcly 
linked to the reproductive function (Revel et al. 2006a; Revel et al. 2006b; Revel et al. 2008). 

Among them, several genes code for peptides belonging to the RFamide family, peptides 
sharing a common C-terminal extremity constituted of an arginine-phenylalanine-amide 
motif.
 Kiss1 for instance, is a gene coding for a preproprotein of 145 amino acids, that can be 
cleaved into four different peptides of various sizes (10, 13, 14 and 54 amino acids) termed 

kisspeptins (Kp; Kotani et al. 2001). However, if these different  peptides exist  endogenously 
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or if some of them are purification artefacts remains to be determined. In the same line, the 

endogenous form(s) of Kp remain(s) to be identified.
 However, all these peptides bind a GPCR, named Kiss1R (formerly known as 
GPR54), triggering phospholipase C (PLC) and inositol triphosphate (IP3) signalling, as well 
as the arachidonic acid transduction pathway.
 Loss-of-function mutations of either Kiss1 or the Kiss1R in mice (Mus musculus) 

impair pubertal development and induce a hypogonadic phenotype (d'Anglemont de Tassigny 
et al. 2007; Funes et al. 2003; Lapatto et al. 2007; Seminara et al. 2006). Similarly, mutations 
in the Kiss1r gene, have been identified in human patients suffering from normoosmic 
idiopathic hypogonadism (de Roux et al. 2003). Conversely, activating mutations in the 
Kiss1r gene cause precocious puberty in humans (Luan et al. 2007; Lybaek et al. 2009; Teles 

et al. 2008). These observations point to Kp as key activators of the reproductive function. Kp 
was also shown to be a powerful stimulator of GnRH secretion since doses as low as 1 fmol 
trigger a LH release (Gottsch et al. 2004) which, except for GnRH itself, makes of Kp the 
most potent activator of the HPG axis.
 In rodents, Kiss1 is expressed mainly in two hypothalamic nuclei, the AVPV 

(anteroventral periventricular nucleus) and the ARC (the arcuate nucleus). A small population 
of Kiss1 neurones was also observed in the amygdala of mice (Gottsch et al. 2004; Smith et 
al. 2005a; Smith et al. 2005b). Interestingly, Kiss1 expression is sexually dimorphic in the 
AVPV with higher levels in females (Adachi et al. 2007; Clarkson and Herbison 2006; 
Kauffman et al. 2007). Kiss1 neurones in the AVPV play  a key role in the positive feedback of 

oestrogen leading to the LH pre-ovulatory surge (Magee et al. 2009; Robertson et al. 2009; 
Smith et al. 2006). In mammals, Kiss1 expression is strongly  regulated by  sex steroid levels, 
sex steroids being stimulatory  in the AVPV and inhibitory in the ARC (Smith et al. 2005a; 
Smith et al. 2005b; Smith 2008). This is true in the Syrian hamster as well (Revel et al. 
2006a; Ansel et al. 2010). As a consequence, Kiss1 neurones constitute one of the relays 

mediating sex steroid feedback on the HPG axis. In rodents, around 80% of GnRH neurones 
express cFOS after central Kp administration and express Kiss1R mRNA (Irwig et al. 2004). 
Over 90% of GnRH neurones are also depolarised after Kp application (Han et al. 2005) and 
Kp-immunoreactive fibres are found in close apposition to GnRH cell bodies (Clarkson and 
Herbison 2006; Kinoshita et al. 2005) reinforcing the idea that Kp mediates sex steroid 

feedback on GnRH neurones.
 In seasonal breeders, Kiss1 expression is decreased during the non-breeding season 
(Revel et al. 2006a; Revel et al. 2007); in the POA nucleus which contain these neurones in 
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sheep (Smith et al. 2007). In the Syrian hamster, Kiss1 expression is decreased upon SP 

exposure in both the ARC and AVPV. Nevertheless, these structures respond differently to 
variations in the duration of the nocturnal peak of melatonin. Indeed, melatonin injections in 
LP reduce Kiss1 expression (Ansel et al. 2010; Simonneaux et al. 2009) in both the ARC and 
AVPV. However, if this experiment is repeated in castrated Syrian hamsters, Kiss1 expression 
is reduced in the ARC only. Similarly, pinealectomy of SP adapted hamsters increases Kiss1 

expression in the ARC only, indicating that melatonin directly acts on the hypothalamus to 
regulate Kiss1 expression in the ARC. In the AVPV, Kiss1 expression appears to be regulated 
by melatonin-driven seasonal variations in testosterone levels. 

 Because no melatonin binding sites have been found in the ARC of the Syrian hamster, 

melatonin must act on another intermediate to control the HPG axis in this species. Melatonin 
binding sites mediating the effects of melatonin on the reproductive axis have been observed 
in the DMH (Maywood and Hastings 1995) and their lesion prevents the inhibitory  effect of 
SP and melatonin on the gonads. 

VIII - RFamide-related peptides

 Another group of RFamide peptides is regulated by photoperiod and expressed in the 
DMH: the RFamide-related peptide (RFRP) group (Revel et al. 2008). The RFRPs are part of 
the subgroup  of LPXRF-amides. The rfrp (the birds orthologue is the gonadotropin-inhibitory 
hormone, GnIH) are known to have an inhibitory effect on the HPG axis not only in the quail, 
but also in the Syrian hamster (Revel et al. 2008). Moreover, in the Syrian hamster, not only 

the SCN and the PT are expressing binding sites for melatonin, but also the paraventricular 
thalamic nucleus (PVT), the DMH and the VMH (ventrolateral hypothalamus; Morgan et al. 
1994). Although so far no clear evidence of coexpression of melatonin receptors and RFRPs 
was shown, RFRPs might have a direct role in the effect of melatonin on reproduction.
 This gene is coding for a preproprotein, which can be cleaved into three peptides: 

RFRP-1, RFRP-2 and RFRP-3. 
Although RFRP-2 is not expressed in rodents, the RFRP-1 and RFRP-3 are clearly expressed 
in the hypothalamus, the DMH and VMH, of rats (Hinuma et al. 2000; Yano et al. 2003). In 
rats, intracerebroventricular injections of RFRP-1 stimulate prolactin release and have an 
action on nociception (Liu et al. 2001). RFRP-3 was implicated in reducing LH and growth 

hormone (GH) plasmatic levels (Johnson et al. 2007). Furthermore, RFRP-3 appears to 
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centrally inhibit the HPG axis, specially during the oestradiol-induced GnRH/LH surge 

(Anderson et al. 2009). In ovines, RFRP was shown to reduce LH/FSH secretion and suppress 
the LH pulse frequency in vitro (Clarke et al. 2008; Kadokawa et al. 2009). Moreover, rfrp 
gene expression is photoperiodically reduced in SP exposed Syrian hamster compared to LP 
levels (Revel et al. 2008). Although pinealectomised SP animals do not show a decrease of 
RFPR mRNA levels, melatonin injections in LP animals, mimicking a SP-like melatonin 

peak, do induce a decrease of rfrp comparable to SP conditions (Revel et al. 2008).
 RFRP-3 immunoreactive fibres seem to end up in the external median eminence, and 
in close relation with GnRH neurone cell bodies in rat (Rattus norvegicus) and sheep (Ovis 
aries; (Johnson et al. 2007; Smith et al. 2008). Moreover, there are two types of RFRP 
receptors: NPFF1 and NPFF2, that are widely expressed in the brain. 

However, the precise action of RFRP on the HPG is not yet clear, although a direct action on 
GnRH neurone activity was already suggested.
 So far no link between the Kiss1 neurones and RFRPs neurones has been 
demonstrated. Do Kiss1 neurones in the ARC nucleus express the NPFF2 receptors? Is Kiss1 
an intermediate between melatonin and GnRH neurones via RFRPs neurones (see Figure 10)? 

Or are Kiss1 and RFRP acting concomitantly on GnRH neurones, one integrating 
melatoninergic signals and the other the sex steroids feedback? 

 However, several genes appear to vary photoperiodically  (e.g. (Adam et al. 2000). 
Kiss1 and RFRPs are two of those potentially involved in the seasonal control of the 

reproductive function (Paul et al. 2009). Two other genes appearing to have an impact on the 
reproductive axis and displaying photoperiodic expression (Revel et al. 2006b; Watanabe et 
al. 2004) are the Dio2 and Dio3 deiodinases genes.
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Figure 10: Kiss1 and RFRP theoretical model of action on the hypothalamo-pituitary axis. In 
Syrian hamsters,  during the breeding season, days are long thus nights are short and consequently 
the nightly melatonin secretion is short.  Dorsomedial and ventrolateral hypothalamus (DMH/
VMH) neurones express RFRP in a relatively high proportion. This might downstream in the 
arcuate nucleus and the anteroventral periventricular nucleus (ARC/AVPV) induce an upregulation 
of Kiss1. Thereby kisspeptins, which are the most powerful activator of the gonadotropic axis 
through the increase in GnRH (gonadotropin-releasing hormone) will activate the gonadic activity. 
On the other hand, during the non-breeding season, when days are short, melatonin secretion is 
important. The melatonin will inhibit the RFRP expression, therefore the Kiss1 and consequently 
the GnRH release. The main consequence is the involution of gonads and the downregulation of 
sex steroids secretion. Provided by L. Ansel.
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IX - Iodothyronine deiodinases genes and thyroid hormones

1 - Iodothyronine deiodinases

 Dio genes are coding for a family of enzymes involved in the metabolism of thyroid 
hormones (see Figure 11). Iodothyronine deiodinases or just deiodinase enzymes, are 
membrane-associated selenoenzymes: these proteins contain selenocysteines, which are 

cysteine amino acids wherein the sulphur atom is replaced by selenium). There are three 
different deiodinases: Dio1, Dio2 and Dio3.

- Dio1 converts 3,3’,5,5’-tetraiodo-L-thyronine (thyroxine) T4 to 3,5,3’-triiodo-L-thyronine 
(triiodothyronine) T3 form or 3,5’,3’-triiodo-L-thyronine (reverse T3) rT3 to 3,3’-diiodo-L-

thyronine, T2. But as Dio1 affinity has the highest for rT3, its main role is considered to be 
the recycling of iodine.

- Dio2 converts T4 to T3, but can also convert rT3 to T2. Contrary  to Dio1, Dio2 has the 
highest affinity for T4, thus the role of Dio2 is the activation of T4 to T3.

- Dio3 converts the T3 to T2, and T4 to rT3. Dio3 has a higher affinity for T3 than for T4. 
Thus the role of Dio3 is the inactivation of T3 (Bianco et al. 2002). 

 Despite the fact  that T3 is about  10 times more active than T4, all the other thyroid 

hormone forms might have diverse biological actions (Goglia 2005; Hulbert 2000; Lanni et 
al. 2001). Moreover, organisms can modulate their amount of TH arriving at  organs by 
modulating either the conversion of T4 to T3 or the degradation of T3, via regulation of the 
Dio2 or Dio3 enzymes, respectively.
 Dio1 is mainly  expressed in peripheral tissues. Its expression in brain is species-

specific and not much investigated, but it seems that the rat hypothalamus could contain it.
 Dio2 and Dio3 are considered to be the enzymes modulating the presence of T3 in the 
central nervous system by  a fine balance of conversion and degradation of T3 (Bianco et al. 
2002; Kohrle 2000; Lechan and Fekete 2005). Indeed, for instance in Syrian hamsters Dio2 
appears to be activated in LP and Dio3 photoperiodically invariant. On the other hand, in the 

Djungarian hamster, during SP Dio2 is not displaying any seasonal changes and Dio3 
dependent on melatonin secretion. This suggests that, different species have evolved different 
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mechanisms to alter the seasonal T3 levels, through either favouring its degradation or 

synthesis (Barrett et al. 2007; Herwig et al. 2009; Watanabe et al. 2004). Anatomically, the 
Dio2 gene was shown to be expressed in the rat brain only in the hypothalamic region of the 
MBH, between the rostral and the caudal poles of the ME and the infundibular recess. Dio2 is 
located in cells of the floor and the ventrolateral walls of the third ventricle: the tanycytes (see 
further Introduction-X; Guadano-Ferraz et al. 1997; Tu et al. 1997). Therefore, the tanycytes 

control the local conversion of T4 in T3 inside the brain.

Figure 11: Thyroid hormones metabolism.  Structures and interrelationships between the 
principal thyroid hormones are shown.  Iodothyronine deiodinases catalyse the conversion from 
one form to another as indicated. Dio1: iodothyronine deiodinases type 1; Dio2: iodothyronine 
deiodinases type 2; Dio3: iodothyronine deiodinases type 3; T4: 3,3’,5,5’-tetraiodo-L-thyronine 
(thyroxine); T3: 3,5,3’-triiodo-L-thyronine (triiodothyronine); rT3: 3,5’,3’-triiodo-L-thyronine 
(reverse T3); T2: 3,3’-diiodo-L-thyronine. Provided by Dr. P. Klosen.
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2 - Thyroid hormones

 The hypothalamo-pituitary-thyroid (HPT) axis involves hypothalamic neurones which 
secrete the thyrotropin-releasing hormone (TRH). TRH acts on the anterior pituitary and via 
the secretion of the thyroid-stimulating hormone (TSH) by pituitary thyrotrophs, TH are 
released from the thyroid gland (see Figure 12). These TH have a feedback on the brain. The 

deiodinase genes are locally  modulating the T3 levels of the cerebral parenchyma. 
Furthermore, the access of TH to the brain is also controlled by TH transporters (see 
Introduction-IX-3). 

Figure 12: Hypothalamo-pituitary-thyroid gland axis. The thyroid gland activity is under of TSH 
(thyroid-stimulating hormone), secreted by the anterior pituitary. TSH release is regulated by the 
thyrotropin-releasing hormone (TRH) secretion by hypothalamic neurones of the PVN 
(paraventricular nucleus) and projecting to the ME (median eminence).  Thyroid hormones (TH) 
concentration in the bloodstream is regulated by a homeostatic feedback loop on the 
hypothalamus. TRH and TSH releases are modulated by,  for instance, the ambient temperature, 
glucocorticoids, oestrogens and including TH. (-) and (+) are respectively the stimulatory and 
inhibitory actions.
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 The downstream biological effects of TH on the body are varied: 

- stimulation of the metabolic rate; 
- stimulation of growth; in hypothyroid patients a growth retardation is observed; 
- stimulation of development, especially the brain by promoting myelination;
- stimulation of the cardiovascular system’s activity and vasodilatation; 
- in the central nervous system, TH variations induce alterations of the mental state (e.g. 

hyperthyroidism and hysteria); 
- on the reproductive system, for instance hypothyroidism is linked to infertility (Silvestri et 

al. 2005; Yen 2001).

3 - Thyroid hormones transporters and receptors

 TH are amphiphilic molecules, thus transporting molecules are needed in the blood: 
TH binding proteins (TBP), i.e. transthyretin (TTR), thyroxine-binding globulin (TBG) and 
albumin. It has long been thought that TH may cross the plasma membrane (as the other 
amphiphilic molecules, sex steroids or melatonin) via passive diffusion (Pardridge 1979). In 

fact, membrane transport systems for TH have been discovered in various tissues, including 
the central nervous system (Abe et al. 2002).
Cellular TH uptake can involve three main families of transporters: the organic anion-
transporting polypeptides (OATP), the L-amino acid transporters, and the monocarboxylate 
anion transporters (MCT; Bernal 2005; see Figure 13). TH membrane transport proceeds via 

ATP (adenosine-5’-triphosphate)-dependant membrane transport  (Abe et al. 2002; Bernal 
2005; Hagenbuch and Meier 2004). 
 Nevertheless, in the cell, TH binds to nuclear receptors as sex steroids do (see 
Introduction-VI-3). There are three TH receptors (TR) namely TRαa1, TRβ1, TRβ2. They are 
synthesised from two genes, THRA and THRB, by alternative splicing. THRA produces TR-

α1 which is expressed peripherally  and TR-α2. However, TR-α2 does not bind TH and is 
called c-erbα-2. THRB produces TR-β1 and TR-β2, which are expressed in the central 
nervous system, especially in the HPT axis (Flamant  et al. 2006). Upon ligand binding, these 
receptors form heterodimers with retinoid X receptors (RXRs; Yen 2001; Zhang and Lazar 
2000).

Like for sex steroids, the heterodimerised nuclear receptors bound to T3 bind to response 
elements (TRE) on the DNA, inducing specific gene transcription. TRαa2/c-erbα-2 can also 
heterodimerise with RXRs and bind to TREs on the DNA, but these heterodimers do not 
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transactivate transcription. Thus TRαa2/c-erbα-2 antagonises TH action by competing for the 

same TREs as T3 binding transactivating heterodimers.
 Photoperiodic changes of TH transporters and receptors were studied in Djungarian 
hamster (Prendergast et al. 2002) and in the Japanese quail (Nakao et al. 2006). According to 
these authors, TBP are reduced in SP photorefractory hamsters. However, OATP transporters 
apparently  do not display any seasonal variation in brain, although these molecules were not 

investigated in photorefractory animals. The authors proposed that  these transporters could be 
involved in the thyroxine transport necessary for the avian photoperiodic response of the 
gonads.

Figure 13: Thyroid hormones transporters in the central nervous system. Thyroid hormones 
cross the blood-brain barrier through the organic anion-transporting polypeptides (OATP) or the 
blood-CSF barrier through the OATP and the monocarboxylate anion transporters 8 (MCT8). In 
the astrocytes and tanycytes T4 (3,3’,5,5’-tetraiodo-L-thyronine; thyroxine) is converted to T3 
(3,5,3’-triiodo-L-thyronine; triiodothyronine), by D2 (iodothyronine deiodinases type ; Dio2), 
which then enters the neurones through MCT8. In neurones both T4 and T3 are degraded by D3 
(iodothyronine deiodinases type 3; Dio3). T3 from the tanycytes may reach the portal vessels in 
the median eminence. Other transporters may be present on the astrocyte or tanycyte membranes. 
Modified from Bernal 2005.
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X - Tanycytes

 The MBH region is a hypothalamic region close to the third ventricle and expressing 

melatonin receptors in hamsters. In this region there is a specific type of glial cells, a radial 
glial-like cell but which remains present throughout life, the tanycytes. 
 Tanycytes are elongated bipolar ependymal cells lining the ventral part of the 
infundibular recess of the third ventricle. These cells have a proximal pole in the ependymal 
wall and a distal pole contacting the portal vessels (Horstmann 1954). They link the CSF of 

the ventricle to the portal capillaries of the hypophysis (PT). Already in 1958, F. Löfgren 
suggested a possible role for tanycytes in linking CSF, the PT and neuroendocrine functions 
(Löfgren 1958, 1959, 1960; 1961). EM. Rodríguez et al. (2005) demonstrated that these cells 
are capable of extracting substances from the CSF by an absorptive process. Conversely, it 
has also been shown that tanycytes can extract substances from the bloodstream and 

concentrate them into the CSF (Fukagawa et al. 1995; Mitro and Palkovits 1981). Tanycytes 
might play  a bidirectional role of cytoplasmic conduit between CSF and the vascular elements 
of this region (Rodriguez et al. 2005; Wittkowski 1998).
 There are four types of tanycytes in the rat: α1 (dorsal), α2, β1 and β2 (ventral); all of 
them have their cell bodies embedded in the ependymal wall. This classification is based on 

localisation, spatial relationships, morphology, cytochemistry, ultrastructure and certain 
functions (see Figure 14; Rodriguez et al. 2005):

- α1 tanycytes processes connect  with the capillaries and neurones of the ventromedial and 
dorsomedial hypothalamic nucleus (VMH and DMH respectively);

- α2 tanycytes project their processes to the ARC and a few of them terminate on the lateral 
side of the tuberoinfundibular sulcus (Akmayev et al. 1973; Rodriguez et al. 1979).

- β1 tanycytes line the lateral corners of the infundibular recess (Amat  et al. 1999). Their 

processes end up on the lateral part of the median eminence, directly  on the basal lamina of 
meninges, in close contact with the portal capillaries. But some processes cross the basal 
lamina and establish cell-to-cell contact with PT-specific secretory cells (Guerra et al. 2009); 

- β2 tanycytes are present in the floor of the infundibular recess and their projections contact 

also the portal capillaries but they  are located in the medial zone of the median eminence 
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(Blázquez et al. 2002; Flament-Durand and Brion 1985; Kozlowski and Coates 1985; 

Peruzzo et al. 2000; Rodriguez et al. 1979).

Figure 14: Tanycytes subtypes.  A: Localisation and distribution of α and β tanycytes in the 
MBH. B: Line drawing of the mouse medial basal hypothalamus, depicting the location and 
distribution of α and β tanycytes and the neurones of the ventromedial (VMH) and arcuate nuclei 
(AN). The evidence that cells of the walls of the infundibular recess (ependyma and neurones) 
express ATP (adenosine-5’-triphosphate)‐sensitive K+ channels and GLUT‐2 (glucose transporters 
2) is indicated; these molecules are associated with the glucose‐sensing mechanism. C: in vivo 
tanycytes subtypes. 3V: Third ventricle. Adapted from Rodriguez et al. 2005.

 To sum up, the α subtype bridges between the CSF and the blood vessels/neurones of 
the MBH. And the β subtype, located more in the ventral part of the infundibular recess, 
connect the CSF and the blood portal system of the hypophysis (Akmayev et al. 1973; Knigge 
and Scott 1970; Rodriguez 1969; Rodriguez et al. 1979; Löfgren, 1958; Rodríguez, 1972). 
Contrary  to the β subtype, the α subtype is capable of undergoing endocytosis at  both poles. 

The β subtype appears to undergo endocytosis only at the ventricular CSF pole (Peruzzo et al. 
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2004). These subtypes are also known to secrete, through their basal processes, biologically 

active compounds such as β-transforming growth factor (TGFβ), prostaglandin E2 (PGE2) or 
the specific protein p85 (Blázquez et al. 2002; Ojeda et al. 2008; Prévot et al. 1999; Prévot 
2002; Rodriguez et al. 2005).
 Recently, these glial cells have been shown to be the local «gatekeeper» of thyroid 
hormone transfer into the brain (Yamamura et al. 2004), CSF glucose sensing and the BBB of 

the median eminence (see from Rodriguez et  al. 2005). Moreover, they appear to be involved 
in the local modulation of hypothalamic hormone release. Indeed, electron microscopy 
showed important cellular remodelling in the tanycytes in SP exposed animals, when the HPG 
axis is inhibited (Yamamura et al. 2004), in the Japanese quail (Coturnix japonica); (Kameda 
et al. 2003), in the Djungarian hamster). Tanycyte glial terminals seem to detach 

hypothalamic neuroendocrine neuronal terminals from the parenchymatous basal lamina in 
the median eminence region and create a physical barrier for hormone release under SP. 
GnRH release into the pituitary portal system is thus diminished. In LP, glial terminals retract 
which allows the access of neuronal terminals to the basal lamina and thus GnRH release is 
recovered. This phenomenon can involve both neuroendocrine axonal growth and tanycytic 

process remodelling (Dhandapani et al. 2003; Garcia-Segura and McCarthy 2004; Hökfelt 
1973; Hökfelt et al. 1986; King and Letourneau 1994; King and Rubin 1994; Kozlowski and 
Coates 1985; Wittkowski 1998; also observed in rat after sex steroids changes, Prévot et al. 
1999; Prévot 2002). Animals reactivate the whole sexual axis and become reproductive again 
during LP (described Introduction-XIV-5; see Figure 15). 

Figure 15: Photoperiodic morphological remodelling model of tanycytic processes in birds. 
This drawing shows the morphological changes in the GnRH (gonadotrophic-releasing hormone) 
nerve terminals and end-feet of glial processes in the median eminence under SD (short days) and 
LD (long days) in the Japanese quail, as proposed by Dr. T. Yoshimura. From Yoshimura 2006.
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XI - Thyroid hormones and seasonality

 In SP, the Dio2 gene is downregulated like the rfrps and the kiss1 gene. M. Watanabe 

et al., in 2004, showed that injection of melatonin in LP animals (therefore, increasing the 
melatonin peak) induces a down-regulation of Dio2 in Djungarian hamsters compared to 
vehicle injection. Administration of T3 implants into the Djungarian hamster ARC nucleus 
induce testicular recrudescence in animals exposed to a SP (Barrett et al. 2007). Moreover, in 
sheep, the reproductive transition from the breeding season to anoestrus is dependent on the 

presence of TH. Hence, TH intervene in the regulation of reproduction in photoperiodic 
animals (Karsch et al. 1995; Lehman et al. 1997).
 T. Yamamura et al. (2006) demonstrated in the Japanese quail, that T3 MBH implants, 
can directly promote the access of GnRH terminals to the pituitary portal system via 
morphological changes of tanycyte processes (see Figure 15). This phenomenon was 

observed only at  a certain hormone concentration and so far only  shown in the quail. Increase 
of the dose failed in induce tanycytic changes. Speculatively, this might be due to the 
involvement of TH in tanycytes in the photorefractoriness episodes in photoperiodic species 
(Prendergast et al. 2002; Yamamura et al. 2006).

XII - Brain plasticity

 Brain plasticity  has become one of the major interests in Neurosciences in the last  
decades. But what exactly is «brain plasticity»? 
According to Merriam Webster’s dictionary, neural plasticity is: «the capacity for continuous 
alteration of the neural pathways and synapses of the living brain and nervous system in 

response to the environment, experiences or injury».
We can distinguish several kinds of plastic phenomena in the brain:

- functional synaptic plasticity, e.g. long-term potentiation (LTP) and long-term depression 
(LTD). Discovered in the californian sea slug (Aplysia californica) and then in the 

mammalian hippocampus, these cellular events are induced after a tetanic stimulation (for 
instance in the CA1 region). After such a simulation, the synaptic response is almost three-
fold increased. LTP is a facilitation of the synaptic transmission after a stimulus burst. 
Schematically, this is obtained through a successive recruitment of AMPA (α-amino-3-
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hydroxyl-5-methyl-4-isoxazole-propionate) receptor currents and then NMDA (N-methyl-D-

aspartic acid) receptor currents. 
LTD is a diminution of the synapse response after a stimulus. Two types of LTD exist. One 
results from strong synaptic stimulation (like in the cerebellar Purkinje cells) and the other 
one from persistent weak synaptic stimulation (like in the hippocampus). LTD may be due to 
a decrease in postsynaptic receptor density, but also to a decrease in presynaptic 

neurotransmitter release.

- structural synaptic plasticity, obtained after, for example, an LTP event. Cellular pathways 
are activated in the neurone inducing an increase of membrane receptor and cytoskeletal 
molecule recruitment. This allows first, to obtain a multi-spine synapse and then a 

presynaptic remodelling and a synapse multiplication. This long term phenomenon permits 
an increase of the efficiency of a synaptic pathway, particularly studied in learning and 
memories.

- neurochemical plasticity, is a change in gene expression in a cell, depending on the 

physiological context on which it is exposed. For example, the VP neurones of the SON 
(supraoptic nucleus; see Introduction-XIV-4), are cells sensitive to the osmotic changes in 
the blood. Under normal conditions of water supply, rats display  a high VP 
immunoreactivity and low tyrosine hydroxylase immunoreactivity  in the SON. After two 
weeks of 2% saline as drinking water, VP immunoreactivity is reduced and the tyrosine 

hydroxylase immunoreactivity is increased as a response to prevent dehydration of the body. 
The SON cells adapted their gene expression to the new physiological context (Abramova et 
al. 2002).

- neuritic plasticity is a phenomenon that can be present either during normal situations, i.e. 

the development of the nervous system, or after traumatic situations, i.e. after an injury. If a 
post-synaptic site looses its pre-synaptic element after a lesion, this post-synaptic site 
stimulates the growth of collaterals from surviving fibres. These fibres will «sprout» 
collaterals, which will innervate the post-synaptic sites that have lost their innervation. This 
phenomenon called «collateral sprouting» has been extensively studied at the neuromuscular 

junction.
During development, the immature nervous system generates supernumerary  connections 
between neurones. Among all these connections, only a few will remain, and remodelling 
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processes, by destruction, collateral sprouting, etc. will persist until death.

- neurogenesis is maybe the most spectacular brain plasticity. Of course during development, 
new neurones are formed from neural progenitors, but the generation of new neurones in 
adult brain was totally unexpected since the nervous system was considered to be fixed at 
the adult age since the work of Ramón y Cajal. Already suggested by  J. Altman and GD. Das 

in 1965 (reviewed in Gage 2000; Altman and Das 1965a, b) two main adult neurogenic areas 
were identified in the brain: the subventricular zone (SVZ), lining the lateral ventricles, first 
demonstrated in birds (Goldman and Nottebohm 1983) and the subgranular zone (SGZ) of 
the dentate gyrus of the hippocampus (Kaplan and Bell 1984). In the hippocampus, along 
the inner part of the granule cell layer of the dentate gyrus, this proliferative zone contains 

progenitor cells. The newly born neurones translocate their cell body through the outer 
layers and send axons into the hilar area and dendrites through the molecular layer 
(reviewed in Bonfanti 2006). Unlike the SGZ, the SVZ lies the beneath the ependymal layer. 
In there, a meshwork of glial cells, including astrocytes, constitute a proliferative niche of 
neural stem cells. These neural stem cells are sent to the olfactory epithelium, via the rostral 

migratory stream (RMS), a cellular chain of neuronal progenitors wrapped into astrocytic 
cells and processes. In the olfactory bulb, they are integrated into the neural network and 
become interneurons. To date, adult neurogenesis has been described not only  in these 
structures but all over the brain (hypothalamus, cortex, etc...) but  in a small proportion. 
Moreover, in the adult neurogenesis, molecules such as neural cell adhesion molecule 

(NCAM) and polysialic acid-NCAM (PSA-NCAM) are involved (see Introduction-XIII).

- neuro-glial plasticity, is a new concept in Neurosciences. Initially  considered only as 
«supporting cells», glial cells are an integral part of the functioning of the brain. Glial cells 
are now recognised as part of the synaptic function through re-uptake mechanisms of 

neurotransmitters like glutamate. Furthermore, glial cells participate in the remodelling of 
synapses as shown by DT. Theodosis et al. in the SON (1999). Also glial cells are 
interconnected creating a glial network (e.g. calcium waves) working in a perfect  synergy 
with neurones. Taken together, this suggest in parallel to the neuroplastictity, a totally new 
emerging field of glioplasticity.

 The development of the nervous system specially  recruits cell adhesion molecules 
(CAMs) during growth, migration and differentiation of neural progenitors. Then, during the 
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whole life, the maintenance of nervous system integrity  and the changes of its circuits that 

occur are based also on CAMs, which can stabilise and modulate cellular interactions. CAM 
molecules participate in the morphogenesis and plasticity of the nervous system. They are part 
of the cadherin, semaphorin and integrin families, but also the immunoglobulin superfamily 
(Bonfanti 2006; Hirano et al. 2003; Hortsch 2003; Kruger et al. 2005; Walsh and Doherty 
1997).

 These CAM  molecules are characterised by  a small variety of protein domains (e.g. 
fibronectin, immunoglobulin domains, etc...) but a large amount of possible combinations of 
these domains. Indeed, there are different types of interactions: homophilic adhesion (proteins 
interacting with their own), heterophilic adhesion (binding different ligands; reviewed in 
Kiselyov et al. 2005) or a combination of both mechanisms. Other CAMs can interact with 

different ligands, either expressed on the cell surface (trans interactions if belonging to other 
cells, cis interactions if placed on the same cell membrane) or in the extracellular matrix 
(Bonfanti 2006). Furthermore, these molecules are not only  providing an interaction between 
the internal milieu, e.g. the cytoskeleton, and the external compartment, e.g. proximate cell, or 
extracellular matrix, but also they can be part of cellular signalling pathways (Bonfanti 2006; 

Crossin and Krushel 2000; Gumbiner 1996; Walsh and Doherty 1997).

XIII - NCAM - Neural cell adhesion molecule

 NCAM is the most studied neuronal CAM  and probably the most widely present in the 
nervous system (Chapter I, its hypothalamic expression; Edelman 1986a, b; Hoffman et al. 
1982). 

 NCAM is a member of the immunoglobulin superfamily of CAMs coded by a single 
copy gene composed of 26 exons. Using alternative splicing and post-translational 
modifications, more than 20-30 isoforms can be generated (Bonfanti 2006; Edelman 1986a, b; 
Goridis and Brunet 1992; Rougon and Hobert 2003). There are three main classes of NCAM 
molecules based on their molecular weight: 120, 140 and 180 kDa (kilo Daltons). The major 

difference is due to a divergent cytoplasmic domain or even an absence of this one for the 
NCAM-120 form. NCAM-120 is attached to the cell membrane through a GPI, a 
glycosylphosphatidylinositol anchor (Bonfanti 2006; Edelman and Crossin 1991).
 The extracellular region of NCAM comprises five immunoglobulin-like (Ig1-5) and 
two fibronectin type III (Fn1-2) domains (see Figure 16).
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Figure 16: Neural cell adhesion molecule (NCAM) isoforms. Schema of the three major NCAM 
isoforms. The extracellular part of NCAM is composed of five immunoglobulin (Ig)-like domains 
and two fibronectin type III (FnIII). NCAM-180 and NCAM-140 are transmembrane proteins 
which differ in the length of their intracellular part, whereas NCAM-120 is attached to the plasma 
membrane by a glycosylphosphatidylinositol (GPI) anchor. NCAM is a glycoprotein containing 6 

N-glycosylation sites. Adapted from Hildebrandt et al. 2008. 

 Crystallography experiments of the N-terminal domain of NCAM showed that trans-
cellular homophilic recognition and adhesion occur through dimerisation of Ig1 and Ig2 
domains from opposite cells, which can form a cross-shaped antiparallel dimer (Bonfanti 
2006; Kasper et al. 2000). Thus, NCAM  establishes cell-cell adhesion through homophilic 
interactions of its extracellular domains. But NCAM contains also heparin (heparan sulfate)-

binding domains, which illustrate its capacities to bind the cell to these extracellular 
glycoproteins (Bonfanti 2006; Cole et al. 1986). 
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XIV - PSA-NCAM - Polysialic acid-neural cell adhesion molecule

1 - Biosynthesis
 
 A particularity of NCAM is its polysialysation. Indeed, sialic acid polymers can be 
added to all three forms by  post-translational modification, thus introducing new possibilities 
of modulating adhesion (Bonfanti 2006; Hildebrandt et al. 2008; Rutishauser 1998, 2008). 

Polysialic acid (PSA) is a linear homopolymer composed of 8 to 100 monomers of negatively 
charged α 2,8-linked N-acetyl-neuraminic acid residues. This carbohydrate is attached to two 
asparaginyl residues on the Ig5 extracellular domain through a carbohydrate inset of 
glucosamine, mannose and galactose (see Figure 17). The PSA-NCAM molecule is formed in 
the Golgi apparatus on the cytoplasmic face of the inner membrane (Alcaraz and Goridis 

1991; Bonfanti 2006; Bork et al. 2005; Hildebrandt  et al. 2008; Rutishauser 1998, 2008). The 
addition of PSA to NCAM  occurs through two Golgi-associated polysialyltransferases named: 
ST8SiaIV (PST) and ST8SiaII (STX; Eckhardt  et al. 1995; Kitagawa and Paulson 1994; 
Kojima et al. 1996; Nakayama et al. 1995; reviewed in Angata and Fukuda 2003; Bonfanti 
2006; Hildebrandt et al. 2008; Rutishauser 1998, 2008).

 The sialic acids themselves are synthesised in the cytosol from UDP-N-
acetylglucosamine by four consecutive reactions, the key enzyme being the UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine-kinase (GNE; see Figure 18).
 The presence of PSA is modulated by three major mechanisms: the regulation of 
polysialyltransferases transcription and/or activity; its turnover at the cellular surface (Kiss 

and Rougon 1997); and by the biosynthesis of sialic acid at the GNE level (Bork et al. 2005).

 Polysialysation is observed in prokaryotes, on the capsular polysaccharides of 
Escherichia coli K1 and group B meningococci (Neisseria meningitidis; for instance, the 
obtention of the 735 antibody; see Figure 19).

In eukaryotes, it is found in salmon egg alveoli, on sodium channels of the electrical organ of 
the eel (Electrophorus electricus), as well as on the α subunit of the voltage-gated sodium 
channel in mammals, on the scavenger receptor CD36 (cluster of differentiation 36) in human 
milk, the neuropilin-2 on human dendritic cells and the polysialyltransferases themselves 
(Hildebrandt et al. 2008; Hoyk et al. 2001; Zuber et al. 1992). But NCAM is by  far the major 

acceptor of PSA in mammals.
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Figure 17: The polysialylated form of neural cell adhesion molecule (PSA-NCAM) structure. 
The polysialic chain (PSA) is synthesised on an N-linked core carbohydrate attached to 
asparaginyl residues (Asn) located at the 5th and 6th N-glycosylation site on Ig (immunoglobulin)-
like domains (inset; glm, glucosamine; man,  mannose; glc, galactose). One or more polySia chains 
can be added on NCAM isoforms (polySia-NCAM). The hydrodynamic radius of polySia is 
depicted as a shaded sphere. Adapted from Bonfanti 2006; Hildebrandt et al. 2008.

 PSA chains can be cleaved in vitro by a special prokaryotic enzyme, the endosialidase, 
produced by a bacteriophage specific for Escherichia coli K1 (Endo-N; Bonfanti 2006; Finne 
and Makela 1985; Hallenbeck et al. 1987; Vimr et al. 1984; see Figure 19). This enzyme 
cleaves the PSA polychains on NCAM, for instance, but is absent in eukaryotes. 
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Figure 18: Synthesis of the polysialylated form of neural cell adhesion molecule (PSA-
NCAM). Polysialic acid (PSA), a linear homopolymer of α2-8-linked N-acetylneuraminic acid 
containing from about 8 to over 100 monomers, is synthesised by polysialyltransferases ST8SiaIV 
(PST) and ST8SiaII (STX). Sialic acid is synthesised in the cytosol in four consecutive reactions 
(arrows) from UDP-N-acetylglucosamine, the key enzyme being the UDP-N-acetylglucosamine 2-
epimerase/N-acetylmannosamine-kinase (GNE). Then monomers are polymerised to PSA in the 
Golgi by the polysialyltransferases. The PSA chains form a large molecule with steric properties 
due to a high density of negative charges (represented as orange ovals). The polysialylation is a 
potential for variability in NCAM. The polysialylation pattern of NCAM is defined by the 
interplay of ST8SiaII and ST8SiaIV and can vary with respect to the number of polySia chains per 
NCAM, the length of each individual polySia chain, and the ratio of polysialylated to polySia-free 
NCAM. Adapted from Bonfanti 2006; Hildebrandt et al. 2008.
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Figure 19: Endoneuraminidase (Endo-N) and antibodies 
anti-PSA sites of action.  The unique structure of the α2,8-
linked polymer allows for its specific recognition by 
monoclonal antibodies (anti-PSA) and by a phage-derived 
endoneuraminidase (endo-N). Adapted from Rutishauser 
1998.

2 - PSA action in dynamic cellular changes 

 Cellular adhesion is important to establish stable interactions between cells but there 
are more dynamic adhesive events involving the CAMs and particularly PSA-NCAM. These 

dynamic phenomena are extremely  common not only  during tissue development but also 
during adult  structural plasticity (Gumbiner 1996; Hildebrandt et al. 2008; Rutishauser 1998, 
2008). PSA-NCAM  is involved in structural plasticity throughout the whole brain (see Figure 
20). But how is PSA-NCAM linked to structural plasticity?
 In vertebrates, PSA attached to NCAM disrupts NCAM  dimerisation, and this results 

in an attenuation of cell-cell interactions, probably via steric and/or charge effects at the cell 
surface, intervening in dynamic cellular changes (see Figure 21; Kiss et al. 2001; Rougon 
1993; Rutishauser and Landmesser 1996). Cells can then detach from neighbouring cells or 
from the extracellular matrix and be able to undergo changes in their conformation or even 
migrate from the original site (Hoffman and Edelman 1983; Sadoul et al. 1983; Theodosis et 

al. 1991).
 Thus, for instance, PSA promotes the axonal growth or the migration of neural 
progenitors from their niche to the final destination, e.g. the SVZ and the olfactory bulb. PSA 
cleavage, by Endo-N enzymatic treatment, inhibits the rostral migratory stream or tangential 
neuronal migration (Doetsch et al. 1997; Ono et al. 1994). The same treatment block the 

migration of oligodendrocyte-type-2-astrocyte (O-2A) glial progenitor cells from 
neurohypophyseal explants in vitro (C. Wang et al. 1994; C. Wang et al. 1996). Furthermore, 
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not surprisingly, PSA is also involved in the invasiveness and metastatic ability of tumours 

(reviewed in Bonfanti 2006; Miyagi et al. 2004). It appears that PSA, can disrupt the regular 
interactions between cells, inducing the migration of either progenitors or malign cells (Ono 
et al. 1994; Theodosis et al. 1991; Yoshida et al. 1999).

Figure 20: Role of polysialic acid (PSA) in the nervous system throughout life. The chart 
shows four consecutive physiological phases (numbered I-IV), plus an injury or desease response 
(V). It depicts the timing of changes in the levels/extent of PSA expression in embryonic, neonatal 
and adult animals and the major cell and tissue mechanisms that are known to be affected by the 
presence of PSA. The labelled vertical lines indicate key events that are associated with a 
coincident decrease in PSA. During repair, two types of alteration in PSA expression can be 
conceived: a natural but short-term (transient) expression, and an artificial longer-term induction 
(engineered). From Rutishauser 2008.

 Another example is the expression of PSA-NCAM  and NCAM in the SCN (Glass et 
al. 1994; Shen et al. 1997; H. Shen et al. 1999). It  was shown that the SCN revealed marked 

diurnal fluctuations in PSA during 24 hours. This rhythmic, light-inducible expression of PSA 
within the SCN, in Syrian hamsters, suggests that dynamic cell interactions are important for 
the photic regulation of circadian clock phase (Glass et al. 2003). PSA-NCAM circadian 
expression induces consequently periodical detachment and disruption between cells, thus 
perturbing the cellular SCN network and the mechanism of the master clock (see 

Introduction-II).

General Introduction

40



Figure 21: Theoretical model of the neural cell adhesion molecule (NCAM) and its polysialic 
acid (PSA) action. Here is illustrated the possible mechanisms of attenuation of cell-cell 
interactions, probably via steric and/or charge effects at the cell surface and/or the extracellular 
matrix. It is also depicted the interaction between NCAM and receptor tyrosine kinases. Left: 
homophillic binding of NCAM may stabilise cell-cell contacts through interactions involving the 
five Ig (immunoglobulin) modules of NCAM. Right: the presence of PSA on NCAM reduces 
possibilities of homophillic interactions that are limited to a cross shaped anti-parallel binding of 
the first two Ig modules and at the same time, favours cis-interactions and the dimerisation and 
phosphorylation (P) of receptor tyrosine kinases such as the FGF receptor or the BDNF (brain-
derived neurotrophic factor) receptor Trk-B, leading in this way to an increased sensitivity to the 
released growth factors. In addition, PSA on NCAM could also act by trapping positively charged 
ligands such as BDNF in the proximity of their receptors. From Kiss et al. 2001.

3 - PSA action through cell signalling

 NCAM and PSA-NCAM were also implicated in the modulation of growth factor 
signalling (Kiss et al. 2001). The mechanism of this modulation is not so clear, but PSA-
NCAM could mediate CAM, like NCAM, homophilic interactions which promotes clustering 
and aggregation of receptor tyrosine kinases. This will induce a dimerisation and 

autophosphorylation of these receptors, having as a consequence their activation even without 
any presence of ligands or growth factors (Kiss et al. 2001; Schlessinger 2000). Moreover, 
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NCAM and FGF receptors (fibroblast growth factor receptors) have been reported to interact 

(Doherty and Walsh 1996). PSA-NCAM could induce a pre-clustering of receptor dimers, 
thanks to its particular physico-chemical properties and facilitate the receptor-ligand binding 
and thus increase the amplitude of signalling (see Figure 21; Kiss et al. 2001). Furthermore, 
the biosynthesis of PSA-NCAM  is regulated by cell activation, such as electrical activity  in 
axons (Bonfanti 2006; Kiss et al. 1994). Indeed, NMDA-evoked currents induce an increase 

in intracellular Ca2+ ions that can provoke either exocytosis (C. Wang et al. 1996) or 
endocytosis (Bouzioukh et al. 2001) of PSA-NCAM, thus increased surface expression or 
degradation, respectively (Bonfanti 2006).
 All of these mechanisms can promote the activation of growth factor signalling and 
therefore the neurite outgrowth and the synaptic plasticity.

Interactions between PSA-NCAM  and receptor tyrosine kinases could also modify  the 
turnover or inactivation of membrane receptors (Kiss et al. 2001). The negatively  charged 
PSA tail on NCAM molecules can change the binding of positively  charged molecules, like 
BNDF, on their receptors. PSA can thus delay the diffusion of secreted BDNF (brain-derived 
neurotrophic factor) in an autocrine communication (Kiss et al. 2001; Schuman 1999).

4 - The dehydration and lactation model

 PSA-NCAM expression generally  stimulates the capacity for structural and/or 
physiological plasticity. As we already suggested, there are several regions displaying this 

phenomenon and involving the NCAM molecule. For instance, the olfactory bulb (Miragall et 
al. 1990) the hippocampus/dentate gyrus (Becker et al. 1996; Le Gal La Salle et al. 1992; 
Muller et al. 1996; Seki and Arai 1991, 1999a, b) and the hypothalamus (Bonfanti et al. 1992; 
Glass et al. 1994; Lee et al. 1995; Murakami et al. 1991; Theodosis et al. 1991; Viguie et al. 
2001). PSA has a role in processes as different as neurite outgrowth (Landmesser et al. 1990; 

Yamamoto et al. 2000), cell migration (Ono et al. 1994; Yoshida et al. 1999), and synaptic 
function (Dityatev et al. 2004; Muller et al. 1996). For instance, these roles in the plasticity 
were suggested by  the observations that removal of PSA abolishes long-term potentiation in 
the hippocampus (Muller et al. 1996), or affects structural reorganisations of the SON caused 
by lactation or dehydration (Monlezun et al. 2005; Theodosis et al. 1999). 

 Indeed, the hypothalamo-neurohypophyseal axis (HNH) highly  expresses PSA-
NCAM and not only during development but also throughout life (Bonfanti et al. 1992; Kiss 
et al. 1993; Nothias et al. 1997; Theodosis et al. 1991). This system is extremely  plastic (for 
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review, see Hatton 1997; Theodosis and Poulain 1993; Theodosis et al. 1998; Theodosis et al. 

1999).
 The HNH neurones secrete two neurohormones: VP and oxytocin. These neurones are 
located in the SON and the PVN nuclei and project their fibres to the neurohypophysis. These 
hormones are important for osmotic regulation and parturition/lactation respectively. It has 
been shown that during these physiological stimuli glial cells reduce the neuronal surface they 

cover with their processes. Thus these neurones are more juxtaposed and contacted by 
synapses. Furthermore, these characteristics are reversible after cessation of the physiological 
stimuli (Hatton 1997; Theodosis et al. 1991; Theodosis and Poulain 1993; Theodosis et al. 
1999).
 Glial cells (mainly  astrocytes), neurones and neurone processes in the region, express 

the PSA-NCAM molecule and display  drastic morphological plastic rearrangements (see 
Figure 22; Monlezun et al. 2005; Theodosis and Poulain 1993). SON microinjection of Endo-
N enzyme induces the disappearance of PSA immunoreactivity  and thus both the glial 
retraction and the increase in synaptic inputs on the neuroendocrine neurones during lactation 
and dehydration (Hoyk et al. 2001; Theodosis et al. 1999). In the neurohypophysis, PSA-

NCAM expression allows the retraction of glial processes from the neurohemal interface. 
Thus the neurovascular contact area is increased, which results in a bigger surface for 
exocytosis of neurohormones (Monlezun et al. 2005).

 Taken together, these data suggest a correlative evidence that PSA-NCAM and NCAM 

are major actors of the cellular (glial and neuronal) remodelling in the SON or PVN. Some of 
the effects of PSA could be triggered through activation of β-adrenergic receptors (Monlezun 
et al. 2005). 
However, no effect on lactation or water intake was observed after Endo-N injection 
(Monlezun et al. 2005). This might suggest an uncoupling of PSA-NCAM/NCAM controlled 

morphological changes and physiological responses?
 Alternatively, PSA might be essential for the active phases of this neuronal and glial 
plasticity but not for the maintenance of stable cell contacts, as already suggested from studies 
in development where PSA downregulation is required for establishing strong contacts 
between cells (Monlezun et al. 2005; Theodosis et al. 1999).
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Figure 22: Model of neuro-glial remodelling during dehydration and lactation.  Glial 
processes encapsulate neuronal terminals during normal situation (a).  A physiological stimuli 
induce a glial retraction (polysialic acid can intervene here), leaving free access to make a contact 
with another post-synaptic element. (b). A reinforcement of the newly created synapses can be 
helped by glial processes «covering» the synapse (c; neural cell adhesion molecule, NCAM could 
here intervene).  After the end of the stimulus,  glia can on a contrary now detach the new synapses 
(d) and come back to a normal situation (a). From Theodosis and Poulain 1993.

5 - The hypothalamo-pituitary-gonadal axis and the PSA-NCAM 

 More recently, similar neuroglial plasticity was shown also in the ARC and the median 

eminence, on GnRH neuronal terminals (Hoyk et al. 2001; Parkash and Kaur 2005). The HPG 
axis (see Figure 7) like the HNH, highly expresses the PSA-NCAM/NCAM  molecules 
(Bonfanti et al. 1992; Parkash and Kaur 2005; Perera et al. 1993). Mainly studied in females 
during the oestrous cycle, PSA-NCAM  on GnRH neurones is required for an oestrogen-
induced synaptic remodelling in GABA (γ-Aminobutyric acid) synapses and astrocytic 

ensheathment in the region (Hoyk et al. 2001; Parkash and Kaur 2005). This is further 
supported by  the fact  that the number of axo-somatic synapses in the ARC is changing during 
the rodent’s female cycle (Olmos et al. 1989). Dynamic plastic changes in the external zone 
of the median eminence allow physical contacts between GnRH nerve terminals and the 
perivascular space on the day of proestrus, to facilitate GnRH release into pituitary portal 
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blood (Alonso et al. 1997; Parkash and Kaur 2005; Prevot et al. 2000; Prévot et al. 1999). 

PSA-NCAM expression peaks during the proestrous phase in rat (Parkash and Kaur 2005). 
The mechanism governing this plasticity is more and more understood. In females, during the 
oestrous cycle astrocytic release of TGFα or β family molecules and PGE2 or bFGF (basic 
fibroblast growth factor, or FGF2) can induce cellular rearrangements (Prévot et al. 2000; 
Prévot et al. 1999; and reviewed in Galbiati et al. 2003).

 Furthermore, other CAMs, except NCAM  were also involved in this dynamic cellular 
phenomenon during the oestrus cycle in rat, such as contactins, SynCAM1 (Ojeda et al. 
2008). Another glial partner: in this remodelling are the tanycytes. Via TGFα tanycytic release 
and EGF-like growth factors pathways, these CAMs take part in this plasticity, influenced by 
the sex steroids feedback. 

 Nonetheless, in 2001, C. Vigué et al. also implicated PSA-NCAM/NCAM molecules, 
in the regulation of the GnRH release in seasonal breeders, like ewes. Synaptic structural 
plasticity controlled by PSA-NCAM/NCAM  might control synaptic inputs on GnRH neuronal 
cell bodies and dendrites in the POA according to season (Viguie et al. 2001). In a seasonal 

rodent, the Djungarian hamster, hypothalamic changes in NCAM expression were also 
observed (Lee et al. 1995). But so far no study was performed to clearly interpret which are 
the endocrine humoral signals that  can drive this seasonal modulation of PSA-NCAM/NCAM 
expression?
 In the first chapter of the thesis it was tried to understand which are the seasonal 

signals modulating the PSA-NCAM/NCAM and thus the morphological changes of tanycytes, 
in the Djungarian hamster.

 In this context, two important hormonal signals display drastic seasonal variations in 
hamsters: melatonin and testosterone. Do these signals play a role in neural plasticity?

For instance, does melatonin or testosterone induce seasonal variations, of NCAM and its 
polysialated form, in the median eminence, and particularly in tanycytes?
 Furthermore, does the vertebrate brain contain other structures sensitive to 
testosterone? And if so, considering the seasonal fluctuations of this hormone, can 
testosterone drive some forms of seasonal plasticity?
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XV - Bed nucleus of stria terminalis

1 - Anatomical localisation

 Sex steroids can influence brain development, since the sexual differentiation, in an 
organisational manner occurs at  early ages (de Vries et al. 1983; de Vries et al. 1994; 
Kalsbeek et al. 2002; Wang and De Vries 1993). Genes involved in the maturation of sexual 

organs are expressed on sex chromosomes. The masculinisation of embryos is due to many 
genes. One gene, well studied, involved in the sex determinism is the SRY gene (sex-
determining region Y) on the male Y chromosome. Coding for a transcription factor, this 
molecule is involved for instance in the Sertoli cell differentiation and the testis morphology. 
Any alteration of this gene disrupts the masculinisation of the embryo. Consequently, its 

absence induces a feminisation of the organism.
 During adulthood, sex steroids feedback on the brain and, for instance, negatively act  
on the HPG axis.
 Many brain structures contain numerous cells expressing sex hormone receptors, and 
are thus sensitive to the sex steroids (e.g. sexually  dimorphic POA, cortex, hypothalamic 

structures...). Two of these structures are the BNST (bed nucleus of stria terminalis) and the 
MeA (medial amygdala; see Figure 23):

- The neurones of the MeA nucleus project their fibres to the anterior part of the brain, 
including the lateral septum (LS) and to the hippocampus (but these neurones were not 

studied during this thesis).

- The BNST is an extrahypothalamic structure, part of the basal forebrain. To date, in 
mammals, it is considered as the grey matter in the cerebral hemispheres that surround the 
stria terminalis, and extend rostrally from the ventral part of the LS near the crossing of the 

anterior commissure to caudally  the end of the stria medullaris of the thalamus (sm) and the 
begging of the anterior amygdaloid area (see Figure 24). Most  of the amygdalar nuclei send 

a dense projection to the BNST, and they might be considered the majority of neural inputs 
(Dong et al. 2000). However, the BNST neurones receive many afferents, e.g. from the 
ventral part of the subiculum, the prelimbic area, the central nucleus of amygdala, the 

substantia innominata, the lateral hypothalamic area, the lateral preoptic area, the SCN, the 
anterior hypothalamic nucleus, the MPOA (medial preoptic area), the parastrial nucleus, the 
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anteroventral preoptic nucleus, the anterodorsal preoptic nucleus, the medial preoptic 

nucleus, the AVPV and the ventral tegmental area (Swanson and Cowan 1975)...

Figure 23: The sexually dimorphic vasopressinergic system. Sagittal schema of the main 
vasopressin pathways from the bed nucleus of the stria terminalis (BNST) and medial amygdala 
(MeA). LS: lateral septum; VDBB: diagonal band of Broca; LHb: lateral habenula; HIP: 
hippocampus; CG: central gray; DR: dorsal raphe; LC: locus coeruleus; OT: olfactory tubercle. 
Adapted from Kalsbeek et al. 2002.

 Because its extended size, the BNST is subdivided and projects fibres to many brain 

structures, e.g. the basomedial and the posterior nucleus of the amygdala, the nucleus 
accumbens, the caudal and caudoventral part of the LS nucleus, the MeA, the central nucleus 
of amygdala, the PVT, the lateral and medial habenula (LHb and MHb), the mammillary 
nucleus, the VMH, the DMH, the ARC, the PVN, the SON, the pedunculopontine nucleus, the 
dorsal nucleus raphe, the locus coeruleus, the the diagonal band of Broca, the central gray, the 

ventral tegmental area, the median eminence internal lamina (Swanson 1976)...
 The BNST and the MeA structures are sexually dimorphic parts of the brain: they are 
more prominent in males than in females.
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Figure 24: The rosto-caudal localisation of the bed nucleus of the stria terminalis (BNST). 
Coronal section of the Syrian hamster brain. LV: lateral ventricle; ic: internal capsule; st: stria 
terminalis; 3: third ventricle; mfb: medial forebrain bundle; f: fornix; ot: optic tractus; ox: optic 
chiasma; ac: anterior commissure; aca: anterior commissure anterior part. Adapted from Morin and 
Wood 2001.

2 - Neurochemistry

 The BNST express many  neurotransmitters, neuropeptides and specific proteins. 
Glutamate and GABA, the major excitatory  and inhibitory neurotransmitters of the central 
nervous system are obviously  present in these cells. Various neuropeptides are also expressed 
such as the opioids system neuropeptides (i.e. enkephalin), the neurotensin, the corticotropin-

releasing hormone (CRH), the orexins B (hypocretins), the substance P, the somatostatin, the 
cholecystokinin (CCK) or Kisspeptin (Ju et al. 1989; Poulin et al. 2009; Simerly  et al. 1990; 
Ansel et al. unpublised data)... But BNST neurones also contain a population of small 
diameter neurones expressing two major neuropeptides in this structure: the VP and the 
galanin (GAL). Other molecules, such as the AR, the ER, the GAD65 and 67 (glutamate 

decarboxylase) or the VGLUT2 (vesicular glutamate transporter) are also present in the 
BNST.

General Introduction

48



3 - Physiological functions

 The BNST-MeA system is involved in the control of emotions, being part of the limbic 
system and in the mechanisms of the response to stress and anxiety. This neuronal system is 
also involved in the control of several social- and reproduction-related behaviours: scent 
marking, vocalisation, parental behaviours, sexual behaviours (appetitive and 

consummatory...), pair-bonding and mate choice, offensive aggression, social recognition, 
which is the ability to recognise a previously  investigated conspecific (Goodson and Bass 
2001; Simerly 2002). Moreover, VP produced in the BNST and released in the LS, has anti-
pyretic activity  (Pittman et al. 1988a; Pittman et al. 1988b; Pittman et al. 1998) and its 
seasonal decrease is necessary to hibernation or daily torpor (Hermes et al. 1989; Hermes et 

al. 1993; Ouarour et al. 1991).
 Sex hormones receptors in the BNST were directly incriminated in BNST 
physiological roles. ERα seem to be more important in regulating reproductive behaviours of 
the BNST such as mating and parental behaviours (Champagne et al. 2006; Ogawa et al. 
1997; Trainor et al. 2007). And, ERβ seem to be more important in non-reproductive 

behaviours (Bodo and Rissman 2006; Trainor et al. 2007).
 BNST neurones (lateral and ventral parts) in rats (Polston et al. 2004; Simerly  and 
Swanson 1986) and sheep (Pompolo et al. 2005), project to GnRH neurones in the POA. Thus 
BNST might take part  in the regulation of GnRH and gonadotropin secretion (Beltramino and 
Taleisnik 1980; Raitiere et al. 1997). Recently, A1 and A2 noradrenergic neurones of the brain 

stem appear to be sensitive to oestrogen and project to the BNST. Thus, these neurones may 
provide an indirect input to GnRH cells, via the BNST (Pereira et al. 2009).
 The BNST-MeA VP was also involved in social- and reproduction-related behaviours. 
VP and oxytocin are neuropeptides and part of the same peptide family. Centrally, VP can act 
in concomitance with oxytocin and both are considered to be the molecules of parental 

behaviours, social interactions and «love» (aspect not discussed here; Caldwell et al. 2008a; 
Ferguson et al. 2002; Walum et al. 2008; Young and Wang 2004; Young 2009; Zeki 2007).
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XVI - Vasopressin

1 - Peptide

 VP is a small cyclic peptide of nine amino acids. Already suggested by Claude 
Bernard, who noticed a decreased urine output after a normal surgery (Bernard, 1859), VP 
was really discovered and isolated almost one hundred years later (Popenoe et al. 1952; 

Popenoe and Du Vigneaud 1953; Du Vigneaud et al. 1953). The first observed property  was 
of course its antidiruetic action. But VP has not only peripheral but also central actions.
The VP gene is a gene coding for preprovasopressin, which is composed of the signal peptide, 
VP, the neurophysin 2 (NP2) and the C peptide or copeptin (CP). The mRNA is translated and 
cotranslocated to the endoplasmic reticulum. There, after the cleavage of the signal peptide, 

the provasopressin peptide is glycosylated at the C terminus, folded and the disulphide 
bridging is formed increasing the molecular weight from 18 kDa to 21 kDa. From there, the 
prohormone is addressed to the Golgi apparatus, where it is further glycosylated bringing the 
molecular weight from 22 up to 24 KDa. In the Golgi apparatus, the C peptide is then cleaved, 
and the remaining peptides dimerise and are packaged into secretory vesicles. There, a final 

cleavage separates vasopressin from neurophysin 2, but  the two molecules remain in the same 
vesicle until secretion. Most of the preprovasopressin is processed through the regulated 
secretory pathway, some partially  processed precursor may  be released through the 
constitutive secretory pathway (see Figure 25).
 We used the property of the co-release of VP and NP2 to perform specific 

immunohistochemistry for VP expression using an antiserum against NP2.
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Figure 25: Vasopressin synthesis. The vasopressin (VP) gene contain 3 exons. The mRNA is 
addressed and translated in the endoplasmic reticulum. There, the preprohormone, composed of 
the signal peptide (SP), the VP, the neurophysin 2 (NP2) and the C peptide (CP) is cleaved and 
maturated by glycosylation. Exported to the Golgi apparatus, there more carbohydrates motifs are 
added and the CP is cleaved. VP and NP2 dimerise and packed in the same vesicle. Finally,  these 
neuropeptides are release out of the cell. Modified from van Leeuwen et al. 1998.

2 - Receptors

 The VP peptide is generally considered to bind three types of receptors:

- AVPR1A (or V1a): a GPCR, coupled to the Gαq/11 subunit, thus PLC, IP3 and diacyl-glycerol 

(DAG) resulting in the intracellular increase of Ca2+. The AVPR1A is present in the liver, the 
kidney, the smooth muscle of blood vessels, platelets and in the central nervous system. Its 
functions are mainly, vasoconstriction, stimulation of glycogenolysis and enhancement of 
platelet adhesion. In the central nervous system, AVPR1A is involved in all the social and 
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behavioural functions of VP (Wang et al. 1998);

- AVPR1B (or V1b): a GPCR, involving also the Gαq/11 subunit. The AVPR1B is present in the 
pituitary  (e.g. corticotroph cells) and the rest of the central nervous system. The functions of 
these receptors are mainly promoting ACTH (adrenocorticotropic hormone) release and they 
are also involved in VP-social-linked behaviours (Caldwell et al. 2008b; Wersinger et al. 

2004);

- AVPR2 (V2): is also a GPCR, but involving the Gαs subunit, activating the AC resulting in 
an increase of the cAMP and the activation of PKA. AVPR2 is present only  in the kidney, on 
the basolateral membrane of distal nephrons. This receptor allows the increase of the 

production and the membrane addressing of aquaporin-2 channels. They are the origin of the 
antidiuretic action of VP.

 In the central nervous system, there are two subtypes of neurones expressing VP, 
based on the cell body morphology: parvocellular neurones, for small neurones and 

magnocellular for the bigger neurones. But VP neurones can also be classified on functional 
and anatomical characteristics. Four different vasopressin systems can be distinguished.

3 - Vasopressinergic systems

a - The endocrine and the autonomic vasopressin systems:

 Magnocellular VP neurones are only  present in the endocrine vasopressinergic system. 
These neurones have their cell bodies in the PVN and the SON (see Figure 26). Their axones 

terminate either in the median eminence or in the posterior pituitary. VP magnocellular 
neurones (SON and PVN) release VP into the bloodstream in the posterior pituitary or 
neurohypophysis, and will act mainly  on the kidneys (antidiuretic action, VP is also called 
ADH, for antidiuretic hormone) or on blood vessels, inducing a vasoconstriction (also called 
argipressin). Another neuropeptide, the oxytocin is also released by the SON and the PVN in 

the posterior pituitary, but from other magnocellular neurones.
 Parvocellular neurones of these systems have their cell bodies in the PVN. They 
project either to the median eminence for the endocrine system or the the brainstem and the 
spinal cord for the autonomic system. 
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 VP from some parvocellular neurones, is released into the portal blood stream and will 

act on pituitary cells (the anterior pituitary  or the adenohypophysis). This VP is mostly 
colocalised with the CRH (Bartanusz  et al. 1993; Berkenbosch et al. 1989; de Goeij et al. 
1992; Romero et al. 1993). The primary capillary plexus of the hypothalamo-pituitary portal 
system carries the CRH to the pituitary, where it will stimulate corticotrope cells to secrete 
corticotropin (ACTH) or β-endorphin. ACTH stimulates the adrenal glands. The corelease of 

VP strongly potentiates the ACTH-releasing effect of CRH (Kalsbeek et al. 2002; Rivier and 
Vale 1983; Rivier et al. 1984). 

 VP parvocellular neurones from the PVN also project to the brainstem and the spinal 
cord, taking part in the autonomic nervous system. Axonal projections terminate within 

parasympathetic or sympathetic nuclei: in the nucleus of the solitary tract, in the dorsal motor 
nucleus of vagus and the intermediolateral column (see Figure 26; Buijs 1978; Kalsbeek et al. 
2002; Lang et al. 1983; Sawchenko 1987; Swanson 1977). The separation between the 
endocrine and autonomic vasopressinergic system is based on adrenalectomy experiments. 
Indeed, only  the endocrine part of PVN VP-containing neurones are sensitive to 

glucocorticoid feedback (Kalsbeek et al. 2002; Sawchenko 1987). The autonomic system 
seems to be only marginally affected by  variations in gonadal steroids. On the contrary, the 
endocrine system displays some sexual dimorphism. For instance, high CRH mRNA levels 
are found in females (Watts and Swanson 1989). Female rats also show changes of the 
neurohypophysis VP system during the oestrous cycle (Forsling et al. 1991; Kalsbeek et al. 

2002; Skowsky  et al. 1979; Swaab and Jongkind 1970). And changes in VP mRNA are 
observed following parturition in females (Kalsbeek et al. 2002; Swaab and Jongkind 1970; 
Thomas et al. 1996). Moreover, testosterone can affect the VP mRNA in in vitro hypothalamic 
slices after an osmotic stimulus (Swenson and Sladek 1997). Finally  humans display a sexual 
dimorphism in the control of plasmatic VP (Rhodes and Rubin 1999).

The effects of sex steroids on magnocellular VP neurones might be due to a direct influence 
on its secretion from the neurohypophysis. Apparently, ERβ are expressed by  magnocellular 
VP neurones (Alves et al. 1998; Kalsbeek et al. 2002). The feedback actions of sex steroids 
on parvocellular neurones of the endocrine system might  be of a neurogenic nature, mediated 
from upstream of the PVN (Kalsbeek et al. 2002; Viau and Meaney 1996). 
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Figure 26: The endocrine and the autonomic vasopressin systems. A: Coronal section of 
Djungarian hamster brain immunostained for vasopressin-neurophysin 2.  The blue circle marking 
the PVN (paraventricular nucleus) localisation and the red circle the SON (supraoptic nucleus). 
3V: third ventricle; ot: the optic tractus. B: Identically to (A) in situ hybridisation for VP-NP2-CP 
mRNA was performed. C: Sagittal schema of the main vasopressin pathways from the PVN and 
the SON neurones. ME: median eminence; PBN: parabrachial nucleus; A1: A1 group; DVC: 
dorsal vagal complex; IML: intermediolateral column of the spinal cord. Modified from Kalsbeek 
et al. 2002.
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b - The biological clock system:

 As already reviewed (Introduction-II), the SCN is the master clock of the body in 
mammals, the endogenous pacemaker. It is divided in two main parts: the shell and the core 
SCN. Although these structures contain in majority GABAergic neurones, in core, neurones 

express vasoactive intestinal polypeptide (VIP) and gastrin-releasing peptide (GRP) and in 
shell calretinin (CAR) and VP (Moore et al. 2002). The vasopressinergic neurones are widely 
present in the SCN, between 10 or 30% (Kalsbeek et al. 2002; Madeira et al. 1997; Moore 
and Speh 1993; Sofroniew and Weindl 1980). VP is considered to be one of the main outputs 
of the SCN clock, especially since VP secretion is peaking during the subjective daytime and 

thus parallels the circadian electrical activity pattern (Gillette and Reppert 1987; Kalsbeek et 
al. 2002). These VP neurones project their fibres to the MPOA, the PVN and the DMH (see 
Figure 27).
This VP system is not sex steroids sensitive (de Vries et al. 1984a; Viau et al. 2001) and 
indeed, no sex steroid receptors were reported in the SCN of most species (Alves et al. 1998; 

Shughrue et al. 1997; Simerly  et al. 1990; Zhou et al. 1994) except the mouse (Karatsoreos et 
al. 2007). Nonetheless, a sexual dimorphism of its projections has been described (Crenshaw 
et al. 1992; Horvath et al. 1998; Lakhdar-Ghazal et al. 1992) and gonadal hormones can 
influence the biological clock (Albers 1981; Daan et al. 1975; Kalsbeek et al. 2002; 
Karatsoreos et al. 2007; Kow and Pfaff 1984; Krajnak et al. 1998; Morin et al. 1977). But sex 

steroids, in this system might also induce these changes via a neurogenic action (De La Iglesia 
et al. 1999; Horvath et al. 1999; Kalsbeek et al. 2002).
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Figure 27: The biological clock vasopressinergic system. A: Coronal section of Djungarian 
hamster brain immunostained for vasopressin-neurophysin 2. The green circle pointing the SCN 
(supraoptic nucleus) localisation. 3V: third ventricle; ot: the optic tractus. B: Identically to (A) in 
situ hybridisation for VP-NP2-CP mRNA was performed. C: Sagittal schema of the main 
vasopressin pathways from SCN neurones. MPOA: medial part of the preoptic area; Pe: 
periventricular part of the paraventricular nucleus (PVN); DMH: dorsomedial nucleus of the 
hypothalamus; PV: paraventricular nucleus of the thalamus. Modified from Kalsbeek et al. 2002.
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XVII - The sexually dimorphic vasopressinergic system

1 - Sex steroids dependency

 This is the part of the brain that is most sensitive to gonadal steroids (see Figure 23). 
Indeed, VP expressed by the BNST and the MeA neurones displays dramatic fluctuations 
totally  depending on sex steroids. In fact, a clear sexual dimorphism was observed in almost 

all mammals. For instance, in rats, males contain twice more VP immunoreactivity in the 
BNST than females. Besides, full elimination of VP expression in these neurones is obtained 
by gonadectomy (Bamshad et al. 1993; de Vries et al. 1981; De Vries and Buijs 1983; de 
Vries et al. 1986; van Leeuwen et al. 1985; Z. Wang et al. 1996). About 10 weeks of 
gonadectomy (males and females) are needed for a gradual disappearance of VP 

immunoreactivity in the target areas, LS or LHb (de Vries et al. 1984b; Dubois-Dauphin et al. 
1994). The same phenomenon is observed during natural decrease in gonadal activity, for 
example during ageing (Fliers et al. 1985; Goudsmit  et al. 1988) or during seasonal variations 
of reproductive activity in photoperiodic rodents: European hamster (Cricetus cricetus; Buijs 
et al. 1986); Garden dormouse (Eliomys quercinus; Hermes et al. 1990); Jerboa (Jaculus 

orientalis; Lakhdar-Ghazal et al. 1995); Djungarian hamster (Bittman et al. 1996; Ouarour et 
al. 1995; Rasri et al. 2008). One interesting question is how sex steroids induce these seasonal 
variations? Is there any seasonal structural plasticity? Or is it only  a downregulation of gene 
expression?
The VP downregulation after gonadectomy  is observed not only at the protein level but also at 

the gene expression (mRNA; Miller et al. 1989; Carter and Murphy 1993; Szot and Dorsa 
1994; Rasri et al. 2008). Testosterone supplementation of castrated male rats reverses this 
effect (de Vries et al. 1984b; Miller et al. 1992).

 A consequence of the sexual dimorphism of the BNST is logically the presence of sex 

hormones receptors. For instance, AR are highly expressed in the nucleus. In the Djungarian 
hamster for instance, these receptors are expressed photoperiodically  as its expression is 
directly  correlated to circulating sex hormones (Bittman et al. 2003). However, in rats 
displaying the testicular feminisation mutation (Tfm), with a single base mutation on the AR 
gene inducing an insensitivity  to androgenic hormones, BNST Nissl stained neurones are 

comparable to normal rats (Garcia-Falgueras et al. 2005). Indicating that BNST neurones are 
directly sensitive to testosterone .
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 Notwithstanding, aromatase is highly expressed in the brain of males, and in particular 

in the BNST neurones (Plumari et al. 2002). Indeed, in males, testosterone can act via two 
pathways. The first is through conversion of testosterone into DHT, which is considered the 
androgenic pathway. The second mode of action of testosterone is through aromatisation of 
testosterone into oestrogen (17β-oestradiol).
 Furthermore, the BNST neurones also express ER. In old field mice (Peromyscus 

polionotus) it has been shown that BNST display an increase of ERα mRNA and a decrease in 
ERβ mRNA in SP (Trainor et al. 2007).

2 - Regulation through testosterone and testosterone metabolites

 VP neurones in the BNST are probably  directly sensitive to sex steroids. BNST 
neurones in most rodent species contain both ER and AR (Bittman et al. 2003; Laflamme et 
al. 1998; Shughrue et al. 1998). Testosterone can be locally  converted to oestrogen by 
aromatase. Furthermore this enzyme expression, in the hypothalamus, is photoperiodically 
regulated (Hutchison et al. 1991; Negri-Cesi et al. 1989).

 However, how sex steroids can stimulate the VP promoter is still on debate. Both 
oestrogenic and androgenic pathways seem to mediate the induction of VP expression 
(Ouarour et al. 1991; Plumari et al. 2002).

3 - Exceptions and the Syrian hamster

 The BNST vasopressinergic system is a highly  conserved system through evolution. 
Indeed, not only mammals display  it  but it  seems that it is present in almost all known 
vertebrates and displays mostly a sexual dimorphism (vasotocin in non-mammals, for birds 

and fishes, where it is well studied; (Goodson and Bass 2001). However, there are several 
notable exceptions. In the spotted hyena (Crocuta crocuta), where females are more 
aggressive and dominant than males (Matthews 1939; Hamilton et al. 1986), males have 
either the same or lower VP fibre densities in the LS and the other target structures of the 
BNST and the MeA (de Vries and Sodersten 2009; Rosen et al. 2006).

Other species exhibiting a lack of sexual dimorphism in the VP neurones of the BNST-MeA 
are the marmoset (Callithrix jacchus; (Wang et al. 1997a; Wang et al. 1997b) and two 
macaques species (Caffe et al. 1989, Macaca fascicularis; Young et al. 1999, Macaca 
mulatta). However, these primates do not express a lack of VP in the BNST, but just an 
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extremely low level in both sexes. Unfortunately, primates, for an obvious reason, have not 

been so much investigated. Moreover, the BNST VP neurones in primates have not been 
examined for steroid or seasonal sensitivity (Goodson and Bass 2001). 
In rodents, so far, only two particular cases exist. The naked-mole rat (Heterocephalus 
glaber), an eusocial rodent living in colonies ruled by  a reproductive queen, similarly  to 
insects. The animal displays a very low VP-immunoreactivity in the BNST and no sexual 

dimorphism was observed in this system. The only VP difference was observed in the DMH. 
Breeders congeners display  a larger amount of immunoreactivity compare to subordinates. 
Interestingly, these animals do not express any VP in the SCN (Rosen et al. 2007). One 
consequence of this is the free ran and/or arrhythmic pattern of the locomotor activity in these 
animals (Riccio and Goldman 2000). However, not surprisingly, since they are naturally 

living in constant darkness of their burrow and are rarely exposed to light. Nevertheless, they 
can be synchronised by light (Riccio and Goldman 2000). Another consequence of this poor 
light exposure is the involution of eyes, but not its total disappearance. Retina should perceive 
variations in luminance (Riccio and Goldman 2000).
Contrarily to the all the other species, the second particular rodent, the Syrian hamster 

displays a complete lack of VP expression in the BNST and MeA (Albers et al. 1991; Ferris et 
al. 1995). Moreover, in this species, behavioural studies demonstrated that females are as 
aggressive as males (Huhman et al. 2003; Payne and Swanson 1970). The absence of VP in 
BNST’s Syrian hamster is all the more surprising as both the BNST and its target area, the LS 
for instance, contain high amounts of AVPR1A (Dubois-Dauphin et al. 1990; Young et al. 

2000) which are photoperiodically expressed (Caldwell and Albers 2004b). Similarly, the 
Syrian hamster displays all the VP controlled reproduction-linked behaviour (Caldwell and 
Albers 2004a; Caldwell et al. 2008a; Caldwell et al. 2008b). For instance, SP increases male 
resident-intruder aggression behaviours in Djungarian hamsters, which displays VP, in the 
BNST (Demas et al. 2004; Wen et al. 2004). Interestingly, these behaviours are also present in 

Syrian hamsters (Caldwell and Albers 2004a; Garrett and Campbell 1980; Jasnow et al. 
2000).

a - Another Syrian hamster vasopressin?

 This raises the questions as to how this particularity appeared and how the Syrian 
hamster compensates the absence of VP in the BNST?
 In the second part of this thesis, we analysed this problem.
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One reason for this absence could be the presence of different forms of the VP peptide 

undetectable by the antibodies used. Different forms of VP are known to exist:

Amino acid sequence Name Species

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-
Arg-Gly-NH2

Arginine vasopressin (AVP, ADH) Most mammals

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-
Lys-Gly-NH2

Lypressin (LVP) Pigs, hippopotamus, warthogs, 
some marsupials

Cys-Phe-Phe-Gln-Asn-Cys-Pro-
Arg-Gly-NH2

Phenypressin Some marsupials

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-
Arg-Gly-NH2

Vasotocin Non-mammals

Figure 28: Vasopressin types. ADH: antidiuretic hormone; AVP: argipressin; LVP: lypressin; Cys: 
cysteine; Tyr: tyrosine; Phe: phenylalanine; Gln: glutamine; Asn: asparagine; Pro: proline; Arg: 
arginine; Gly: glycine; Lys: lysine; Ile: isoleucine. Adapted from Acher and Chauvet 1995.

 But since all the other vasopressinergic systems of the central nervous system of the 
Syrian hamster do not display this absence (Albers et al. 1991), it seems hard to believe that 
such a mutation is only present the BNST. In addition, this would require a duplication of the 

VP gene in the Syrian hamster, since the VP is present in the biological clock, the autonomic 
and the endogenous VP system.

b - The breeding artefact hypothesis?

 Another hypothesis is based on the breeding history of this rodent (Gattermann et al. 
2001). The capture and the start of the research use of the Syrian hamster is very particular.
 First of all, these hamsters have a relatively restricted geographic range in northern 
Syria, in the region of Aleppo (see Figure 29). The species was first  mentioned in 1797 by the 

Russell brother’s, who studied the climate, flora, fauna and culture of this region. But only in 
1839, G.R. Waterhouse, curator of the Zoological Society of London, formally described and 
named the Syrian golden hamster as a new species from Aleppo. 91 years later, S. Adler and I. 
Aharoni from the Hebrew University of Jerusalem, needed a new hamster model. Therefore, 
I. Aharoni in 1930 captured the first  Syrian hamsters into the field and they started the first 

Syrian hamster colony.
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Figure 29: Geographic repartition of Syrian hamster (Mesocricetus auratus) in northern 
Syria. Numbers indicate historic and recent records according to literature. Refer to figure 31. 
From Gatterman et al. 2001.

 There are six major documented captures of wild hamsters (see Figure 30): the first in 
1781 by the Russell brother’s; one around 1839 by G.R. Waterhouse; and the major one 
during 1930, which was the starting point of the common use of this hamster for research and 
as a pet. More recently, in 1971 thirteen hamsters were captured but only  twelve of them  

were brought back to the United States of America by M.R. Murphy. All the descendants of 
these animals might still be on the United States of America territory. In 1978, a third capture 
of hamsters, by  B. Duncan, brought back two females also to the United States of America. 
Therefore, all domesticated Syrian hamsters are mostly the descendants of the three survivors 
of I. Aharoni’s capture during 1930 at least  in Europe. This raises the question of the poorness 

of genetic pool in Syrian hamster and the existence of a breeding artefact as the origin of the 
particularities in the Syrian hamster, at least in Europe.
 Lately, during September 1997 and March 1999, the last known capture in Syria was 
performed by Gattermann et al. (2001), from the Martin Luther Universität Halle-Wittenberg, 
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Institut für Biologie/Zoologie, Halle, Germany. They brought seven males and six females 

hamsters, including one pregnant female. She gave birth to six pups and from there a new 
breeding stock was set  up. Having access to this new and isolated breeding stock, the 
breeding artefact hypothesis was tested in this thesis (Chapter II).

Figure 30: Historical captures of Syrian hamsters.a Refer to figure 29.
b (?) Unconfirmed reference. From Gatterman et al. 2001.

c - The sex steroids insensitivity of Syrian hamster’s BNST neurones?

 Apart from a breeding artefact, an alternative explanation for the absence of VP 
expression in Syrian hamster BNST neurones might be a sex steroid insensitivity of BNST 
neurones in this species.

 Although the Syrian hamster does not express VP in BNST neurones, GAL expression 
in the BNST of the Syrian hamster is comparable to that of other rodents (Miller et al. 1999). 
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These authors, thus concluded that the absence of VP expression in the BNST results from a 

lack of VP expression in these GAL neurones, rather than the absence of this neuronal 
population in the Syrian hamster.
 Our lab has recently shown, that similar to what is observed for VP, the seasonal 
fluctuations of circulating sex steroids drive a seasonal rhythm in the expression of GAL in 
the BNST of the Djungarian hamster (Rasri et al. 2008). In this species, photoperiodic 

activation and inhibition of the reproductive function results in seasonal variations of sex 
steroids, driving the seasonal variation of neuropeptide expression in BNST neurones. As the 
Syrian hamster also displays this photoperiodic control of the reproductive function with 
seasonal variations of circulating sex steroids (Goldman 2001), we tested whether GAL 
expression in the BNST was subject to the same regulation by sex steroids as observed in the 

Djungarian hamster (see Chapter II). If so, if this absence is due to an insensitivity to 
circulating sex steroids, GAL expression might thus not variate depending on them.

XVIII - Galanin

1 - Peptide and physiological functions

 GAL was originally isolated from porcine intestine in 1983 (Tatemoto et al. 1983). It  
is a peptide composed of 29 to 30 amino acids, obtained by  a cleavage, like most peptides, 
from preprogalanin (123 amino acids) encoded by the GAL gene. With three other peptides, 
GAL is part of the galanin peptide family (galanin message associated protein, GMAP; 

galanin-like peptide, GALP; and alarin).
 Less is known about  this peptide compared to VP. Its distribution is widely  spread in 
the organism (Jacobowitz et al. 2004; Skofitsch and Jacobowitz 1985). This neuropeptide is 
involved in diverse of roles such as modulation of memory processes (Givens et al. 1992; 
Ögren et al. 1999), regulation of pituitary  hormone release (Hooi et al. 1990), inhibition of 

insulin secretion (McDonald et al. 1985), regulation of food intake and body weight (Bartfai 
et al. 1993; Crawley et al. 1990; Kyrkouli et al. 1986; Leibowitz 1998; Lopez  et al. 1991), 
anxiety-like responses to acute stress (Morilak et al. 2003) and regulation of VP-induced 
flank marking behaviour (Caldwell et al. 2008b; Ferris et al. 1999).
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2 - Receptors

GAL can bind three types of receptors:

- GALR1: a GPCR, involving the Gαi subunit, inhibiting AC and thus cAMP production. The 
GALR1 is present in the central nervous system, the heart and the small intestine

- GALR2: which also a GPCR, involving the Gαq/11 (PLC-IP3-Ca2+ pathway) and/or Gαi 

subunit (inhibition of AC). The GALR2 is also present in the brain, the gastrointestinal 
system, the heart, and the hypothalamo-pituitary axis

- GALR3: is a GPCR and is closely related to GALR1 in distribution and action.

3 - Galanin in the bed nucleus of stria terminalis

 A coexistence of GAL and VP immunoreactivity  was shown in the majority of 
magnocellular and a lot of parvocellular neurones of the PVN, in the SON and the posterior 
hypophysis (Landry et al. 2003; Melander et al. 1986; Rökaeus et al. 1988; Skofitsch et al. 
1989). In rats, these neuropeptides are coexpressed not only in hypothalamic structures, but 
also in extrahypothalamic structures (Miller et al. 1993a; Planas et al. 1994a, b, c). In the rat 

BNST, VP neurones almost always co-express GAL (Miller et al. 1993a). A substantial 
number of BNST neurones contain only GAL, and a very  few neurones contain only VP. 
Planas et al. (1995) did not detect a sex difference in the number of GAL expressing BNST 
neurones in the rat. The sex difference in VP neurones seems to result from a difference in the 
fraction of GAL neurones programmed to co-express VP (Planas et al. 1995). Despite the fact 

that there is no sexual dimorphism in GAL expression in BNST neurones in the rat (Planas et 
al. 1994c), GAL expression in these neurones is regulated by testosterone (Miller et al. 
1993b). However, in vasopressinergic system of mice, sexual dimorphism of GAL neurones is 
observed in the BNST, the retrochiasmatic supraoptic nucleus (SOR) and the ARC (Rajendren 
et al. 2000). Sex dimorphism in GAL BNST expression might be a species specificity.

 The functional consequences of VP/GAL colocalisation are currently not really 
understood. For instance, VP stimulates and GAL inhibits ACTH release (Hooi et al. 1990; 
Rivier and Vale 1983). In the same way, VP seems to promote memory processes and GAL 
impairs them (Bluthe et al. 1990; Malin et al. 1992; Mastropaolo et al. 1988; van Wimersma 
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Greidanus et al. 1983). Another example is the release of acetylcholine in the hippocampus, 

which is stimulated by  VP and reduced by GAL (Fisone et al. 1987; Maegawa et al. 1992). So 
far, no study addressed the synergetic action of VP/GAL in BNST neurones.
 In the second part of the thesis we first  investigated the breeding artefact and the 
testosterone insensibility of GAL neurones hypothesis in the Syrian hamster (Chapter II).

XIX - Objectives

 In this context, the aim of this thesis was to analyse the involvement of plastic events 
during seasonal adaptation in animals. How can external (seasons) and/or internal cues (sex 
hormones) influence cerebral plasticity?
 In the first part, the purpose of the thesis was to investigate which seasonal humoral 
signal influence neuro-glial structural plasticity in the Djungarian hamster. And the aim of the 

second part was to understand the neurochemical plasticity in the Syrian hamster.
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I - Abstract

 Seasonal breeders use the photoperiod to synchronise their reproductive physiology 
through the nightly  secretion of the pineal hormone melatonin. However, the exact  site of 
action of melatonin for the control of reproduction is still unclear. The Djungarian hamster 
(Phodopus sungorus) displays photoperiodic variations in body weight, fur colour and 
gonadal size. In short photoperiod (winter) the gonads regress in size as the reproductive 

function is down regulated. This results in a regression of circulating sex steroids and their 
feedback on the brain. Thus, the brain is subject to seasonal variations of both melatonin and 
sex steroids.
 Tanycytes are specialised glial cells located in the ependymal lining of the third 
ventricle. These cells send their processes either to the meninges or to the blood vessels of the 

posterior hypothalamus. They control the passage of circulating hormones (e.g. thyroid 
hormones) from the blood to the brain parenchyma, but are also known to locally modulate 
release of GnRH in the median eminence. Furthermore, they are known to display 
photoperiodic structural changes of their processes in the Djungarian hamster. We 
hypothesised that the seasonal changes in tanycyte morphology might be mediated either 

through melatonin or the sex steroid feedback. We analysed the effects of photoperiod, 
melatonin and sex steroids on male Djungarian hamster tanycyte structure by 
immunohistochemistry  for vimentin. Furthermore, we examined the effect of these factors on 
the expression of the neural cell adhesion molecule (NCAM) and its polysialated form (PSA-
NCAM). These molecules are involved during nervous system development and adult 

structural plasticity.
We observed a reduction of vimentin immunostaining in tanycytes cell bodies and processes 
in short photoperiod. This reduction could not be restored by supplementation with exogenous 
testosterone in short photoperiod. Similarly, tanycytes and their processes contain large 
amounts of NCAM in long photoperiod (summer, sexually  active), which disappear in short 

photoperiod (sexually inactive). Again, exogenous testosterone could not restore NCAM 
immunoreactivity and expression in tanycyte cell bodies and processes in short photoperiod. 
Castration in long photoperiod did not affect either tanycyte morphology or NCAM 
expression. However, late afternoon melatonin injections to simulate a long night melatonin 
peak in long photoperiod adapted, castrated hamsters induced similar changes in both 

vimentin and NCAM expression as those observed in short photoperiod. Thus the seasonal 
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changes in tanycyte morphology and cell adhesion molecule expression appear to be regulated 

mainly through photoperiodic changes in melatonin. Whether melatonin acts directly or 
indirectly on tanycytes remains to be established.

Key Words
NCAM - PSA-NCAM - Testosterone - Melatonin - Median Eminence - Vimentin

II - Introduction

 The Djungarian hamster (Phodopus sungorus) is a small rodent living at the border 

between Kazakhstan and Russia. The harsh seasonal changes of the continental climate in this 
region require these rodents to adapt to the variations of their environment. One of these 
adaptations is the seasonal regulation of their reproductive activity. When environmental 
conditions are optimal (temperature, food availability...) reproduction is activated and the 
animals can give birth, optimising offspring survival. The most reliable indicator of seasonal 

time is day length (the photoperiod). The photoperiod is transduced in the organism through 
the nightly secretion of melatonin (Reiter 1980; Ribelayga et al. 2000). The Djungarian 
hamster is sexually active during a long photoperiod (LP, summer, thus a short peak of 
melatonin) and undergoes testicular regression during short photoperiod (SP, winter, thus a 
long peak of melatonin). The photoperiod, via melatonin secretion, is integrated in the 

hypothalamus, where the hypothalamic-releasing hormones are controlled. For instance, the 
secretion of GnRH (Bernard et al. 1999; Porkka-Heiskanen et al. 1997) and TRH (Ebling et 
al. 2008) decrease in SP provoking downstream the involution of gonads and metabolic 
changes in order to prepare for the winter conditions.
 Several hypothalamic genes are photoperiodically expressed in the Djungarian 

hamster, for instance the Kiss1 (Greives et al. 2007), Rfrp (Paul et al. 2009; Revel et al. 2008) 
and Dio2 (Watanabe et al. 2004) genes. Rfrp and Kiss1 genes have been implicated in the 
regulation of GnRH neurones (Greives et al. 2007; Greives et al. 2008). The Dio2 gene is 
coding for an enzyme converting thyroxine T4 (3,3’,5,5’-tetraiodo-L-thyronine) to the 
triiodothyroxin T3 form (3,5,3’-triiodo-L-thyronine) which is about 10 times more active than 

T4 (Bianco et al. 2002). T3 implants in the Djungarian hamster arcuate nucleus induced 
testicular regrowth in animals exposed to a SP (Barrett et al. 2007).
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 Anatomically, the Dio2 gene was shown to be expressed in the brain only in the 

hypothalamic region and especially in a particular type of glial cells: the tanycytes (Guadano-
Ferraz et al. 1997; Tu et al. 1997). The tanycytes are elongated bipolar ependymal cells lining 
the infundibular recess of the third ventricle. These cells have their cell body in the 
ependymal wall and a long process contacting the portal vessels (Horstmann 1954). There are 
four types of tanycytes in the rat: α1, α2, β1 and β2. The α subtype connect the lumen of the 

third ventricle and the neurones and/or blood vessels of the medial basal hypothalamus. The β 
subtype is the link between the ventricular cerebrospinal fluid (CSF) and the portal blood 
system (Löfgren 1958; Rodríguez 1972; Akmayev et al. 1973; Akmayev and Fidelina 1976; 
Akmayev and Popov 1977; Knigge and Scott 1970; Rodriguez 1969; Rodriguez et al. 1979). 
Early on, this structure suggested that tanycytes might be a link between the CSF and the 

capillaries of the pituitary portal system and might be involved in neuroendocrine functions 
(Löfgren 1958, 1959, 1960, 1961).
More recently, these glial cells have been implicated, in the modulation of hypothalamic 
hormone release, cerebrospinal fluid glucose sensing and the blood brain barrier of the 
median eminence. These cells seem to be the local «gatekeeper» of the thyroid hormone 

transfer into the brain (see from Rodriguez et al. 2005). T. Yamamura et al. (2004)  
demonstrated that, in the Japanese quail (Coturnix japonica), tanycytes locally  modulate 
GnRH release by controlling the access of GnRH terminals to the hypophyseal portal system 
capillaries and that  this phenomenon could be controlled by  injections of T3 thyroid hormone. 
In the Djungarian hamster, Y. Kameda et al. (2003) showed that  tanycyte vimentin expression 

is decreased by exposure to a SP or constant darkness. Electron microscopy showed, as in the 
Japanese quail, important cellular remodelling in the tanycytes in SP exposed animals. 
Tanycyte glial terminals seem to detach hypothalamic neuroendocrine terminals from the 
parenchymatous basal lamina in the median eminence region and create a physical barrier for 
hormone release under a SP. For instance, GnRH release into the pituitary portal system is no 

longer possible. In LP, glial terminals retract which allows the access of neuronal terminals to 
the basal lamina. Thus, GnRH release into the portal blood is again possible. This 
phenomenon can involve both neuroendocrine axonal growth and tanycyte process 
remodelling (Prevot et al. 2000; Prévot et al. 1999; Prévot 2002).
 We investigated whether, molecules known to be involved in structural plasticity in the 

brain such as NCAM  (Neural Cell Adhesion Molecule) or the polysialation of NCAM (PSA-
NCAM) might be part in this remodelling of tanycyte processes. Adhesion molecules, like 
NCAM are involved in structural plasticity  in the neonatal and adult nervous system 
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(Bonfanti 2006). Furthermore, NCAM expression in hypothalamic regions appears to be 

modulated according to seasons (Lee et al. 1995).
 We examined whether seasonal structural plasticity  in tanycytes, is controlled either 
directly  by the photoperiod through the melatonin signal or indirectly through sex steroids 
feedback. We used in situ hybridisation and immunohistochemistry  for NCAM  and PSA-
NCAM. Moreover, we also analysed the cytoskeletal changes in tanycytes by 

immunohistochemistry for vimentin.

III - Material and Methods

1 - Animals and surgery

 Animal experimentation was conducted in accordance with the German Animal 

Welfare Act, approved by the Review Board for the Care of Animals of the district 
government, Hannover, Germany (n° 509.6-42502-01/497) or the French National Law 
implementing the European Communities Council Directive 86/609/EEC. All efforts were 
made to minimise the number of animals used.

 Sexually mature (between four and six months old) male Djungarian hamsters were 
bred and raised either at the University  of Veterinary Medicine, Hannover (Tierärztliche 
Hochschule) or at the Chronobiotron facility at the University of Strasbourg. After weaning, 
animals were housed in controlled temperature and photoperiod conditions, with food and 
water ad libitum. LP animals were housed under 16 hours light / 8 hours dark with constant 

dim red light. SP animals were transferred to 10 hours light / 14 hours dark with constant dim 
red light for 10 weeks before experimentation to allow for full regression of the testes. 
 Castrations were performed under 3% Isoflurane (Ærrane, Baxter, France) anaesthesia. 
For testosterone supplementation, animals were implanted with silastic tube capsules filled 

with testosterone (Sigma, St. Quentin Fallavier, France) as previously  reported (Ouarour et 
al. 1995). The capsules were implanted subcutaneously in the neck of the animal under 3% 
Isoflurane anaesthesia. Testosterone capsules were recovered at  the end of the experiment to 

check that they were not lost and still contained testosterone crystals.
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2 - Experimental conditions

a - Sex steroids

 To analyse the effects of sex steroids in long (LP) and short (SP) photoperiod, we 
investigated the following conditions:

-  Intact LP and SP adapted animals.
-  Castrated long (LPC) and short (SPC) photoperiod adapted animals, sacrificed one month 

after castration.
-  Castrated and testosterone supplemented long (LPCT) and short (SPCT) adapted animals. 

These animals received testosterone implants on the day of castration and were sacrificed 
one month after surgery.

-  Intact SP animals supplemented with testosterone for 2, 8 and 28 days (SPT2, SPT8 and 
SPT28) before sacrifice.

 Two independent experiments were conducted with three animals in each group. The 
first experiment included only the following treatments : LP, LPC, SP, SPT2, SPT8 and 
SPT28. This experiments was used for NCAM in situ hybridisation. A second experiment 
including all treatments was used for immunohistochemical analysis of vimentin, NCAM and 
PSA-NCAM.

b - Melatonin

 To analyse the effects of photoperiod through melatonin, we used four different 

treatments:

-  Intact LP adapted animals.
-  Intact SP adapted animals.
-  Castrated LP adapted Ringer injected animals (LPCR).

-  Castrated LP adapted Melatonin injected animals (LPCM).
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 Ringer and melatonin injections were started 1 month after castration. The animals 

received daily  subcutaneous injections of 40 µg of melatonin (N-Acetyl-5-
methoxytryptamine; Carl Roth GmbH + Co. KG, Karlsruhe, Germany) four hours before 
lights off for 12 weeks. Melatonin was first dissolved in ethanol at 8 mg/mL and then diluted 
to a final concentration of 0,4 mg/mL with Ringer solution (Serumwerk, Bernburg, Germany, 
final ethanol concentration 5%). Control animals received only Ringer solution.

 SP-like adaptation of the melatonin injected animals was checked by weekly weighing 
of the animals to check for weight loss and by visually checking fur colour. In this 
experiment, each group was composed of five animals.

c - Photorefractory animals

 We analysed the effect of testosterone and the photorefractory  state on tanycytes. 
Photorefractory animals (SPR) were exposed to SP for 38 weeks. One group of animals 
received testosterone implants on week 16 of SP exposure (SPRT). Photorefractoriness was 

checked at the end of the experiment by  the weight of the testicles and the seminal vesicles at 
sacrifice. Testosterone exposure in SPRT animals was controlled by  the weight of the testicles 
and the seminal vesicles and by visually checking the testosterone implants for remaining 
testosterone crystals at sacrifice. Long (LP) and short photoperiod (12 weeks of SP) adapted 
animals were used as controls in this experiment.

3 - Histological procedures

a - Fixation

 All the animals were sacrificed during the early  light phase (between Zeitgeber time 
ZT1 and ZT5) by  transcardial perfusion after CO2 euthanasia. Heparin (500 IU, Liquemine®; 
Roche, Meylan, France) was injected into the heart  just before a PBS wash, followed by the 
fixative (4% formaldehyde, 75 mM  lysine, 10 mM sodium metaperiodate in 100 mM 
phosphate buffer, pH 7.4). The brains were immediately dissected and postfixed in the 

fixative for 8 hours at 4°C. They were then rinsed in 50% ethanol and embedded in 
polyethylene glycol as previously  described (Klosen et al. 1993). Serial 12 µm-thick coronal 
sections were cut and collected on silane-coated slides. All brains were cut in 5 adjacent 
series, which were then processed either for in situ hybridisation or for immunostaining.
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b - Non-radioactive in situ hybridisation

 Digoxigenin-labelled riboprobes with alkaline phosphatase detection were used. The 
probes were transcribed from a linearised plasmid containing a 1194 bp NCAM  cDNA cloned 
in Phodopus sungorus corresponding to the bases 639-1832 of the Rattus norvegicus 

(BC101924) NCAM sequence. Sense and antisense riboprobes were transcribed in the 
presence of digoxigenin-labelled nucleotides according to standard procedures. The length of 
the probes was confirmed by formaldehyde-MOPS agarose gel electrophoresis and Northern 
blotting.

The in situ hybridisation was performed as previously reported (Bolborea et al. 2009). 

To preserve the integrity of the median eminence, we used only 0,5 µg/mL for the proteinase 
K (Roche, Meylan, France) treatment of the sections. 

c - Immunohistochemistry

 For immunohistochemistry, we used the mouse clone V9 (Sigma V6630, St. Quentin 
Fallavier, France) for vimentin, the mouse clone OB11 (Sigma C9672, St. Quentin Fallavier, 
France) for total NCAM  and the mouse clone 735 (Frosch et al. 1985) for PSA-NCAM. As a 
control for PSA-NCAM  staining, we pretreated the slides with recombinant endo-N-

acetylneuraminidase F (endoNF) to degrade the polysialic acid. EndoNF was isolated as 
described (Stummeyer et al. 2005) and used at  a concentration of 0.5 mg/mL to remove 
polysialic acid from the cell surface, followed by regular immunohistochemistry for PSA-
NCAM.
 For the vimentin immunostaining, we used antigenic reactivation for 2 hours at 95°C 

in TE buffer (10 mM Tris-HCl and 1 mM  ethylenediaminetetraacetic acid, pH 8). The slides 
were then left to cool down slowly at room temperature for 2 hours before 
immunohistochemistry.
 After rinsing in TBS, the slides were blocked for 1 hour with 3% dry skimmed milk in 
TBS containing 0.05% Tween 20 (TBS-Tween; Sigma, St. Quentin Fallavier, France). The 

primary antibodies were incubated overnight diluted in TBS-Tween with 1% foetal calf 
serum. After rinses with TBS-Tween, primary antibodies were detected with a biotinylated 
donkey anti-mouse antiserum (Jackson Immunoresearch Laboratories, West Grove PA, USA) 
for 1 hour followed again by TBS-Tween rinses. Finally, a streptavidin-peroxidase conjugate 
(Roche, Meylan, France) was used to detect the biotin-labelled secondary antibodies for 1 
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hour. After a final rinse in TBS-Tween, peroxidase activity  was detected using 

diaminobenzidine (Sigma, St. Quentin Fallavier, France) as a chromogen and 0.01% urea 
hydrogen peroxide (Acros Organics, Geel, Belgium) as substrate in 50 mM Tris buffer 
containing 10 mM Imidazole (pH 7.6).

4 - Quantification and Statistics

 Maximum care was taken to ensure an identical treatment of all slides and to avoid 
signal saturation during the development step. After immunohistochemistry or in situ 
hybridisation, the slides were mounted and photographs were taken on a Leica DMRB 
microscope (Leica Microsystems, Rueil-Malmaison, France) equipped with an Olympus 
DP50 digital camera (Olympus France, Rungis, France). For quantification, all lighting 

parameters on the microscope and the camera software (Viewfinder Lite, Olympus) were 
standardised to ensure consistent stable lighting throughout the image capture procedure.

A background image of the slide without a section was taken for each slide. The 
images were then analysed using the ImageJ software (Rasband, W.S., U. S. National 
Institutes of Health, Bethesda MD, USA). The background image was subtracted from the 

corresponding sample image.
For immunohistochemistry and in situ hybridisation quantification, we used the «Line 

Width» tool of ImageJ software. A 14 µm wide line covering the cell bodies of tanycytes and 
ependymal cells was drawn over the ependymal wall to measure the mean integrated 
integrated density of the selected area. We sampled both sides of the ventricle at two levels of 

the median eminence. Then the mean integrated density of all sampled levels was calculated 
for each animal. For PSA-NCAM staining, we sampled only α tanycytes as qualitative 
analysis of the slides showed that changes affected mainly  this subpopulation of tanycytes. 
Also, because of differences in background staining between sampling levels and between 
animals, we subtracted a background value, which was measured for each measurement in the 

MBH next to the sampling area of the ependymal wall. This background value was subtracted 
from the ependymal wall value to generate the background corrected mean integrated density 
for each measurement. Again, four measurements were done for each animal at  two 
rostrocaudal levels of the median eminence. The background corrected mean integrated 
density was then calculated for each animal
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 We hypothesised the normality of the observations and the homoscedasticity. 

Statistical analysis was done by using one-way ANOVA followed by a post-hoc Tukey’s 
Honestly Significant Difference (HSD) test or an HSD for different N. We set statistical 
significance at α = 5%. On the histograms, we set * or # as p value < 0.05, ** or ## as p value ≤ 
0.01, and *** or ### p value ≤ 0.001.

IV - Results

1 - Vimentin immunostaining

 Immunohistochemistry for vimentin intensely stained tanycyte cell bodies and 
processes, as well as ependymal cell particularly  in the dorsal region of the third ventricle 

(Figure 31). Under these conditions, the vimentin antibody  did not stain astrocytes in the 
Djungarian hamster brain. Exposure to SP induced a reduction of the immunoreactivity  for 
vimentin in tanycyte cell bodies and processes (Figure 31). This reduction in tanycyte 
vimentin immunostaining was seen in all SP groups irrespective of their exposure to 
testosterone and the length of the testosterone treatment (Figure 32). All LP groups, whether 

castrated or not or treated with a testosterone implant showed strong comparable 
immunostaining for vimentin in tanycytes. 
 In castrated LP animals, late afternoon melatonin injections induced a reduction in 
vimentin immunostaining comparable to that obtained by exposure to SP (Figure 33). In 
photorefractory  hamsters, vimentin immuostaining remained low whether the had received 

long term testosterone treatment of not (Figure 34).
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Figure 31: Vimentin immunostaining of tanycytes in the mediobasal hypothalamus and the 
median eminence of the Djungarian hamster. Note the staining of tanycytes’ processes and end-
feet around the blood vessels. The vimentin immunostaining is clearly reduced in short 
photoperiod (SP) compared to long photoperiod (LP). 3V: third ventricle. Scale bar = 100 µm.

Figure 32: Mean integrated density of  vimentin immunoreactivity in tanycytes. Long 
photoperiod (LP) animals, castrated LP (LPC) and castrated and testosterone supplemented 
(LPCT) animals have higher vimentin immunoreactivity than animals exposed to short 
photoperiod (SP), castrated SP (SPC) and castrated and testosterone supplemented (SPCT; p value < 
0.001,  one-way ANOVA followed by a post-hoc Tukey’s HSD test p value < 0.001).  Furthermore,  no 
effect of the length of testosterone exposure under SP was observed.
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Figure 33: Mean integrated density of vimentin immunoreactivity in tanycytes. Late 
afternoon melatonin injections in castrated hamsters (LPCM) reduce tanycyte vimentin 
immunoreactivity to SP levels, while vehicle injection (LPCR) do not induce a significant 
reduction of vimentin immunoreactivity (p value < 0.001, one-way ANOVA followed by a post-hoc 
Tukey’s HSD test p value < 0.001). * LP and # LPCR comparison.

Figure 34: Mean integrated density of vimentin immunoreactivity in tanycytes. 
Photorefractory state (SPR) or long term testosterone treatment (SPRT) do not affect vimentin 
immunoreactivity which remained comparable to SP animals (p value < 0.001, one-way ANOVA 
followed by a post-hoc different N HSD test p value < 0.001).
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2 - Neural cell adhesion molecule mRNA expression

 NCAM in situ hybridisation in LP animals labelled cells in the MBH and the 
ependymal wall containing the tanycyte cell bodies (Figure 35). In SP, this labelling of the 
ependymal layer was clearly reduced and the ependymal wall was only labelled in the lower 
part and the β tanycytes (Figure 35). Quantification showed that  exposure to SP induced a 
significant decrease of NCAM mRNA in tanycytes compared to LP animals (Figure 36A). 

This decrease was not reversed by short or long term testosterone treatment. Also, castration 
of LP animals induced only  a small, statistically non significant reduction in NCAM mRNA 
in tanycytes (Figure 36A). 
 Late afternoon melatonin injections in LP animals however induced a statistically 
significant reduction in NCAM mRNA levels of tanycytes (Figure 37 and 38A). NCAM 

mRNA levels in these LPCM animals were almost as low as those observed in control SP 
animals. Vehicle injections had no effect on NCAM mRNA (Figure 38A).
 Photorefractory state or long term testosterone treatment beyond photorefractory state 
did not affect the reduction in NCAM mRNA levels observed in SP animals (Figure 39A).

3 - Neural cell adhesion molecule immunoreactivity

 In LP animals, NCAM  immunostaining was intense in tanycyte cell bodies and 
processes, down to the tanycytes’ end-feet around blood vessels or at the meninges (Figure 
35). The NCAM  staining of the tanycytes’ processes clearly  stood out against the NCAM 

staining of neuropil of the arcuate nucleus. This NCAM  staining was seen in both α and β 
type tanycytes. In SP animals, the NCAM  immunostaining was clearly  reduced in the 
tanycytes compared to LP animals (Figure 35). The NCAM staining of tanycytes cell bodies 
was strongly reduced. NCAM  staining clearly outlined tanycyte processes only  in the lower 
part of the ependymal wall and the β tanycytes. This tanycyte process staining in SP animals 

appeared weaker than in LP animals.
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Figure 35: NCAM in situ  hybridisation (ISH) and immunohistochemistry (IHC) in the 
mediobasal hypothalamus of Djungarian hamsters in different photoperiods (LP/SP), after 
castration (LPC/SPC) and after castration with testosterone supplementation (LPCT/SPCT). 
In LP, LPC and LPCT, a strong ISH signal can be seen all along the ependymal wall,  while this 
signal is barely detectable in SP, SPC and SPCT. Tanycyte cell bodies and processes are clearly 
labelled and outlined by NCAM IHC in all LP exposed animals in α and β type tanycytes. In SP 
animals, a similar staining can only be seen in the lower part of the ventricle in β type tanycytes. 
However this immunostaining in SP is weaker than in LP animals. 3V: third ventricle. Scale bar = 
30 µm.
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 Castration of LP animals (LPC) or castration and testosterone treatment of LP animals 

(LPCT) did not affect  the intensity of the NCAM  immunostaining in the tanycyte cell bodies 
(Figure 36B). Neither castration, nor testosterone treatments did change the reduced NCAM 
immunostaining levels observed in SP animals (Figure 36B).
 Again, late afternoon melatonin injections in LP animals (LPCM) resulted in reduced 
tanycyte NCAM  immunoreactivity compared to LP and vehicle injected animals (LPCR; 

Figure 37 and 38B). However, the NCAM immunoreactivity  in melatonin injected animals 
was still statistically higher than the one observed in SP animals (Figure 38B).
 Photorefractory state (SPR) or long term testosterone treatment (SPCT) did not affect  
tanycytes NCAM staining, which remained comparable to normal SP animals (Figure 39B).

Figure 36: Mean integrated density of NCAM in situ hybridisation (A) and 
immunohistochemistry (B) in tanycyte cell bodies of Djungarian hamsters (for treatment 
codes see III-Material and Methods). SP exposure induced a significant reduction in NCAM 
mRNA expression, which was not reversed by testosterone treatment (p value < 0.001,  one-way 
ANOVA followed by a post-hoc Tukey’s HSD test p value < 0.001). A similar reduction was 
observed in NCAM immunostaining (p value < 0.001, one-way ANOVA followed by a post-hoc 
Tukey’s HSD test p value < 0.001).  NCAM immunostaining was not affected by changes in 
testosterone levels after castration (LPC/SPC) or testosterone supplementation (LPCT/SPCT/SPT).
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Figure 37: NCAM in situ hybridisation (ISH) and immunohistochemistry (IHC) in the 
mediobasal hypothalamus of Djungarian hamsters in different photoperiods (LP/SP), and 
after castration followed by late afternoon melatonin (LPCM) or Ringer (LPCR) injections. 
Melatonin injections reduce the NCAM ISH signal in ependymal wall to SP like levels, while 
Ringer injections have no notable effect. Again, tanycyte cell bodies and processes are clearly 
labelled and outlined by NCAM IHC in LP and LPCR animals.  Melatonin injections (LPCM) 
reduce the NCAM immunostaining in tanycyte cell bodies and processes to levels identical to SP 
animals. 3V: third ventricle. Scale bar = 30 µm.
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Figure 38: Mean integrated density of NCAM in situ hybridisation (A) and 
immunohistochemistry (B) in tanycyte cell bodies of Djungarian hamsters (for treatment 
codes see Material and Methods). Late afternoon melatonin injections reduced NCAM mRNA 
expression to SP-like levels. Ringer injections did not change NCAM mRNA levels (p value < 
0.001,  one-way ANOVA followed by a post-hoc Tukey’s HSD test *** p value < 0.001 and ** p value 
< 0.01). Melatonin injections also significantly reduced NCAM immunostaining,  which however 
still remained significantly higher than SP immunostaining (p value < 0.001, one-way ANOVA 
followed by a post-hoc Tukey’s HSD test p value < 0.001). * LP and # LPCM comparison.
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Figure 39: Mean integrated density of NCAM in situ hybridisation (A) and 
immunohistochemistry (B) in tanycyte cell bodies of Djungarian hamsters (for treatment 
codes see Material and Methods). Photorefractory state (SPR) or long term testosterone treatment 
(SPRT) do not affect either NCAM mRNA levels or immunostaining which remained comparable 
to SP animals (p value < 0.001, one-way ANOVA followed by a post-hoc different N HSD test p value 
< 0.001).
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4 - Polysialic acid-neural cell adhesion molecule immunoreactivity

 PSA-NCAM immunostaining was strong in the median eminence. Furthermore, in LP 
animals, strong PSA-NCAM immunoreactivity  could be detected in some tanycytes, 
particularly in tanycytes of the α type (Figure 40). This strong immunostaining was seen in 
the tanycyte cell bodies and along their processes. Castration of LP animals or LP castration 
combined with testosterone implants slightly reduced the tanycyte PSA-NCAM staining 

although this difference did not reach statistical significance (Figure 40 and 41).

Figure 40: PSA-NCAM immunostaining in the mediobasal hypothalamus of Djungarian 
hamsters in different photoperiods (LP/SP),  and after castration followed by late afternoon 
melatonin (LPCM) or Ringer (LPCR) injections. In LP and LPCR animals, PSA-NCAM 
immunostaining clearly highlights tanycyte cell bodies and processes, particularly in the alpha 
type tanycytes. Melatonin injections (LPCM) reduce the PSA-NCAM immunostaining in tanycyte 
cell bodies and processes to levels identical to SP animals. 3V: third ventricle. Scale bar = 100 µm.
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 Exposure to SP strongly reduced PSA-NCAM  staining in tanycytes. The PSA-NCAM 

staining no longer highlighted the tanycyte cell bodies or processes. This reduction was not 
affected by castration or testosterone treatment of these SP animals (Figure 40 and 41).
 Late afternoon melatonin injections in LP animals were able to reduce PSA-NCAM 
immunostaining in tanycytes to similar levels than those observed in SP animals (Figure 40 
and 42). Vehicle injections did not affect the PSA-NCAM immunostaining (Figure 40 and 

42).
 In photorefractory animals or SP animals with long term testosterone treatment, PSA-
NCAM immunostaining stayed at similar low levels than those observed in SP animals 
(Figure 43).

Figure 41: Background corrected mean integrated density of PSA-NCAM immunoreactivity 
in tanycyte cell bodies.  Long photoperiod (LP) animals,  castrated LP (LPC) and castrated and 
testosterone supplemented (LPCT) animals have higher PSA-NCAM immunoreactivity than 
animals exposed to short photoperiod (SP), castrated SP (SPC) and castrated and testosterone 
supplemented (SPCT; p value < 0.001, one-way ANOVA followed by a post-hoc Tukey’s HSD test p 
value < 0.001). Furthermore, no clear and significant effect of the length of testosterone exposure 
under SP was observed. * LP with SP conditions; # LPC and LPCT with SP conditions 
comparison.
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Figure 42: Background corrected mean integrated density of PSA-NCAM immunoreactivity 
in tanycyte cell bodies.  Late afternoon melatonin injections (LPCM) reduce tanycytes PSA-
NCAM immunoreactivity to SP-like levels, while vehicle injection (LPCR) do not induce a 
significant reduction of vimentin immunoreactivity. (p value < 0.001, one-way ANOVA followed by 
a post-hoc Tukey’s HSD test p value < 0.001). * LP and # LPCR comparison.

Figure 43: Background corrected mean integrated density of PSA-NCAM immunoreactivity 
in tanycyte cell bodies.  Photorefractory state (SPR) or long term testosterone treatment (SPRT) do 
not affect PSA-NCAM immunoreactivity which remained comparable to SP animals (p value < 
0.001, one-way ANOVA followed by a post-hoc different N HSD test p value < 0.001).

Chapter I

87



V - Discussion

 Seasonal variations of photoperiod induce not only  physiological and behavioural 
adaptations in animals but also morphological rearrangements of neural networks. In birds, 
the higher vocal centre (HVC), the robust nucleus of the archistriatum (RA) and the area X 
are forebrain structures involved in the song. These neuronal structures decrease their size 
during the end of the breeding season (Brenowitz 2004; Nottebohm et al. 1986; Smith 1996). 

Furtheremore, a decreased synaptic density  was observed in the hypoglossal nucleus, also 
involved in the control of the singing behaviour (Clower et al. 1989). 
 Seasonal plasticity was reported in adult  brain in numerous taxa: Gastropoda, 
Crustacea, Osteichthyes, Amphibia, Reptilia, Aves, Mammalia including humans (Tramontin 
and Brenowitz 2000). In mammals, a reduction in dendritic spine density was observed in the 

European hamster as well as in the golden-mantled ground squirrel (Spermophilus lateralis) 
during hibernation in the cortex, the hippocampus and thalamus (Magarinos et al. 2006; von 
der Ohe et al. 2006). In the European ground squirrel (Spermophilus citellus), this type of 
rearrangement was correlated with a reduction in the synaptic marker synaptophysin, the 
neuronal dendritic cytoskeletal protein MAP2 (microtubule-associated protein 2) and PSA-

NCAM (Arendt et al. 2003).
 In hypothalamic structures, seasonal changes was also shown. For instance, in the 
Indian catfish (Clarias batrachus), the nucleus lateralis tuberis displays volume changes, 
increasing its size during the breeding season (Kumar 1982). In male whiptail lizards 
(Cnemidophorus inornatus), the size of the anterior-hypothalamus-preoptic area increases 

while the size of the ventromedial hypothalamus decreases during the breeding season (Wade 
and Crews 1991). In photorefractory European starlings (Sturnus vulgaris), GnRH 
immunoreactivity is decreased, and the number of axo-somatic synaptic terminals contacting 
GnRH neurones is increased (Parry and Goldsmith 1993; Parry  et al. 1997). And in the ewe, 
preoptic GnRH neurones receive more synaptic inputs during the breeding season (Xiong et 

al. 1997).

 Morphological changes in tanycytes were reported in little brown bat males (Myotis 
lucifugus lucifugus) during the annual reproductive cycle (Brawer and Gustafson 1979). 
Indeed, during the SP months, tanycyte processes display low levels of microtubules and fine 

filaments. And during summer, these processes contain dense accumulations of fine filaments 
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and microtubules, and display long extensions surrounding the axodendritic terminals in the 

MBH (Brawer and Gustafson 1979). In 2003, Y. Kameda et al. reported drastic seasonal 
variations in tanycyte vimentin immunostaining and ultrastructure between 1 month constant 
light and 1 month constant dark exposure in Djungarian hamsters. Furthermore, they reported 
similar changes of lower amplitude between LP and SP exposure in these hamsters.
 We confirm these photoperiodic changes in vimentin immunoreactivity. Furthermore, 

we show that melatonin injections can induce comparable changes in tanycyte vimentin 
immunoreactivity. Neither testosterone supplementation in SP nor castration of LP animals 
did significantly reduce vimentin immunoreactivity. Thus vimentin expression in tanycytes is 
directly  controlled by photoperiod through the melatonin secretion and not by a sex steroid 
feedback.

 As shown by the electron microscopic observations of Y. Kameda et al. (2003), these 
vimentin expression changes might be part  of a remodelling process similar to the one 
described in female rats during the oestrous cycle (Prévot et al. 1999; Prévot 2002). Whether 
the changes in vimentin immunostaining of the tanycyte processes are the result  of similarly 
extensive remodelling of these processes or just changes in vimentin expression remains to be 

established. Detecting the real extent of the photoperiodic changes of tanycyte processes will 
require extensive electron microscopic studies or membrane dye tracing studies as all 
molecular markers for tanycyte processes might be subjected to seasonal expression changes.

 NCAM and PSA-NCAM  are highly expressed in the median eminence and the ARC 

nucleus (Monlezun et al. 2005; Ojeda et al. 2008; Viguie et al. 2001); this study). But so far 
no clear function of these molecules in this area was reported. NCAM is expressed in GnRH 
neurones (Monlezun et al. 2005; Viguie et al. 2001) and also in astrocytes (Monlezun et al. 
2005; Ojeda et al. 2008). Our study confirms that NCAM is also expressed on tanycytes as 
previously  suggested by  Lee et al. (1995). Furthermore, the present study clearly establishes 

that the seasonal changes in NCAM immunoreactivity are due to a direct action of melatonin. 
Also, that this hormone controls NCAM expression at the transcriptional level.

 NCAM and its polysialated form have been implicated in cerebral plasticity  during 
development as well as during adulthood (Bonfanti 2006). 

In the SON and the PVN, NCAM and PSA-NCAM are both neuronal and glial actors of 
structural plasticity  induced by lactation or hyperosmotic stimuli. They promote the retraction 
of glial processes from the neuronal surfaces and the formation of axosomatic synapses 
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(Theodosis et al. 1999). Furthermore, in the neurohypophysis they promote the formation of 

neurohemal synapses releasing the neurohormones vasopressin and oxytocin (Monlezun et al. 
2005).
 A similar phenomenon was shown in females during the oestrous cycle in the ARC 
and on the GnRH terminals in the median eminence (Hoyk et al. 2001; Parkash and Kaur 
2005). These molecules are thus considered to be a permissive factor of neuronal plasticity 

(Theodosis and Poulain 1993). Therefore, the expression of NCAM and PSA-NCAM on 
tanycytes, as well as the photoperiodic expression changes of these molecules, are indicative 
of seasonal neuro-glial plasticity. 

 We did not  detect major seasonal changes in the NCAM and PSA-NCAM expression 

in the median eminence. This might be related to several facts. First, the immunostaining in 
the median eminence is much stronger than in other brain areas and this staining intensity 
may have obscured differences because of signal saturation. Second, as discussed above, 
NCAM and PSA-NCAM are permissive factors of neuronal plasticity. The high levels of 
PSA-NCAM in the median eminence may be indicative of the many plastic phenomena in this 

region. Structural plasticity  in the median eminence has been studied mainly  in the context of 
the oestrous cycle in rats (Prevot et al. 2007). But similar phenomena are likely  to affect other 
releasing hormone systems like TRH or CRH. Unlike neuro-glial plasticity  of GnRH 
terminals which is mainly  required during the breeding season, the other releasing hormone 
system may require plasticity all through the seasonal cycle.

Finally, we analysed the effect of melatonin only in fully  adapted photoperiodic conditions. 
PSA on NCAM appears to be fundamental for neuro-glial plasticity  only during the active 
phases of remodelling but not for the maintenance of the final contacts (Monlezun et al. 
2005). LP, SP or even the melatonin injected animals may be considered as «stationary» 
states, while PSA-NCAM and neuro-glial plasticity may be mainly required during the 

transitions. Thus additional experiments will have to address this question by studying 
NCAM/PSA-NCAM expression during shifts from long to short photoperiod.
 The most pronounced changes in NCAM and PSA-NCAM  expression induced by 
melatonin we observed were in the α type tanycytes, which project from the ependymal wall 
to neuropil in the ARC nucleus and to the blood vessels in this area. Our investigations do not 

allow us so far to determine the exact consequences of the changes in NCAM  expression. 
Given that the ARC nucleus is well known for its involvement in the regulation of 
reproduction and metabolism, it is tempting to suggest that tanycytes processes may be 
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involved in the modulation of synaptic inputs to ARC neurones similar to what is observed for 

astrocytes in the SON (Theodosis et al. 1999). Zs. Hoyk et al. (2001) already described 
oestrogen modulated, PSA-NCAM  dependent synaptic plasticity  of GABAergic terminals in 
the ARC nucleus of female rats. But these authors did not investigate the involvement of glial 
cells in this plasticity. Tanycyte processes might be involved in this kind of plasticity, 
although NCAM expression in our study was only modulated by melatonin and not sex 

steroids. In this context, it  should be noted that we investigated only male animals. Thus the 
absence of sex steroid effects might be related to the fact that in males reproductive activity is 
only subject to a seasonal on/off regulation, while in female animals the oestrous cycle is 
superimposed on the seasonal regulation of reproduction. Alternatively, the modulation of 
tanycyte NCAM expression might not be involved in the control of reproduction, but rather in 

the seasonal control of metabolism.
 Another interesting fact are connections of tanycytes processes with blood vessel in 
the MBH. Thus in addition to an involvement in synaptic plasticity, tanycytes NCAM 
expression changes may  modulate the interaction of tanycytes’ end-feet with the blood 
vessels. Thus NCAM may be involved in the control of the blood-brain transfers in this area, 

which are also relevant in the context of seasonal adaptations. 
 NCAM and PSA-NCAM may be involved in seasonal adaptations through structural 
plasticity. But, in addition to their classical action as cell adhesion molecules, NCAM  and 
PSA-NCAM were also implicated in the modulation of growth factor signalling (Kiss et al. 
2001). The mechanism of this modulation is not so clear, but PSA-NCAM could modulate 

homophilic interactions of CAMs, like NCAM, which promotes clustering and aggregation of 
receptor tyrosine kinases. This will induce a dimerisation and autophosphorylation of these 
receptors, resulting in their activation without  any presence of ligands or growth factors (Kiss 
et al. 2001; Schlessinger 2000). Moreover, NCAM and FGF receptors has been reported to 
interact (Doherty and Walsh 1996). PSA-NCAM could induce a pre-clustering of receptor 

dimers, thanks to its particular physico-chemical properties and facilitate the receptor-ligand 
binding and thus increase the amplitude of signalling (Kiss et al. 2001). Moreover, the 
biosynthesis of PSA-NCAM is regulated by  cell activation, such as electrical activity  in axons 
(Bonfanti 2006; Kiss et al. 1994). Indeed, NMDA-evoked currents induce an increase in 
intracellular Ca2+ ions that can provoke either exocytosis (C. Wang et al. 1996) or endocytosis 

(Bouzioukh et al. 2001) of PSA-NCAM through increased expression or degradation, 
respectively (Bonfanti 2006). 
 All of these mechanisms can promote the activation of growth factor signalling and 
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therefore the neurite outgrowth and the synaptic plasticity through other mechanisms than cell 

adhesion. Interactions between PSA-NCAM and receptor tyrosine kinases could also modify 
the turnover or inactivation of membrane receptors (Kiss et al. 2001). The negatively charged 
PSA tail on NCAM molecule can change the binding of positively  charged molecules, like 
BNDF, on their receptors. PSA can thus delay the diffusion of secreted BDNF in an autocrine 
communication (Kiss et al. 2001; Schuman 1999).

 We demonstrated that photoperiod, through the melatonin secretion can induce a 
decrease in vimentin and NCAM  expression during an exposure to a short photoperiod. The 
mechanisms through which melatonin acts on tanycytes still need to be determined. Whether 
tanycytes express melatonin receptors remains controversial. Binding studies did not generate 

any conclusive evidence on the presence of melatonin receptors in tanycytes or the MBH of 
rodents (Masson-Pevet et al. 1994; Morgan et al. 1994). These studies locate a very high 
concentration of melatonin binding sites in the PT of the adenohypohysis next to the median 
eminence. RT-PCR studies by Y. Kameda et al. (2003) however detected the presence of MT1 
melatonin receptor mRNA in the MBH of the Djungarian hamster, while clearly and 

convincingly excluding any contamination of their samples by PT tissue.
 The tanycytes are part of the TH photoperiodic response (Nakao et al. 2008). In the 
Japanese quail tanycytes process remodelling was shown to be induced by TH (T3; 
Yamamura et al. 2006). Tanycytes express type 2 deiodinase (Dio2), an enzyme that converts 
the T4 TH form into the active T3 form. Interestingly, Dio2 is induced in tanycytes by TSH 

(Hanon et al. 2008; Hanon et al. 2010; Nakao et al. 2008; Ono et al. 2008; Yasuo et al. 2009). 
This TSH is supposed to be secreted by MT1 receptor expressing specific cells of the PT 
(Klosen et al. 2002) and transferred to the tanycytes by the primary plexus of the pituitary 
portal system. Thus melatonin might bind to PT cells to induce the secretion of TSH to act on 
tanycytes and induce Dio2 expression. Whether the action of melatonin on vimentin and 

NCAM expression is a direct effect of TSH receptor activation or an autocrine effect of T3 
through Dio2 expression remains to be established
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I - Seasonal plasticity in adult brain

 Since the days of S. Ramón y Cajal the anatomy of the adult vertebrate brain was 
thought to remain fixed throughout the whole lifespan. However, in 1962, J. Altman observed 
neurone proliferation in the adult  rodent brain (Altman 1962) and in 1964, E. Bennett et al. 
reported that environmental enrichment produced an increase in cortical mass in adult 
rodents. Rapidly, the view of the central nervous system became more dynamic and 

anatomical plasticity, known to be part of normal brain development, was recognised to 
persist in the brain after birth. F. Nottebohm confirmed and extended these observations in 
1981 in canaries (Serinus canarius), which display dramatic seasonal morphological changes 
of brain regions that control song behaviour (Nottebohm 1981). In this context, many species, 
and especially  seasonal breeders revealed to be powerful models to study natural plasticity in 

the adult brain. 
 Seasonal variations of photoperiod induce not only  physiological and behavioural 
adaptations in animals but also anatomical rearrangements of neural networks. Historically, 
the important seasonal changes in song behaviour and the structures intervening in this 
process have been highly studied in birds. The higher vocal centre (HVC), the robust nucleus 

of the archistriatum (RA) and the area X are structures of the bird forebrain and are directly 
involved in song behaviour. Indeed, these neuronal structures decrease their size during the 
end of the breeding season (Brenowitz 2004; Nottebohm et al. 1986; Smith 1996). Depending 
on the brain structures, different plastic phenomena appear to be involved. The seasonal 
volumetric growth of the HVC reflects seasonal addition of neurones into this nucleus 

through neurogenesis (Alvarez-Buylla and Kirn 1997; Goldman and Nottebohm 1983). This 
neuronal turnover is seasonally regulated and is greatest during the non-breeding season (Kirn 
et al. 1994; Tramontin and Brenowitz 1999). Increasing circulating sex steroids appear to 
diminish this turnover but allow the survival of HVC neurones, thus increasing their number 
during the breeding season (Hidalgo et al. 1995; Rasika et al. 1994). On another hand, the 

cellular basis of volumetric growth of RA differs from the HVC neurogenesis. No seasonal 
neurogenesis in the RA was observed. However, neurone size and spacing in this nucleus are 
both increasing during the breeding season (Tramontin and Brenowitz 2000). This is 
associated with an increase in the dendritic arborisation and in the enlargement of pre- and 
post-synaptic elements in RA (Devoogd et al. 1985; Nottebohm 1987).
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 Nevertheless, seasonal plasticity  was reported in adult  brains of numerous animal taxa: 

Gastropoda, Crustacea, Osteichthyes, Amphibia, Reptilia, Aves and Mammalia including 
humans (Tramontin and Brenowitz 2000). One interesting example, in mammals, is the 
ground squirrel. Diminution in density of dendritic spines during hibernation torpor episodes 
in the cortex, the hippocampus and thalamus were reported in the golden-mantled ground 
squirrel (von der Ohe et al. 2006).

 In hypothalamic structures seasonal changes were also shown. For instance, in the 
Indian catfish, the nucleus lateralis tuberis displays volume changes, increasing its size during 
breeding season (Kumar 1982). In male whiptail lizards, the size of the anterior-
hypothalamus-preoptic area increases while the size of the ventromedial hypothalamus 
decreases during the breeding season (Wade and Crews 1991).

II - Seasonal control of reproduction and seasonal structural 

plasticity

 In mammals, besides the genes involved in the master clock and the melatonin 
synthesis machinery, three genes appear to have also a fundamental action in seasonal control 
of the reproductive system: rfrp, Kiss1 and deiodinases.

1 - Kisspeptins

 Kiss1 is photoperiod-dependent in the Djungarian hamster. In this species, Kiss1 is 
downregulated in SP in the AVPV and upregulated in the ARC (Greives et al. 2008; 
Simonneaux et al. 2009). However, in SP, the Syrian hamster display and decrease of Kiss1 

expression in the ARC. This might reflect a species-specificity  in the melatonin sites of action 
for regulating the seasonal reproduction. Indeed, in Djungarian hamsters, SCN lesion prevents 
the inhibitory effect of exogenous melatonin infusions (Bartness et al. 1991), whereas its 
lesion does not compromise responsiveness to exogenous melatonin in Syrian hamsters 
(Bittman et al. 1989). This might suggest that in the Djungarian hamster, the SCN might 

mediate melatonin effects on the reproductive axis or at least a different mechanism involving 
the SCN in the seasonal signal integration.
 In rodents, the SCN sends VP projections to the AVPV (Kalsbeek and Buijs 2002; 
Kalsbeek et al. 2002) and these might regulate the activity of Kiss1 neurones in mice 
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(Robertson et al. 2009). Hence, AVPV Kiss1 neurones might also mediate the effect of 

melatonin on the reproductive axis in the Djungarian hamster. This hypothesis is supported by 
firstly, the fact that males Djungarian hamster are the only studied rodents which display  a 
high Kiss1 expression in the AVPV compared to the ARC (Greives et al. 2007; Simonneaux et 
al. 2009). And secondly, that melatonin could act on GnRH production in that species 
(Bernard et al. 1999; Porkka-Heiskanen et al. 1997).

 These data seem to indicate that AVPV Kiss1 neurones mediate melatonin effects on 
the HPG axis in the Djungarian hamster. However, this hypothesis remains to be 
demonstrated by analysing Kiss1 expression in the ARC and AVPV of gonadectomsied and 
melatonin-disrupted (through pinealectomy or daily melatonin injections) Djungarian 
hamsters.

2 - RFamide-related peptides

 As was already  suggested, RFRP-3 immunoreactive fibres are found in the external 
median eminence of sheep (Clarke et al. 2008) and in close proximity  to most GnRH neurone 
cell bodies in rats and sheep (Johnson et al. 2007; Smith et al. 2008). Recently, a role for this 

molecule has been proposed in mice via a direct modulation of GnRH neurone activity 
(Ducret et al. 2009). Furthermore, other groups demonstrated that RFRP expression is 
downregulated not during the non-breeding but during the breeding season, which is 
consistent with the observed inhibitory  effect on GnRH release in birds (see Introduction-VIII; 
Smith et al. 2008).

 In this context, in Syrian hamster, could RFRP be considered as an intermediate 
between the seasonal message of melatonin secretion, and the Kiss1 gene? The DMH, which 
contains RFRP neurones, displays melatonin binding sites (Maywood and Hastings 1995). 
Thus RFRP neurones might be the integrators of photoperiod, which then act directly on 
GnRH neurones. On another hand, although Kiss1 neurones are strong stimulators of GnRH 

secretion, they  are also affected by food intake and leptines (Smith et al. 2006a; Xu et al. 
2009; e.g. human anorexic women display amenorrhea, however, so far, no investigations 
were performed to check whether these women also display  a downregulation of Kiss1). 
Indeed, a moderate reduction of photoperiod (from 16 hours of light : 8 hours of darkness to 
13,5 hours of light : 10,5 hours of darkness) altered RFRP mRNA expression in the DMH of 

Phodopus sungorus, but did not affect Kiss1 expression. However, food restriction was able 
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to reduce Kiss1 expression irrespective of the photoperiod, while it did not  affect RFRP 

expression (Paul et al. 2009).

3 - Tanycytes and thyroid hormones 

 To date, in the Syrian hamster, as a general model of the integration of the photoperiod 
by the HPG axis, it  is more or less admitted that melatonin from the pineal gland may act on 

its receptors on the PT (Hanon et al. 2008; Hanon et al. 2010). This will induce a release of 
TSH from the PT. This TSH will be taken up by capillaries of the primary plexus of the 
pituitary  portal complex. These capillaries form loops into the median eminence up  to the 
subependymal layer before joining the portal veins leading to the secondary capillary plexus 
in the pituitary (Murakami et al. 1987). Thus the PT TSH can act on the tanycytes located in 

the median eminence and maybe beyond, if the TSH diffuses into the third ventricle (Nakao et 
al. 2008). Indeed, tanycytes have the capacity  to transport  compounds from the ventricular 
CSF to the perivascular space of the portal capillaries (Peruzzo et al. 2004; Rodriguez et al. 
2005) and, consequently, to the PT (Guerra et al. 2009). However, this hypothesis seems not 
to be realistic since the tanycytes, involved in the interaction with the PT, the β subtype, are 

endowed with polarised endocytosis allowing them to absorb compounds from the third 
ventricle but not through their terminals (Peruzzo et al. 2004). Alternatively, the effect of PT 
TSH on the tanycytes might be due only  via the CSF, which is in open communication with 
the PT-specific secretory cells, including the TSH-secreting cells (Guerra et al. 2009). 
Nevertheless, the binding of the TSH receptors will activate transcription, for instance, of the 

Dio2 gene in tanycytes, stimulating the conversion of T4 from to T3 (Nakao et al. 2008). All 
these actors (TSH receptors, T3 or even T4) can directly or via secondary messengers act on 
cell adhesion molecules (CAMs) at the tanycyte surfaces (e.g. cadherins, semaphorins, 
integrins or NCAM/PSA-NCAM) and induce cytoskeletal changes, which might be at the 
origin of seasonal remodelling observed in tanycytes (Kameda et al. 2003; Yamamura et al. 

2004). Furthermore, a direct  effect of melatonin on tanycytes cannot be excluded, as Y. 
Kameda et al. (2003) have shown the presence of MT1 melatonin receptors in the Djungarian 
hamster MBH by RT-PCR (reverse transcriptase polymerase chain reaction). 
 So far no studies investigated the direct action of T3 or TSH on CAMs in tanycytes. 
 Likewise, T3 might also act directly on Kiss1 or RFRPs neurones of the MBH, since 

T3 content in this structure is decreasing in SP, in quail (Yamamura et al. 2004), similar to the 
secretion of GnRH (Bernard et al. 1999; Porkka-Heiskanen et al. 1997) and TRH (Ebling et 
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al. 2008).

 Therefore, these hypothalamic partners can act in concomitance, and provoke the 
seasonal variation of the gonads, inducing a seasonal rhythm of sex steroid secretion  (Reiter 
1980; Hoffmann, 1979; Figure 50 and 51).

Figure 50: Model of melatonin action on the production of thyroid hormones. Melatonin 
(Mel) will activate the thyroid-stimulating hormone (TSH) synthesis by pars tuberalis cells. TSH 
is taken up from the cerebrospinal fluid of the third ventricle (3V) by tanycytes. This will activate 
the Dio2 (deiodinase 2) gene and thus the conversion of thyroid hormone T4 in the active form T3.
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Figure 51: Summary of  possible seasonal action on NCAM (neural cell adhesion molecule) 
expression. Melatonin from the pineal gland will activate the thyroid-stimulating hormone (TSH) 
synthesis from the pars tuberalis. TSH receptor (TSH-R) can directly act on NCAM and its 
polysialylated form (PSA) downregulation in short photoperiod. TSH is activating the Dio2 
(deiodinase 2) gene, which allows the conversion of thyroid hormone T4 in the active form T3.  T3 
but as well T4 might also have an impact on NCAM tanycytic expression. Whereas TGFα could 
also intervene in tanycytes morphological changes, T3 could also activate it and consequently have 
an action on NCAM molecules. In addition, speculatively T3 could also act on Kiss1 and RFRP 
neurones of this region and therefore indirectly on gonads.

 In female rats, tanycytic morphological rearrangements have been described during 
the oestrous cycle (Parkash and Kaur 2005; Prevot et al. 2000; Prévot et al. 1999; Prévot 
2002). Astrocytes, tanycytes, endothelial cells and of course GnRH neurones in the median 
eminence region display molecular and cellular signalling which induce a transient blockade 
of the GnRH release during the oestrous cycle. Oestradiol feedback acts on oestrogen 

receptors (ERα) present on tanycytes, astrocytes but also endothelial cells (Langub and 
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Watson 1992; Prévot 2002) via erbB (epidermal growth factor (EGF)-related receptors) 

signalling to induce PGE2 release and thus activate the neuronal GnRH release (Prévot 2002). 
However, oestradiol also regulates, in a sex-dependent manner, astrocyte morphology in these 
same brain regions. Therefore, it is not surprising that glial cells of the median eminence are 
subjected to oestrogen control in female rats. Oestrogen receptors on astrocytes and tanycytes 
appear to mediate stimulatory effects of steroids on IGF-1 (insulin-like growth factor 1), 

TGFα and TGFβ production (Ojeda et al. 2008; Prévot 2002). In vitro, TGFα was shown to 
induce plastic changes in tanycyte morphology, identical to what was observed during the 
oestrous cycle (Prevot  et al. 2003). Thus, oestrogen in the median eminence might act via 
TGFα-signalling.
 Another actor in this region are the endothelial cells of the fenestrated capillaries of 

the portal blood vessels, who are producing nitric oxide (NO; Prévot 2002). Upon its 
secretion, this gaseous signalling molecule diffuses from its source and stimulates the release 
of GnRH from the neighbouring neuroendocrine terminals. Oestradiol appears to facilitate 
NO production by endothelial cells in the median eminence (Prévot 2002).
 Therefore in female rats, during the oestrous cycle, oestradiol feedback on the median 

eminence induces TGFα, TGFβ, NO, PGE2 production, which as final consequence causes a 
transient remodelling of cells and a modulation of GnRH release.
 In a seasonal context these data raise several questions: is TGFα photoperiodically 
expressed? Is the endothelial nitric oxide synthase expression dependent on photoperiod? Do 
any of these signalling actors have an influence on NCAM and PSA-NCAM  expression? 

Could the seasonal sex steroids variation, observed in seasonal rodents for instance, be 
considered as a one-year oestrous cycle, as in female rats in terms of structural plasticity? 
Finally what is the difference between photoperiodic and non-photoperiodic species in terms 
of morphological changes in the median eminence?

 Conclusively, the median eminence contains many neuroendocrine nerve terminals 
and not only  the GnRH synapses. Therefore, the seasonal regulation of tanycytic NCAM 
expression might not only have a physiological relevance in terms of seasonal control of the 
reproduction. The seasonal regulation of the metabolism or the pelage, can be similarly 
regulated through morphological changes in tanycytes.
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III - Seasonal neurochemical plasticity

 The vasopressinergic/galaninergic system of the BNST/MeA is a powerful model of 
seasonal plasticity. Indeed, being one of the most sensitive nuclei to sex steroids, the seasonal 
variations of circulating sex steroids can be used as potent inducers of seasonal cerebral 
plasticity.

1 - Sex steroids action on neuropeptides expression

 Although Syrian hamsters do not display VP in the BNST neurones, GAL appears to 
be directly  controlled by photoperiodic changes in testosterone. These neurones contain both 
AR and ERα/β and are photoperiodically regulated (Bittman et al. 2003; Laflamme et al. 
1998; Rasri et al. 2008; Shughrue et al. 1998; Trainor et al. 2007). 

 The disappearance of VP in the BNST projections (LS) is necessary for seasonal 
hibernation in European hamsters (Hermes et al. 1989; Hermes et al. 1993). Furthermore, 
DHT and testosterone implants in Djungarian hamsters inhibit daily torpor bouts, suggesting 
that testosterone acts on VP expression through the DHT androgenic pathway (Ouarour et al. 
1991).

 In birds, the BNST vasotocinergic neurones are controlled by the conversion of 
testosterone to oestrogen via aromatase, oestrogen being the final actor on the VP gene 
(Viglietti-Panzica et al. 2001). And mice lacking the functional aromatase gene have a 
significant decrease of VP immunoreactivity only in the sexually  dimorphic BNST system 
(Plumari et al. 2002). This also suggests that VP expression in the BNST is controlled by an 

oestrogenic pathway. On the other hand, GAL expression in GnRH neurones and pituitary 
cells is stimulated by oestrogens (Merchenthaler et al. 2005; Shen et al. 1998; E. S. Shen et 
al. 1999). Furthermore, in male Syrian hamsters, 17β-oestradiol subcutaneous implants in SP 
after castration showed that  after one-month delivery, GAL immunoreactivity  and mRNA are 
significantly increased (Appendix I). This effect had already been observed on VP expression 

of the BNST in rats by T.R. Pak et al. (2009). Finally, the human GAL gene appears to 
contain a functional ER binding site (Howard et al. 1997). Taken together, these new data 
suggest that photoperiodic variations in GAL expression are driven by the photoperiodic 
variations in circulating testosterone levels, via aromatisation of testosterone into oestrogens. 
This is supported by the fact that even non-aromatisable DHT, via a specific metabolite (5α-
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androstane-3β,17β-diol), can act on ERβ in vitro cell lines and in vivo in rat BNST neurones 

(Pak et al. 2007, 2009). Hence, the discrimination between a specific androgenic or 
oestrogenic pathway is not so clear anymore. However, the exact mechanisms and 
pharmacology  of the regulation of GAL expression by sex steroids in BNST neurones are not 
yet clear.
 This raises the question of the biological relevance of AR expression in the BNST, 

especially since its expression is regulated both by testosterone feedback and photoperiod 
(Bittman et al. 2003; Rasri et al. 2008). Conditional brain-specific knock-out mice for AR do 
not display any changes in VP and GAL expression of the BNST (data not  shown, based on a 
collaboration with Dr F. Tronche’s laboratory, CNRS UMR 7148, Génétique Moléculaire-
Neurophysiologie et Comportement and Institut de Biologie, Collège de France, Paris, 

France). 
Finally, a synergistic action of oestrogens and testosterone on their respective receptors can 
still be hypothesised. For instance, AR could act as a coactivator of the oestrogenic pathway 
in these neurones...
 Data on sexual dimorphism in the BNST GAL system are contradictory in rats and 

mice (Planas et al. 1994c; Rajendren et al. 2000). In Syrian hamsters, males and females 
showed similar levels of GAL mRNA (Appendix II-A and II-B) but a sexual dimorphism was 
apparent in terms of immunoreactivity (Appendix II-C and II-D). In rats, B. Planas et al. 
(1994) demonstrated via GAL mRNA an absence of sexual dimorphism. In mice, however, G. 
Rajendren et al. (2000) detected a sexually dimorphic GAL immunoreactivity. This was 

exactly what we was observed in our Syrian hamsters (Appendix II).
 While these data are difficult to interpret, a possible answer could be given by VP.
VP of BNST neurones and central oxytocin are widely studied for their involvement in social 
and parental behaviours of voles (Microtus genus) and particularly, in prairie voles (Microtus 
ochrogaster) and meadow voles (Microtus pennsylvanicus). In male prairie voles, mating 

increases VP mRNA expression in the BNST while reducing VP immunostaining in BNST 
terminals, suggesting increased VP release (Bamshad et al. 1994; Z. Wang et al. 1994b). 
These changes, which do not occur in females, may trigger mating-induced changes in 
aggression and social behaviour, and could be blocked by VP antagonists (Winslow et al. 
1993). They  may  also cause the change in parental behaviour in males after mating (Bamshad 

et al. 1994), which is also blocked by VP antagonists (de Vries and Sodersten 2009; Z. Wang 
et al. 1994a). Thus it can be hypothesised that similarly to voles female Syrian hamsters 
exhibit an increased in GAL release. Conclusively, a sexual dimorphism in the cellular 
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machinery  involved in the GAL expression might be seriously considered. However, a 

photoperiodic regulation of GAL in female hamsters has not been investigated so far. 

2 - Vasopressin and galanin

a - Corelease

 To date it is widely accepted that  VP and GAL are colocalised in BNST neurones 
(Miller et al. 1993a). However, it is not clearly understood how VP and GAL interact  and/or 
act when released from BNST neurones. What is the purpose of releasing a stimulatory 
neuropeptide (VP) and its possible inhibitor, GAL (Introduction-XVIII-3)? In terms of 

behaviour, VP stimulates aggressive and/or flank marking behaviours and GAL can inhibit 
these (Ferris et al. 1999; Irvin et al. 1990). In this light, releasing a stimulator and an inhibitor 
of these complex and stressful behaviours, which are even sometimes dangerous for the 
survival (fighting), can be logical. These situations need to be brief. Thus if GAL acts on a 
slower timescale, maybe because of low receptor density, it would allow an inhibition and 

termination of aggressive behaviours mediated by  a faster acting VP. So far only one 
electrophysiological study investigated VP action in the LS (Allaman-Exertier et al. 2007). 
Through a direct excitatory  action, VP appeared to cause an indirect inhibition of the LS. 
Unfortunately, the authors did not consider the corelease of VP and GAL in the LS. 

b - Structural plasticity in the bed nucleus of stria terminalis neurones?

 In Djungarian hamsters, exogenous testosterone is able to restore VP and GAL 
expression in the BNST cell bodies. In the axonal terminals of the LS and the LHb, however, 
a one-month testosterone exposure did not fully restore the immunoreactivity of these 

neuropeptides (Rasri et al. 2008). This delay  between recovery in the cell body and recovery 
in the target areas, was previously  also observed in rats following the castration-induced 
decline of VP expression. VP mRNA declines faster than VP immunoreactivity (Miller et al. 
1992). The slow decline of VP protein levels is probably due to the fact that existing VP stores 
will be progressively  cleared through secretion. Furthermore, since castration appears to 

reduce VP secretion in the LS (Pittman et al. 1998) low testosterone levels might amplify  this 
phenomenon in SP. Nevertheless, VP immunoreactivity decreases faster in castrated 
Djungarian hamsters exposed to SP than those exposed to LP (Ouarour et al. 1995).
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Likewise, in Syrian hamsters, a one-month testosterone (and even oestrogen) exposure in SP 

did not allow a full recovery of GAL immunoreactivity in axonal terminals (LS).
One explanation (Chapter II-V), could be a delay in axonal transport of GAL secretory 
vesicles. However, the mean velocity  of fast axonal transport in adult axons is about 400 mm/
day, which should transport GAL vesicles from the BNST cell body to the LS terminals 
within 1 to 2 hours, which is not the case (Chapter II-Figure 6). There also was no apparent 

delay between the increase in mRNA and protein levels in the cell bodies of the BNST. Thus 
GAL mRNA is rapidly translated into protein in the cell bodies. Moreover, GAL did not 
accumulate in the cell bodies, since we did not notice increased cell body immunoreactivity as 
it could be observed after a colchicine treatment (Chapter II-Figure 6). 
 Another hypothesis could be a sex steroid controlled structural plasticity in the BNST 

system as observed in the median eminence during the oestrous cycle in female rats. 
Photoperiodic changes in sex steroids might modulate structural plasticity (Chapter I and II). 
Reversible changes in the dendritic morphology and the density of synaptic spines have been 
observed in hibernating European hamsters and golden-mantled ground squirrels (Magarinos 
et al. 2006; von der Ohe et al. 2006). During these morphological changes PSA-NCAM is 

taking part of the structural rearrangements observed (Arendt et al. 2003). 
Therefore, in BNST neurones a seasonal structural plasticity  might complement the 
neurochemical seasonal plasticity observed in Djungarian and Syrian hamster species (Rasri 
et al. 2008). In addition to the decreased expression of neuropeptides, BNST neurones might 
reduce their terminal arborisation and partially  retract from the LS and/or the LHb. 

Testosterone should then induce an axonal regrowth, which might account for the observed 
delay in target area recovery (see Figure 52).
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Figure 52: Theoretical model of seasonal structural plasticity in the vasopressinergic/
galaninergic neurones of  the bed nucleus of stria terminalis (BNST). In long photoperiod 
neuropeptides are highly expressed in neurones. In short photoperiod a neurochemical seasonal 
plasticity induce the decrease of neuropeptide expression. Consequently,  a retraction of the nerve 
fibres from the targeting area (i.e. lateral septum, LS) might exist in these neurones.  This structural 
plasticity observed through the seasons could be directly driven by testosterone levels.

 Several approaches can be considered for the investigation of this structural plasticity 
hypothesis and we tried some of these:

- as in the median eminence model (see Chapter II) plasticity-related genes expression can be 
analysed like CAMs (NCAM, PSA-NCAM, L1-CAM  (L1 cell adhesion molecule), GAP-43 

(growth-associated protein 43), synaptophysin, etc...). However, their widely  spread 
expression in the central nervous system is making the interpretation of these results difficult 
(data not shown).

- another approach could be the tracing of these fibres with dyes for instance like DiI... 

However, the post-mortem fibre tracing with DiI was also difficult  to interpret since a clear 
visual localisation of the BNST on post-fixed tissue needs to be fine-tuned.
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- a last approach could be the transgenic tool, but so far is not yet available in hamsters. One 

alternative can be the viral technique of tracing. For instance, a virus containing the VP and/
or GAL promoter region controlling the expression of a GFP (green fluorescence protein) 
could be injected in the BNST. However this would not be extremely useful since the sex 
steroids are binding to the promoter region and activating the VP and/or GAL gene. And that 
sex steroids circulating levels vary  with seasons. Thus we would observe a seasonal 

oscillation of the GFP level.

 Finally, another aspect  of the BNST was not studied here. This nucleus together with 
the MeA are also part of the neuronal network involved in perception of pheromones (Simerly 
2002). It appears to be directly anatomically  linked to the epithelium of the vomeronasal 

organ (VNO). Consequently, are there also seasonal changes in the VNO and the perception 
of pheromones? And if the case how neural circuits between the VNO and the BNST are 
acting between seasons?
The BNST nucleus seems to be a typical structure of the brain reacting as link between 
external stimuli and physiological responses (e.g. the pheromones perception and its direct 

action on GnRH neurones, see Introduction-XV-3).

IV - Final conclusion

 The adult brain is capable of undergoing important  morphological, neurochemical and 
functional changes in neurones but also in glial cells and is under the direct influence of 

external factors. To date, only  light was thought to have an effect on the brain, however, non-
photic environmental cues appear to be also important, such as food (Feillet et al. 2008), 
temperature (El Allali et al. 2008; and unpublished data), and why not pheromones?

 Different processes of seasonal adult neural plasticity  were reported and were 

demonstrated in many species (Tramontin and Brenowitz 2000). But why do animals need 
this seasonal plasticity? 
 The sustained peak performance of a seasonally predictable behavioural task is often 
preceded by  the hypertrophy  of the organs or tissues that support that  task (Piersma and 
Lindstrom 1997; Tramontin and Brenowitz 2000). Indeed, the sexual apparatus in seasonal 

rodents increases dramatically  in preparation for the annual breeding season and consequently 
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regresses when the breeding season is terminated. In long-distance migrating birds, 

physiological changes, like elevated fat stores and increased flight muscle mass, are also 
observed (Gaunt et al. 1990; Weber and Piersma 1996; Tramontin and Brenowitz 2000). 
These anticipatory changes are stimulated by seasonal environmental cues and mediated by 
neural and endocrine signalling mechanisms. The maintenance of hypertrophied organ 
systems and tissues is thought to be energetically expensive and so these systems regress 

when peak performance is not required during unfavourable periods of the year (Jacobs 1996; 
Piersma and Lindstrom 1997; Tramontin and Brenowitz 2000).
Therefore, energetic costs of maintaining a fully developed gonadal system in seasonal 
rodents or a song system in seasonal birds throughout the non-breeding season outweigh those 
associated with seasonal recrudescence each spring (Tramontin and Brenowitz 2000). Thus 

seasonal changes might be a reduction of energy expenditure. Nevertheless, the relative 
metabolic costs of rebuilding these systems are not really known. 
 Furthermore, in old animals or in sick animals, the HPG axis is less efficient and thus 
reproduction is compromised. From an evolutionary point of view, this fact reduces the fitness 
of these individuals and allows younger animals to take over the role of breeders. One 

illustration of that is the presence of VP in the BNST neurones. The alteration of the VP 
expression in these neurones is due to natural seasonal variation in testosterone or due to the 
normal ageing process (Fliers et al. 1985; Goudsmit  et al. 1988). However, so far no 
investigation has studied seasonal structural changes in the median eminence and the 
involvement of tanycytes in these processes.

 Conclusively, the models used in this thesis are ideal to analyse plasticity in an adult  
brain. They represent  a physiologically relevant situation and plasticity  that can be induced 
through simple modulation of sex steroids or the photoperiod. Thus no lesion inducing a 
breach in the blood-brain barrier (BBB) and/or massive liberation of cytokines is involved. 

Furthermore, this plasticity results in physiologically  relevant functional circuits. 
Understanding the mechanisms of this adult plasticity should help to develop strategies for the 
successful integration of stem cell grafts into functional neuronal circuits in order to cure 
neurodegenerative diseases.
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Appendices

Appendix I

Galanin staining in the BNST and LS of short photoperiod and castrated and oestrogen 
supplemented male Syrian hamster (SPCE). Total cell number (A) and mean integrated density 
per labelled neurone (B) for the in situ hybridisation for preprogalanin in long (LP) and short (SP) 
photoperiod animals. Males were castrated and implanted with oestrogen subcutaneous capsules. 
Although oestrogen did not significantly restore a LP-like number of cells, the mean integrated 
density was fully restored (*** p value < 0.001, one-way ANOVA followed by a post-hoc «for 
different N»  HSD test). Moreover, oestrogen implants also induced a significant increase 
compared to LP galanin levels (### p value < 0.001, one-way ANOVA followed by a post-hoc «for 
different N» HSD test). However, oestrogen treatment of SP exposed animals, did not restore a 
LP-like number of cells nor the mean integrated density of galanin immunostaining in the BNST 
(C) and in the LS (D).  This suggest that oestrogen might only increase the galanin gene 
transcription.  Low number of animals in SPCE group could explain for the absence of statistical 
significancy, contrary to what was observed with testosterone (Chapter II). The histograms show 
the mean value (for LP and SP n = 6; for SPCE n = 3) and the dots show the individual values 
observed for each animal.
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Appendix II 

Galanin staining in BNST and LS of male and female Syrian hamster exposed to long 
photoperiod. Total cell count (A) and mean integrated density per labelled neurone (B) of the in 
situ hybridisation for preprogalanin did not show any significant difference between males (LPm) 
and females (LPf) after a Student’s t-test. However, the mean integrated density of galanin 
immunostaining in the BNST (C) and the LS (D) displayed a sexual dimorphism in the Syrian 
hamster (p value < 0.001, Student’s t-test). The histograms show the mean value (n = 4) and the dots 
show the individual values observed for each animal.
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Summary

Matei Bolborea

Seasonal cerebral plasticity in two hamsters species: the Djungarian hamster (Phodopus 
sungorus) and the Syrian hamster (Mesocricetus auratus)

 On earth, the alternation of seasons is an astronomical and periodical phenomenon 
which affects a multitude of environmental parameters. Indeed, in temperate regions, 

temperature, vegetation and the duration of daylight vary significantly according to the 
seasons. The whole ecosystem undergoes seasonal modifications. As a consequence, animals 
have to adapt to these variations. In order to survive, living organisms have to developed 
different strategies to save energy in winter, such as variations in body  weight, fur or 
reproductive period. Some animals hibernate, others undergo daily torpor or migrate to other 

ecosystems when conditions are unfavourable. In natural conditions, animals use photoperiod 
(i.e. day length) to synchronise their reproductive function to the seasons. Birth must occur at 
the most favourable time of the year, when food is plentiful enough to allow for weaning and 
ensure species survival.
 To decode photoperiod and adapt their physiology and behaviour, mammals rely  on 

their photoneuroendocrine system. Neural pathways originating in the retinal ganglion cells 
relay information to the pineal gland, where the neural message is transduced to a humoral 
message: the rhythmic release of melatonin. As the production and release of melatonin 
occurs exclusively at night, the duration of the nocturnal peak of melatonin varies according 
to day length, and therefore the seasons. Melatonin transmits this photoperiodic information 

to the rest of the body and the brain, and more specifically  to the hypothalamus. The 
hypothalamo-hypophyseal axis regulates major physiological functions, including 
reproduction. Neurones in the hypothalamus secrete GnRH (gonadotropin-releasing hormone) 
into the capillaries of the portal blood system in the median eminence. As a consequence, the 
gonadotropes in the pituitary gland produce and release FSH (follicle-stimulating hormone) 

and LH (luteinizing hormone), which will in turn stimulate gametogenesis and the synthesis 
of sex steroids at the level of the gonads.
 We know that the lenghtening melatonin signal towards winter leads to reproductive 
quiescence within 8-10 weeks in rodents (decrease in serum LH, FSH and sex steroid levels, 
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as well as testicular regression in males).

 Also sex steroids can feedback on the pituitary gland as well as on hypothalamic and 
extrahypothalamic structures from the onset of puberty.

 Accordingly, the general goal of this work was to study  the effects of these two 
photoperiodically  regulated hormones, melatonin and testosterone on the brain, in two 

hamster species. More specifically, do these two hormones play a role in plasticity  of nervous 
and glial cells?

 Several genes in the hypothalamus have been found to be photoperiodically expressed 
in hamsters and involved in regulating reproduction. Kiss1 and rfrp have been shown to be 

involved in the regulation of GnRH neurones’ activity. Dio2 codes for an enzyme, type II 
iodothyronine deiodinase, which catalyses the conversion of the thyroid hormone T4 to 
bioactive T3. T3 levels in the hypothalamus are crucial for seasonal reproduction. In the brain, 
Dio2 is expressed in a particular cell type: the tanycytes. These glial cells contact the 
cerebrospinal fluid of the third ventricle with their cell bodies and send their end feet to the 

capillaries in the arcuate nucleus (ARC) and to the meninges in the median eminence. These 
cells play a major role in the blood-brain barrier regulation in this region. Moreover, the 
tanycytes have been shown to be involved in neuronal plasticity  during the oestrous cycle in 
female rats, and in photoperiodic changes of reproductive activity in the quail (Coturnix 
japonica) and the Djungarian hamster (Phodopus sungorus). Tanycytes also express a cellular 

adhesion molecule, NCAM  (neural cell adhesion molecule), as well as its polysialated form, 
PSA-NCAM, both well-known for their implication in neuronal plasticity.

 In the first part  of this work we studied the role of photoperiod (via melatonin) and sex 
steroids on the control of NCAM and PSA-NCAM expression in the tanycytes. 

 The administration of testosterone influences the variations in NCAM and PSA-
NCAM in the tanycytes only very slightly. However, major differences in the expression of 
these cellular adhesion molecules have been observed between long and short photoperiod. It 
therefore appears that photoperiod, via melatonin, regulates the expression of these molecules. 
To confirm this hypothesis, daily  injections of melatonin in the early night were done for two 

month in hamsters maintained in a long photoperiod, injections mimicking a short 
photoperiod by  creating a long peak of melatonin. These injections induced a reduction of 
NCAM expression, comparable to that of animals exposed to a short photoperiod. Similar 
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effects were observed at the level of a cytoskeletal molecule expressed in the tanycytes, 

vimentin. This led us to conclude that  the seasonal morphological and functional 
rearrangements of the tanycytes depend solely on melatonin in the Djungarian hamster. 

 The sexually dimorphic vasopressinergic system of the bed nucleus of the stria 
terminalis (BNST) is an extrahypothalamic structure of the limbic system. The BNST is 

extremely sensitive to circulating testosterone levels. Castration leads to the disappearance of 
vasopressin in the cell bodies of BNST neurones, as well as in the axonal terminations located 
in the lateral septum (LS) and the lateral habenula (LHb). These neurones co-express galanin 
with vasopressin, both of which are involved in various seasonal functions, such as 
hibernation or reproduction. In the Djungarian hamster, the expression of both galanin and 

vasopressin are regulated by the seasonal variations in testosterone levels. Nearly all 
vertebrates have the BNST vasopressinergic system. The most noteworthy exception is the 
Syrian or golden hamster (Mesocricetus auratus). In this species, BNST neurones express 
solely galanin. 

 In the second part of this work we studied the BNST in the Syrian hamster. This 
hamster was domesticated from one litter. The restricted genetic pool could have favoured the 
emergence of this particularity, which would be an artefact of captive breeding. However, the 
comparison of domesticated Syrian hamsters with a group of Syrian hamsters recently 
captured in the wild demonstrated that vasopressin is also lacking in the BNST of wild Syrian 

hamsters. This would therefore not be due to a captive breeding artefact. Another hypothesis 
for this particularity  might be a sex steroids insensitivity  of BNST neurones. The testosterone 
absence following a castration or short photoperiod exposure results in a decrease of galanin 
expression and abolition of vasopressin in these neurones, in Djungarian hamsters.
 Therefore, we analysed Syrian hamster brains of animals exposed to different 

photoperiods (long or short). Furthermore, we investigated castrated animals under long 
photoperiod or testosterone supplemented under short photoperiod. These experiments 
demonstrated that BNST galanin expression, in Syrian hamster, is directly controlled by 
photoperiodic testosterone variations. Thus, BNST neurones are sex hormone sensitive, and 
this can be considered as a neurochemical seasonal plasticity. 

 Moreover, exogenous testosterone is capable to restore vasopressin and galanin 
expression in cell bodies in the Djungarian hamster. However, one-month of testosterone 
supplementation is not enough for a full restoration of galanin levels in targeting areas, such 
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as LS. The delay  between the rapid recovery of mRNA in cell bodies (BNST) and the slow 

restoration in neuronal fibres (LS and LHb), could be due to a seasonal structural plasticity as 
previously  suggested. The testosterone downregulation in short photoperiod, might thus 
induce not only a reduction in these peptides expression, but also a partial retraction of the 
axonal terminals. In long photoperiod, when circulating testosterone levels are higher, the 
reactivation of peptide expression in cell bodies is rapid, but the immunoreactivity recovery in 

targeting areas is slow. This might be due to a regrowth of axonal terminals in projecting 
areas. This regrowth might involve the NCAM  and its polysialated form, PSA-NCAM. This 
hypothesis needs further investigations in cell adhesion molecules expression, known to be 
involve in structural plasticity.

 This work showed evidences of neuronal and glial structural or neurochemical 
plasticity controlled by  the principal mediators of seasons, melatonin and sex steroids. Future 
studies might analyse more detailed mechanisms involved in this plasticity, by which 
organisms adapt to environmental seasonal changes. 
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Zusammenfassung

Matei Bolborea

Saisonnale Plastizität im Gehirn zweier Hamsterspezies: dem Dsungarischen 
Zwerghamster (Phodopus sungorus) und dem Syrischen Hamster (Mesocricetus auratus). 

Der Wechsel der Jahreszeiten tritt periodisch auf und beeinflusst viele Umweltparameter. In 
gemässigten Zonen variieren Temperatur, Vegetation und Tageslänge im Verlauf eines Jahres. 

Das gesamte Ökosystem verändert sich und alle Lebewesen müssen sich an die Jahreszeiten 
anpassen. Um zu überleben können Säugetiere im Winter z.B. durch Veränderungen in 
Körpergewicht, Fell oder Reproduktionstatus Energie einsparen. Einige Spezies halten 
Winterschlaf oder Torpor, andre migrieren in Gebiete in denen günstigere Bedingungen 
herrschen.

 Unter natürlichen Bedingungen nutzen die Tiere die Photoperiode, also die 
Tageslänge, um ihre reproduktive Phase auf die Jahreszeit abzustimmen. Die Geburt der 
Jungen muss zu der Zeit erfolgen in der ausreichend Nahrung die Entwicklung und das 
Überleben sicherstellt.
Säugetiere entschlüsseln die Tageslänge und adaptieren ihre Physiologie mit Hilfe ihres 

photoneuroendokrinen Systems. Nervenbahnen leiten die photoperiodische Information aus 
der Retina zum Pinealorgan. Hier wird die neuronale Information in die rhythmische 
Produktion des Hormons Melatonin umgewandelt. Melatonin wird ausschliesslich nachts 
produziert und freigesetzt. Die Dauer der Ausschüttung variiert mit der Tageslänge und 
übermittelt so die photoperiodische Information an Körper und Gehirn. Der Hypothalamus 

steuert wichtige physiologische Funktionen wie die Reproduktion über die Hypothalamus-
Hypophysenachse. Neurone im Hypothalamus schütten GnRH (gonadotropin-releasing 
hormone) in die Kapillaren des Pfortadersystems der Emenentia Mediana aus. Daraufhin 
produzieren die gonadotropen Zellen in der Hypophyse FSH und LH, die dann die 
Gametogenese und Synthese von Sexualsteroiden in den Gonaden auslösen.

 Das zum Winter hin längerwerdende Melatoninsignal bringt die Reproduktion von 
Nagetieren innerhalb von 8-10 Wochen zum Erliegen. Die Mechanismen, durch die Melatonin 
die Reproduktion reguliert, sind jedoch bisher unbekannt. Auch Sexualsteroide selbst können 
von Beginn der Pubertät rückkoppelnd auf das Gehirn wirken. 
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 Ziel dieser Arbeit war es, die Auswirkungen von 2 photoperiodisch regulierten 

Hormonen, Melatonin und Testosteron, auf das Gehirn zweier Hamsterspezies zu 
untersuchen: Beeinflussen diese beiden Hormone die Plastizität von Neuronen und 
Gliazellen?

 Viele Gene werden im Hypothalamus von Hamstern photoperiodisch exprimiert und 

beeinflussen den Reproduktionsstatus. Kiss1 und rfrp können GnRH Neurone regulieren. 
Dio2 kodiert für ein Enzym, die Typ 2 Iodothyronin Deiodinase, welches das inaktive 
Schilddrüsenhormon T4 in bioaktives T3 umwandelt. Die T3 Konzentrationen im 
Hypothalamus sind entscheidend für die saisonale Reproduktion. Dio2 wird in einem 
speziellen Zelltypus des Hypothalamus exprimiert, den Tanycyten. Diese Gliazellen 

projizieren vom Liquor des dritten Ventrikels zum Kapillarsystem des Nucleus Arcuatus 
(ARC) und den Hirnhäuten der Emenentia Mediana. In diesem Bereich bilden sie die Blut-
Hirnschranke. Außerdem zeigen Tanycyten morphologische Veränderungen im Verlauf des 
Oestruszyklus der Ratte und photoperiodische Plastizität in Wachteln (Coturnix japonica) und 
Dsungarischen Zwerghamstern (Phodopus sungorus). Tanycyten exprimieren auch das 

Zelladhaesionsmolekül NCAM  (neural cell adhesion molecule) und seine polysialisierte Form 
PSA-NCAM die beide die neuronale Plastizität beeinflussen. 

 Im ersten Teil dieser Arbeit  wurde der Einfluss der Photoperiode (via Melatonin) und 
von Sexualsteroiden auf NCAM und PSA-NCAM Expression in Tanycyten untersucht. 

 Exogen verabreichtes Testosteron hatte kaum Einfluss auf die Expression von NCAM 
und PSA-NCAM. Ein grosser Unterschied zwischen Tieren im Lang- und Kurztag deutete 
jedoch auf die Regulation dieser Zelladhaesionsmoleküle durch die Photoperiode hin. Um 
diese Hypothese zu überprüfen, wurden Langtaghamster täglich über 2 Monate mit Melatonin 
injiziert, um eine kurze Photoperiode nachzuahmen. Das Melatonin reduzierte die NCAM 

Expression vergleichbar mit der von Kurztaghamstern. Ähnliche Wirkung hatte die 
Injektionen auf ein cytoskeletales Molekül, Vimentin. Die Ergebnisse demonstrieren, dass die 
saisonale morphologische und funktionale Neuanordnung der Tanycten im Dsungarischen 
Hamster ausschließlich durch Melatonin reguliert wird.

 Das sexuell dimorphe vasopressinerge System des Bed Nucleus der Stria Terminalis 
(BNST) ist eine extrahypothalamische Struktur im limbischen System. Der BNST reagiert 
sehr empfindlich auf zirkulierendes Testosteron. Kastration führt zum Verschwinden von 
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Vasopressin in den Zellkörpern der BNST Neurone, ebenso wie in den Axonendigungen im 

lateralen Septum (LS) und der lateralen Habenula (LHb). Diese Neurone co-exprimieren 
Galanin und Vasopressin, die beide an saisonalen Funktionen wie Winterschlaf oder 
Reproduktion beteiligt  sind. Im Dsungarischen Zwerghamster werden sowohl Galanin als 
auch Vasopression durch die saisonalen Änderungen im Testosteronspiegel reguliert. Fast alle 
bis heute bekannten Vertebraten haben dieses vasopressinerge System. Eine 

bemerkenswerteste Ausnahme ist der Syrische Hamster (Mesocricetus Auratus). In dieser 
Spezies exprimieren BNST Neurone ausschließlich Galanin.

 Im zweiten Teil dieser Arbeit untersuchten wir daher den BNST im Syrischen 
Hamster. Diese Hamsterspezies wurde aus einem einzigen Wurf domestiziert. Der begrenzte 

genetische Pool könnte das Fehlen des vasopressinergen Systems begründen. Der Vergleich 
domestizierter Hamster mit einer Gruppe kürzlich wild gefangener Syrischer Hamster zeigte 
jedoch, dass auch bei diesen kein Vasopressin im BNST exprimiert  wird. Es kann sich also 
um keinen Züchtungsartefakt handeln. Ein weiterer Grund könnte eine Sexualsteroid-
Insensitivität der BNST Neurone sein. Das Fehlen von Testosteron nach einer Kastration oder 

nach Kurztagstimulus führt zu einer Abnahme von Galanin, während Vasopression sogar 
vollständig verschwindet. 
Wir untersuchten die Gehirne von Syrischen Hamstern in Lang und Kurztag sowie kastrierten 
Tieren im Langtag und Testosteron-implantierten Tieren im Kurztag. Diese Versuche zeigten, 
dass die Galaninexpression im BNST von Syrischen Hamstern direkt vom photoperiodischen 

Testosteronspiegel abhängt. Also reagieren BNST Neurone auf Sexualhormone, was als 
neurochemische saisonale Plastizität betrachet werden kann. 
 In Dsungarischen Zwerghamstern kann exogenes Testosteron darüber hinaus 
Vasopressin und Galaninexpression in den Zellkörpern wiederherstellen. Ein Monat 
Testosteronadministration ist jedoch nicht auseichend, um den Galaninspiegel in den 

Zielgebieten wie dem LS vollständig wiederherzustellen. Die Zeitverzögerung zwischen der 
schnellen Regeneration der mRNA in den Zellkörpern (BNST) und der langsamen 
Wiederherstellung in den Nevenfasern (LS und LHb) könnten wie angenommen eine 
strukturelle Plastizität dieses Systems widerspiegeln. Das fehlende Testosteron im Kurztag 
könnte also nicht nur eine Reduzierung der Genexpression verursachen, sondern auch ein 

Zurückziehen der Axonendigungen. Im Langtag wird bei hohem Testosteronspiegel die 
Peptidexpression in den Zellkörpern schnell wiederhergestellt, während die Immunreaktivität 
in den Zielgebieten nur langsam zurückkehrt. Das könnte durch ein Zurückwachsen der 
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Axonendigungen in die Zielgebiete zu erklären sein. Das Wachstum könnte NCAM  sowie 

PSA NCAM erfordern, diese Hypothese muss aber noch weiter untersucht werden.

 Diese Arbeit weist auf neuronale und gliale, strukturelle und neurochemische 
Plastizität hin, kontrolliert  von den bedeutendsten Übermittlern der Jahreszeiten, Melatonin 
und Sexualsteroiden. Zukünftige Studien müssen detailliertere Mechanismen prüfen, die die 

neuronale Plastizität bei der saisonalen Anpassung von Säugetieren regulieren.
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Résumé

Matei Bolborea

Plasticité saisonnière cérébrale chez deux espèces de hamsters: le hamster djoungarien 
(Phodopus sungorus) et le hamster syrien (Mesocricetus auratus).

 Sur Terre, l’alternance des saisons est un phénomène astronomique et périodique qui a 
pour effet de changer une multitude de paramètres environnementaux. En effet, dans les 

régions tempérées, les températures, la végétation et la durée de l'ensoleillement varient de 
manière significative selon les saisons. L’ensemble de l’écosystème subit des modifications 
saisonnières. Par conséquent, les animaux, doivent s’adapter à ces variations. 
Pour survivre, les organismes vivants vont développer des comportements différents selon les 
saisons tels que des changements de poids, de pelage, ou de période de reproduction. Certains 

animaux, vont  hiberner, faire de la torpeur diurne ou bien migrer vers d’autres écosystèmes 
lorsque les conditions sont défavorables. 
Dans des conditions naturelles, les animaux utilisent la longueur du jour (la photopériode) 
pour synchroniser la fonction reproductive avec les saisons. La mise-bas des petits, doit 
arriver au moment où la disponibilité de la nourriture est suffisamment importante pour 

permettre l’allaitement et la survie de la nouvelle génération.
  Les variations jour/nuit sont perçues par la rétine. Ce signal est ensuite intégré par 
l’horloge interne, localisée dans les noyaux suprachiasmatiques (NSC) de l’hypothalamus, 
qui, via un circuit poly-synaptique va moduler la sécrétion de la mélatonine par la glande 
pinéale. C’est  ainsi que la mélatonine est sécrétée uniquement pendant la nuit, ce qui a pour 

conséquence : un pic de mélatonine long en hiver et court en été.
 Chez les animaux saisonniers, la mélatonine est responsable des changements 
physiologiques selon les saisons. Le signal mélatoninergique va diffuser dans l’ensemble de 
l’organisme et agir sur les différents organes cibles dont le cerveau et plus particulièrement 
l’hypothalamus. L’hypothalamus, et plus spécialement l’axe hypothalamo-hypophysaire, 

régule les grandes fonctions physiologiques, dont la fonction de reproduction. Les neurones 
de l’hypothalamus sécrètent le GnRH (gonadotropin-releasing hormone) dans les capillaires 
du système porte localisé dans l’éminence médiane. Ce qui a pour conséquence une activation 
des cellules gonadotropes de l’hypophyse permettant ainsi la libération de la FSH (follicle-
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stimulating hormone) et de la LH (luteinizing hormone), qui vont activer la gamétogenèse et 

la synthèse des hormones sexuelles au niveau des gonades.
 Les sites d’action de la mélatonine sur l’axe gonadotrope sont encore mal connus. 
Mais les changements saisonniers de la sécrétion de cette hormone aboutissent, en 8 à 10 
semaines, chez les rongeurs, au repos sexuel de l’animal en hiver (diminution du poids des 
gonades avec l’atrophie de tout  l’appareil reproducteur, diminution de la biosynthèse des 

hormones sexuelles, etc.). Ces changements saisonniers de l’activité reproductrice affectent 
donc les niveaux des stéroïdes sexuels circulants.
 Les hormones sexuelles agissent dès le plus jeune âge sur l’ensemble de l’organisme, 
et en particulier sur le cerveau. C’est ainsi que la différenciation sexuelle se fait très tôt dans 
le développement. Plus tard à l’âge adulte, après l’activation de l’axe gonadotrope, les 

stéroïdes sexuels vont rétroagir non seulement sur l’hypophyse mais aussi sur des structures 
hypothalamiques et extrahypothalamiques.

 Dans ce contexte, l’objectif général de cette thèse a été l’étude des effets de ces deux 
hormones régulées de façon saisonnière, la mélatonine et la testostérone, sur le cerveau, chez 

deux espèces d’hamsters. Plus précisément, ces deux hormones peuvent-elles avoir un rôle 
dans la plasticité des cellules nerveuses et gliales ?
 
 Plusieurs gènes de l’hypothalamus s’expriment de façon photopériodique chez les 
hamsters. Trois d’entre eux sont primordiaux pour la reproduction : Kiss1, Rfrp et Dio2. Par 

exemple, Kiss1 et Rfrp, ont directement été impliqués dans la régulation de l’activité des 
neurones à GnRH. Dio2 quant à lui, code pour une enzyme, l’iodothyronine deiodinase de 
type 2 qui catalyse la conversion de l’hormone thyroïdienne T4, en sa forme active T3. Cette 
hormone est connue pour ses effets sur l’axe gonadotrope. Dans le système nerveux central la 
Dio2 est exprimée dans un type cellulaire particulier : les tanycytes. Ce sont des cellules 

gliales, qui entourent le troisième ventricule et qui envoient leurs prolongements vers les 
capillaires sanguins du noyau arqué (ARC) ainsi que les méninges de l’éminence médiane. 
Ces cellules jouent, par exemple, un rôle crucial dans la barrière hémato-encéphalique de 
cette région.
 Ces cellules, ont déjà été impliquées dans des phénomènes de plasticité structurale lors 

du cycle œstrien, chez la rate ainsi que lors de changements de photopériode chez la caille 
(Coturnix japonica) et chez le hamster djoungarien (Phodopus sungorus). Les tanycytes 
expriment une molécule d’adhésion cellulaire, la NCAM (neural cell adhesion molecule), 
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ainsi que sa forme polysialée, la PSA-NCAM, toutes les deux connues pour leur rôle dans la 

plasticité neuronale.
La première partie de ce travail de thèse a été consacrée à l’étude du rôle de la photopériode 
(via la mélatonine) et des stéroïdes sexuels dans le contrôle de l’expression de la NCAM et de 
la PSA-NCAM dans les tanycytes.
Ainsi l’administration de testostérone n’influence que très peu les variations en NCAM et 

PSA-NCAM dans les tanycytes. Par contre, des différences majeures d’expression de ces 
molécules d’adhésion cellulaire ont été observées entre la photopériode longue (été) et la 
photopériode courte (hiver). Il apparait donc que la photopériode, grâce au signal 
mélatoninergique, régule l’expression de ces molécules. Pour confirmer cette hypothèse, une 
injection quotidienne de mélatonine a été pratiquée en début de nuit chez des animaux 

maintenus en photopériode longue. Ces injections se font sur une période de deux mois (durée 
nécessaire à l’intégration de la photopériode courte) et permettent de simuler le pic long de 
mélatonine de type photopériode courte.
Ces injections de mélatonine en photopériode longue, induisent une diminution de 
l’expression de la NCAM comparable aux animaux exposés à la photopériode courte. Des 

effets similaires ont été observés au niveau d’une molécule du cytosquelette exprimée par les 
tanycytes, la vimentine. Ceci a permis de conclure que les réarrangements saisonniers 
morphologiques et fonctionnels des tanycytes évalués par la vimentine et la NCAM 
dépendent seulement du message mélatoninergique, chez le hamster djoungarien.

 Le système à vasopressine sexuellement dimorphique, des neurones du noyau du lit de 
la strie terminale (BNST) est une structure extrahypothalamique du système limbique. Le 
BNST est extrêmement sensible aux taux de testostérone circulants. La castration aboutit à la 
disparition totale de la vasopressine dans les corps cellulaires des neurones du BNST, ainsi 
que dans les terminaisons axonales situées dans le septum latéral (LS) et dans l’habenula 

latérale (LHb). Ces neurones co-expriment par ailleurs la galanine avec la vasopressine. Ces 
deux neuropeptides sont impliqués dans plusieurs fonctions saisonnières, comme par exemple 
l’hibernation ou le comportement reproducteur. L’expression de la galanine est aussi régulée 
par la testostérone chez les rongeurs. Par conséquent, chez le hamster djoungarien, 
l’expression de la vasopressine et de la galanine sont régis par les variations saisonnières du 

taux de testostérone. La régression testiculaire induite par la photopériode courte aboutit à une 
réduction majeure de l’expression de la vasopressine et de la galanine dans les neurones du 
BNST, mais aussi au niveau des terminaisons nerveuses dans le LS et le LHb.
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 Jusqu’à ce jour, presque tous les vertébrés connus, possèdent ce système à 

vasopressine. L’exception la plus notable est le hamster doré ou syrien (Mesocricetus 
auratus). Dans cette espèce, les neurones du BNST expriment uniquement la galanine.
La seconde partie de ce travail de thèse a donc été consacrée à l’étude du BNST chez le 
hamster syrien. Pour comprendre la particularité de cette espèce, il faut d’abord comprendre 
l’histoire de sa domestication. En effet, ce hamster a été domestiqué à partir d’une seule 

portée. Le pool génétique restreint de départ aurait pu favoriser l’émergence de cette 
spécificité qui serait donc un artefact d’élevage. 
 La comparaison des hamsters syriens domestiqués avec un groupe de hamsters syriens 
capturés récemment dans la nature, a permis de conclure que la vasopressine est  aussi absente 
dans le BNST chez Mesocricetus auratus. Il semblerait donc que cette absence n’est pas liée à 

un artefact d’élevage.
Une autre hypothèse, pour expliquer cette particularité serait  une insensibilité de ces neurones 
aux stéroïdes sexuels. En effet, vasopressine et galanine sont toutes les deux régulées par la 
testostérone dans le BNST. L’absence de testostérone suite à une castration ou une adaptation 
à une photopériode courte aboutit seulement à une diminution de l’expression de la galanine 

alors que la vasopressine disparaît complètement, chez le hamster djoungarien. 
 Ainsi, dans un deuxième temps, les cerveaux de hamsters syriens soumis à différentes 
photopériodes (longue ou courte) ont été analysés. De plus, l’analyse d’animaux ayant subi 
une castration en condition estivale ou un apport en testostérone exogène en condition 
hivernale ont aussi été analysés. Ces expériences ont montré que l’expression de la galanine 

dans le BNST du hamster syrien est sous contrôle direct des variations photopériodiques de la 
testostérone. Les neurones du BNST restent donc sensibles aux hormones sexuelles, ce qui 
représente une plasticité neurochimique saisonnière.
 De plus, comme observé chez le hamster djoungarien, la testostérone exogène est  
capable de restaurer le niveau d’expression de ces deux neuropeptides dans les corps 

cellulaires. Mais un mois d’exposition à la testostérone ne suffit  pas à restaurer complètement 
le niveau de galanine dans les aires de projection comme le septum latéral. Ce retard entre la 
restauration rapide de l’ARNm au niveau des corps cellulaires (BNST) et la récupération lente 
des neuropeptides dans les terminaisons axonales (LS et LHb) pourrait être dû à une plasticité 
structurale saisonnière comme suggéré précédemment. La disparition de la testostérone 

n'induirait pas simplement la réduction de l'expression de ces peptides, mais aussi une 
rétraction partielle des terminaisons axonales. Après restauration des niveaux de testostérone, 
la réactivation de l'expression dans les corps cellulaires est rapide, mais la restauration de 
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l'immunoréactivité dans les zones de projection est lente. Celle-ci nécessiterai en plus une 

croissance des terminaisons axonales vers ces aires de projection. Cette croissance pourrait 
impliquer la NCAM  et sa forme polysialée PSA-NCAM. Cette hypothèse nécessitera 
l'analyse de l'expression de molécules d'adhésion liées à la plasticité dans ce modèle.
 Ces travaux mettent en évidence des phénomènes de plasticité neuronale et gliale 
structurale ou neurochimique contrôlés par les deux principaux médiateurs des saisons, la 

mélatonine et les stéroïdes sexuels. Des études ultérieures devront analyser les mécanismes 
détaillés par lesquels ces formes de plasticité participent à l'adaptation de l'organisme à son 
environnement changeant en fonction des saisons.

Résumé

150



Acknowledgements - Remerciements - Danksagung

 I wish to thank:

 First of all, my three main supervisors:

 Prof. Dr. Stephan Steinlechner for your supervision and your great  support during 

these years. You faith in me and you always pushed to move forward. You also encouraged 
me to go everywhere and for this I thank you. You had a positive view in whatever I have 
undertake and your advices were very appreciable. Your door was always open for me. 
Furthermore, what could I do without your precious melatonin injections? Thank you!

 Prof. Dr. Paul Pévet for your supervision and for providing me with a great PhD 
experience. You always had the good advices at  the right moment. It was great to have your 
enthusiasm around, pushing me, and your wise advices during meetings. Also for sharing your 
huge scientific knowledge with me. Thank you! Finally, I will try to improve my rope knots 
next time.

 Dr. Paul Klosen for his permanent support and his valuable technical and scientific 
advices. You always cared about everything and your knowledge impressed (not only) me! 
You constantly  had a good solutions! Even when dinner and dehydrations are overlapping. I 
could perpetually relay on you, and I have learnt some many things with you. You really gave 

me in depth histological and anatomical knowledge. Thank you! 

 Prof. Dr. Alexandru Stan, Prof. Dr. Rita Gerardy-Schahn but also Prof. Dr. Herbert  
Hildebrandt for their interest in my PhD work. Thank you for your helpful comments and 
having a different point  of view on my project and the manuscript. Furthermore, thank you for 

the time that I spent in your labs.

 Prof. Dr. Hilmar Meissl and Prof. Dr. Vincent Lelièvre for revising this thesis 
manuscript.

Acknowledgements

151



 Dr. Mireille Masson-Pévet and Dr. Valérie Simonneaux for such a warm welcome in 

the lab. Dr. Mireille Masson-Pévet thank you for your precious help, your interest in me and 
the philosophical discussion in car. Dr. Valérie Simonneaux, many  thanks for your help, your 
ideas and your interest in my work.

 Dr. Dagmar Esser, Nadja Borsum and Dr. Karl-Heinz Esser for your help  in Hannover. 

Without  you all administrative german paperwork, PhD program regulations and logistical 
matters could not be so easy for me.
 The financial supports: the European Union and Marie Curie PhD-Program (MEST-
CT-2005-021014). The European Doctoral College and the “Université de Strasbourg”, the 
French-German University, the Network of European Neuroscience Schools, the “Ecole 

Doctorale des Sciences de la Vie et de la Santé de Strasbourg” and the “Zentrum für 
Systemische Neurowissenschaften Hannover” (ZSN).

 Many thanks to Dr. Annika Herwig! From the first day, you have been around, 
advising, helping and supporting me. You always impressed me and you know that. Soon, we 

will be back to good old days, several kilometres northern.

 Thank you Dr. Frank Scherbarth for your help, the fun, the squash games and the 
lunches together. I will continue to train my german. Keep  rolling! Also Dr. Esther and Dr. 
Attila Lipokatic-Takacs for caring about me, my wrist  and my «camping facilities». Dr. 

Violetta Pilorz, Ines Petri, but also Christian Aschenbrener and Tobias Gronau for your good 
mood and making a great atmosphere in the lab. I cannot forget of course Marianne and 
Rüdiger Brüning neither Sigried Hilken. Siggi, thank you for your terrific technical 
assistance, Marianne and Rüdiger for your help, the animal care, the posters that you fine tune 
for me and the bike. Although our «germano-franco-romano-english» speaking, we manage it. 

 Sandra Hamacher and Heike Held for your excellent job and always being effective. 
Sönke von den Berg for your help and hosting me. Astrid Krug for the crazy night in lakes 
that we spent! I will try  to improve my frogs catch! Good luck with your thesis end. And 
finally, the rest of the Prof. Dr. Elke Zimmermann’s lab.

 Miriam Schiff and Iris Röckle for your amazing help  in the MHH, trying to drop 
crystals of DiI on my hamsters’ brain or to improve my PSA immunostaining.

Acknowledgements

152



 What could I do without my friend André Nobre!? Thank you to you and Jasmin 
Fetisch to always hosting me in Hannover. André, do not forget your sheep t-shirt for the next 
interview! Thank you Daniela Ragancokova for everything, for improving my english and the 
good time. Lisette Leliveld for your friendship, your cookies and always «hitting» me. Danai 
Dima for the great discussions that we had, and to providing me with cool fMRI experience. I 

hope I was part of the control group. Pari Koutsoudaki for making me laugh and be lovely 
cynical, Maria Jose Navarette-Talloni and Pablo Herve, Kamila Ambroziak and Grzegorz 
Podrygajlo, Zornitza Nikolova, Maria Herrojo-Ruiz, Jelena Škuljec, Anna Nölle and the rest 
of the ZSN team for always keeping me in a happy mood. Anja for the great time on the 
«Aiguille rouge», and Tim Keys, my forever «roommate». Finally to my good friends 

Mihaela and Dr. Robert Kreutzer, thank you for your sincere help and my french snails. 
 Vielen Dank an allen

 Dr. André Malan pour nos multiples discussions, pour avoir partagé avec moi votre 
grande connaissance et votre expérience. Merci aussi pour l’aide que vous m’avez apportée 

concernant les analyses statistiques, et pour vos questions toujours à contre courant. 

 Dr. Michel Saboureau pour m’avoir appris les techniques de chirurgie. Je te remercie 
car maintenant je suis un «pro» des castrations et plus largement de la chirurgie. Ce fut un 
plaisir de te rencontrer et  de discuter avec toi. Je te souhaite une très bonne retraite. Dr. 

Stephanie Monecke danke für deine Hilfe and the german papers.

 Dr. Dominique Ciocca pour ton aide et tes conseils concernant le design des 
protocoles du Chronobiotron. Merci Dr. Béatrice Bothorel pour l’intérêt que tu m’as porté et 
l’organisation de l’EBRS. Dr. Jorge Mendoza pour ton aide précieuse sur le logiciel 

SigmaPlot, les analyses statistiques et ta bonne humeur. Dr. Marie Paule Felder-Schmittbuhl 
pour m’avoir expliqué tout ce que tu savais sur l’Ecole Doctorale. Merci à toi pour les 
conseils constructifs que tu as apportés à ma problématique de thèse. Dr. Vincent-Joseph 
Poirel pour nos petites bagarres amicales. Mulţumesc mult lui Dr. Cristina Sandu şi Dr. 
Corina Bobu pentru prietenia voastră. Mersi pentru întreţinerea ai limbei mele.

Acknowledgements

153



 Un grand merci à Marie Pierre Laran-Chich, il était  temps que tu arrives ! Je sais 

qu’un troisième élément peut être une bonne chose. Merci pour ton aide. Dr. Jean-François 
Chich pour toutes les histoires humoristiques que tu m’as racontées.
 Dr. Françoise Eclancher, Christiane Calgari, Claudine Boissier, Dominique Streicher 
pour votre bonne humeur et votre aide sur le côté technique. Ce fut un plaisir de travailler à 
vos côtés pendant ces années. Merci Jean-Georges Lorentz. Je vais essayer de m’entraîner en 

Aikido. Fafa Gheddab, merci de m’avoir «soit disant» supporté. Prend soin de toi. Sylviane 
Gourmelen pour tes magnifiques implants ! Ce fut toujours un plaisir d’écouter tes histoires. 
J’y  ai toujours cru. Aurore Senser et Anita Wulgué pour avoir pris soins des animaux. Daniel 
Bonn pour ton amitié. Je suis très content de t’avoir rencontré. Comment pourrais-je oublier 
les longues nuits passées dans la lumière rouge avec ces hamsters Européens ? Merci pour tes 

conseils avisés.

 Merci beaucoup Laura Ansel. Il y a tellement de choses pour lesquelles je voudrais te 
remercier. Tu as toujours été présente dans les moments difficiles mais aussi pour partager ma 
joie. Tu as toujours été à l’écoute. Merci pour tes bons conseils scientifiques et pour les bons 

gâteaux ! Rendez-vous dans quelques mois sur la plage…

 Marie-Andrée Coulombe pour ta sincère amitié. T’as quand même été full fine, 
toujours à mes côtés et positive.Tu as su être à mon écoute presque tous les soirs. Merci pour 
ces soupés partagés dans notre bâtisse. J’ai hâte de venir te voir chez toi !

 Caroline Ancel pour m’avoir supporté dans le bureau, pour ton aide linguistique et ta 
gentillesse. On restera toujours en désaccord quant aux choix de tes couleurs... Jeffrey 
Hubbard, many thanks for the English practice and your friendship.
 Je tiens à remercier Céline Feillet, Laurence Agez, Zeina Malek, Anthony Salingre, 
Benjamin Tournier, Aurore Niemiec, Fanny  Monboisse, Kamontip Rasri pour ces inoubliables 

moments passés tout au long de ma thèse. Merci beaucoup  Dr. Khalid El Allali pour ta bonne 
humeur, Laurent Nexon pour les parties d’échecs.
 Merci Dr. Madah Khawn Medhi for your advices on my health, peace! Dr Florent  
Revel pour ton incroyable travail de thèse, les très bonnes idées et les discussions que nous 
avons eu. Mes remerciements à Dr. Eriko Terao pour son aide et son intérêt.

 Je remercie Dr. Domitille Boudard pour son enthousiasme. Un très grand merci aux 
DoctoNeuro !!! Je garderai de très bons souvenirs grâce à vous tous qui êtes impliqués 

Acknowledgements

154



dedans... théâtre, voyages, rencontres de personnes et promotion des Neurosciences. The 

show must go on!
On en vient donc à mon grand ami Sercan Deniz, mon Neuropolaire, mon Gustave, mon co-
équipier de l’est merci beaucoup !!! Keep rolling...
 Belen De La Hera, Lynn Folscheid, Marie Kneib, Morgane Roth et Marlène 
Freyburger pour m’avoir supporté de plus ou moins près lors de vos stages.

 Etienne Lonchamp pour tes conseils dans l’enseignement et les statistiques. Ce fut une 
expérience exceptionnelle. Et bien sûr mes cobayes : les étudiants. 

 L’ensemble du Collège Doctoral Européen, Dr. Patrick Foulon, Céline Montibeller, 
Michael Vorbeck, Christine Fromholtz, Lestrat-Spill Marie, Félix and Manu. J’ai passé de 

magnifique moments avec vous dans la résidence.

 Merci Kalina Raskin pour cette collaboration ainsi que ton amitié depuis notre Master. 
Bon courage pour ta rédaction. La «Promotion Eclipse» du cours Pasteur Master 2 de 
l’Université Pierre et  Marie Curie. Dr. Alain Trembleau, Prof. Dr. Fabien Calvo et le Dr. B. 

Zalc pour vos précieux conseils depuis mon Master.

 Ebano et le «Grupo Capoeira Brasil Strasbourg» d’avoir entretenu ma forme physique 
et mentale durant ces années. Ebano je ne te remercierai jamais assez de m’avoir débloqué 
dans la roda! 

 Vincent Affholder (sHEPARD) et  Malcolm Gavron pour vos enseignements. Vous 
m’avez fait réapprécier la musique. Grâce à vous j’ai un nouveau regard dessus qui a 
totalement changé. Merci également au Dr. Raphaël Candelier pour ta culture et ton amitié !
 
 Le plus important pour la fin. 

 Je remercie ma viespea Laure Vuillot pour son soutien, son amour, sa patience, et sa 
gentillesse depuis toutes ces années. Sans toi, tout ceci aurait été impossible. Merci aussi à 
toute la famille Vuillot.
 Je souhaite remercier tata, mama, Horia, Rodica et Alexandru pour leur perpétuel 
soutien, leur accompagnement dans tous les moments et leur amour. Merci pour ton aide 

Horia sur ce manuscrit. Et pour finir une pensée à mes grands-parents. Forță și Onoare.

Acknowledgements

155



Publications

Posters:

2009:
Bolborea M., De La Hera B., Steinlechner S., Pévet P. and Klosen P. “Photoperiodic 
regulation of tanycyte morphology and cell adhesion molecule expression.”

Presented at Society for Neuroscience 2009 SfN Meeting (October, Chicago, USA). 

Bolborea M., Weinert D., Steinlechner S., Pévet P. and Klosen P. “Testosterone regulation of 
neuropeptide expression in the Bed Nucleus of Stria Terminalis’ neurons and their target 
areas in the Syrian hamster.”

Presented at the 5th International Meeting: Steroids and Nervous System (February, 
Turin, Italy); at the XI. Congress of European Biological Rhythms Society (August, 
Strasbourg, France). 

2008:
Bolborea M., Steinlechner S., Pévet P. and Klosen P. “Testosterone regulation of cell 
adhesion molecules in the Bed Nucleus of the Stria Terminalis and its target areas.”

Presented at  the Satellite Event: Cell-cell adhesion mechanisms: From development of 
synaptic networks to cognitive dysfunction and the 6th FENS Forum of European 
Neuroscience (July, Geneva, Swissland); at the 35th Congress of the “Société de 
Neuroendocrinologie” (September, Strasbourg, France); and the Brainstorming IV: 
ZSN Workshop, Neuroscience Fall School (September, Hannover, Germany). 

Bolborea M., part of DoctoNeuro Collective. “Scientific theatre play by DoctoNeuro.”

Presented at the European Marie Curie Conference, Euroscience Open Forum (ESOF) 
2008 (July, Barcelona, Spain). 

2007:
Bolborea M., Steinlechner S., Pévet P., Masson-Pévet M. and Klosen  P. “Vasopressinergic 
neurons in the Bed Nucleus of Stria Terminalis: The Syrian Hamster, an exception?”

Presented at the 39th Congress of the “Société Française de Chronobiologie” (September, 
Paris, France); at the 3nd International Congress of the Centre for Systems 

Publications

156



Neuroscience: Brainstorming III : Stroke and Traumatic Brain Injury (July, Hannover, 
Germany); at the Neurex / BCCN annual meeting 2007: New approaches to the study of 
the brain function and dysfunction (June, Fribourg, Germany).

Oral presentations:

2007:

Bolborea M. “Seasonal structural plasticity in the Djungarian hamster?”

Short communication at the ZSN Colloquium 2007 (November, Hannover, Germany).

Journal articles:

Bolborea M., Ansel L., Weinert D, Steinlechner S., Pévet P. and Klosen P. “The Bed Nucleus 

of the Stria Terminalis in the Syrian hamster (Mesocricetus auratus): Absence of 
vasopressin expression in standard and wild-derived hamsters and galanin regulation by 
seasonal changes in circulating sex steroids.”

February 2010, Neurosciences 165(3): 819–830.

Bolborea M., Laran-Chich MP., Rasri K., Hildebrandt H., Govitrapong P., Simonneaux V, 
Pévet P., Steinlechner S. and Klosen P. “Tanycyte morphology and neural cell adhesion 

molecule expression are regulated by photoperiod in the Djungarian hamster (Phodopus 
sungorus).”

Submitted in Glia.

Ansel L., Bolborea M., Bentsen AH., Ancel C., Klosen P., Mikkelsen JD., Simonneaux V. 
“Melatonin- and testosterone-dependant variations in Kiss1 expression drive seasonal 
reproduction in the Syrian hamsters.”

April 2010, Journal of Biological Rhythms 25(2): 81-91. 

Ansel L., Bentsen AH., Bolborea M., Ancel C., Klosen P., Mikkelsen JD., Simonneaux V. 
“Peripheral kisspeptin reverses short photoperiod-induced gonadal regression in male 
Syrian hamsters by acting on GnRH release.”

In preparation.

Publications

157



★



★


