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Summary

The magnocellular oxytocin system of the hypothalamus illustrates remarkably well
activity-dependent structural plasticity in the adult brain. Its neurons secrete the
neurohormone oxytocin, which plays a key role in the initiation of parturition and
maintenance of lactation. The somata and dendrites of oxytocin neurons accumulate
in the supraoptic and paraventricular nuclei of the hypothalamus whereas their ax-
ons project to the neurohypophysis. There, oxytocin is secreted into the bloodstream
from neurosecretory terminals upon electrical and biosynthetic activation of the neu-
rons driven by afferent stimulation from the periphery. Oxytocin is released centrally
as well, including within the hypothalamic nuclei, where it facilitates the electrical,
biosynthetic and secretory activities of its own neurons. During conditions that stim-
ulate peripheral and central oxytocin release, like parturition and lactation, there is
a significant reduction in ensheathing of oxytocin neurons and their synapses by fine
processes of astrocytes. As a consequence, the geometry and diffusion properties of
the extracellular space surrounding the cells are significantly modified. In addition,
there is a concomitant formation of new functional synapses on oxytocin neurons,
which, in the main, are inhibitory. The anatomical changes are rapid, occuring within
an hour, and reversible with arrest of stimulation. In vivo and in vitro evidence shows
that oxytocin, in synergy with estrogen, mediates this neuronal, glial and synaptic
remodeling. It is mediated specifically by oxytocin receptors, requires de novo protein
synthesis, ongoing neuronal activity and expression of cell adhesion molecules that
are permissive for plasticity. Similar neuro-glial changes occur in other hypothalamic
nuclei whose neurons intervene in estrogen-dependent reproductive behaviors, like
ovarian cyclicity and puberty. The functional consequences of such structural plas-
ticity are important since the plasticity modifies neurotransmission, gliotransmission,
neurohormone secretion and, ultimately, behaviors associated with reproduction.

Introduction

Parturition and lactation are neuroendocrine events vital for reproduction in mam-
mals, and, therefore, of utmost import to the survival of the species. Like all physi-
ological phenomena, their regulation involves numerous and diverse molecules that
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intervene in signaling, genomic and biosynthetic mechanisms. Of these, the non-
apeptide oxytocin (OT) is particularly important. OT is synthetized in magnocellular
neurons that accumulate in well-delineated regions of the hypothalamus, the paired
supraoptic (SON) and paraventricular (PVN) nuclei. In these structures, oxytocinergic
neurons occur intermingled with their close relatives, neurons secreting vasopressin
(VP), a neurohormone important in cardiovascular and osmotic regulation. After syn-
thesis, the hormones, packaged in secretory granules, follow the regulated secretory
pathway to be released from axon terminals in the posterior lobe of the pituitary or
neurohypophysis (for a recent review, see Burbach et al. 2001). Synthesis and release
of OT, like VP, and ultimately circulating levels of the neurohormones, are in large
part determined by the electrical activity of the neurons, which in turn is regulated
by afferent inputs. The latter utilize neurotransmitters common to all central systems,
including GABA, glutamate, the monoamines and acetylcholine (reviewed in Poulain
and Wakerley 1982; Armstrong and Stern 1998). In addition, OT is released in many
areas of the central and peripheral nervous systems, where it participates in different
neurovegetative and limbic functions (see Landgraf and Neumann 2004). It is secreted
in the SON and PVN. mainly via a somato-dendritic exocytotic mechanism, and exerts
a positive feedback action, ultimately facilitating the electrical and secretory activities
of its own system (reviewed in Ludwig and Pittman 2003).

It is now generally acknowledged that many adult neurons, as well as the synapses
controlling their activities, are not static anatomical entities since they can undergo dy-
namic structural transformations that alter their morphologies and interrelationships.
This alteration occurs under normal physiological conditions of heightened neuronal
activity and highlights the brain’s remarkable capacity for restructuring to meet par-
ticular functional requirements. Together with morphological changes in neurons and
synapses, there is remodeling of the other major cellular elements in the nervous
system, glia and, in particular, astrocytes. This neuronal-glial plasticity not only has
direct consequences on the respective functions of each type of cell but also may affect
neuronal and glial behavior by modifying the immediate extracellular environment,
with consequences on synaptic and volume transmission.

The OT system is an excellent model illustrating this kind of activity-dependent
structural plasticity. Whenever it is strongly or persistently stimulated, as at parturition
and lactation, its neurons respond by significantly increased electrophysiological and
secretory activities (Poulain and Wakerley 1982; Armstrong and Stern 1998; Burbach
et al. 2001). At the same time, their overall morphology is modified since they progres-
sively hypertrophy, their dendrites change in size and branching and their axons in
the neurohypophysis enlarge and ramify. In the hypothalamus, there is a concomitant
remodeling of their afferent inputs as well as of their associated astrocytes. Several
recent reviews describe this physiological structural plasticity in detail (see, for ex-
ample, Theodosis 2002; Miyata and Hatton 2002; Theodosis et al. 2008), and only its
most salient features will be presented here. I will then briefly show that this kind of
neuronal-glial plasticity is not limited to the hypothalamo-neurohypophysial system
(HNS) since it occurs in other central systems, including in hypothalamic neuroen-
docrine centers involved in reproductive functions like ovarian cyclicity and puberty
(reviewed in Theodosis et al. 2008). In the latter, plasticity takes place in concert with
fluctuations in circulating levels of sexual steroids. I will then discuss the functional
consequences of such plasticity at the cellular and systems levels. Finally, I shall present
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molecular mechanisms that may shed some light on how such plasticity takes place
in the adult nervous system, whose structure, until now, has been considered to be
relatively unchangeable, except in response to aging, trauma or degeneration.

Morphological Plasticity of the OT System

Like most other central neurons, oxytocinergic neurons are normally ensheathed by
processes of astrocytes, the most abundant glial cells in the magnocellular nuclei.
Astrocytes in the SON and PVN have a variable, complex morphology (Bonfanti et al.
1993; Bobak and Salm 1996; Israel et al. 2003b), consisting of relatively small cell
bodies, several thick processes extending into the neuronal network, and numerous
thin processes, at times consisting merely of two membranes enclosing little cytoplasm.
It is these lamellipodia that ensheath the somata, dendrites and axons of the neurons, as
well as their synapses driving the activity. As has been illustrated in the hippocampus,
their tips probably surround several synapses (Halassa et al. 2007), thereby creating
glial microdomains enabling neuron-glia interactions in a restricted microenvironment
(Grosche et al. 1999). Astrocytes respond to physiological stimuli by increases in
intracellular calcium (Perea and Araque 2005), which consequently affect glial structure
and function via different intracellular signaling mechanisms and gene activation.

Numerous observations obtained over the past two decades have made it clear
that neurons, synapses and astrocytes of the HNS undergo significant morphological
transformations under different physiological conditions. In particular, as clearly seen
with electron microscopy coupled to morphometric analyses of immunoidentified
profiles, this system’s OT somata and dendrites, as well as their neighboring astrocytic
processes, are surprisingly dynamic, continually changing their morphology in relation
to neuronal activity. OT neurons usually occur in tightly packed clusters, yet, under
basal conditions of neurosecretion, they remain separated by astrocytic processes. In
contrast, during parturition, lactation, chronic dehydration, or in response to elevated
ambient levels of OT, there is a significant reduction in astrocytic coverage of all portions
of OT neurons. Thus, in the rat SON under basal conditions, astrocytic processes cover
about 90% of any OT soma, a proportion that is reduced to 70% during lactation
or chronic dehydration (Chapman et al. 1986; Theodosis et al. 1986a; Theodosis and
Poulain 1987). This reduction in glial coverage leaves soma and dendritic surfaces
directly and extensively juxtaposed. Astrocytic coverage of synapses contacting OT
neurons is also significantly reduced (Oliet et al. 2001). It is important to note that this
plasticity is not limited to one particular hypothalamic center but occurs throughout
the hypothalamus, in all nuclei containing OT neurons (Theodosis and Poulain 1989).
In contrast, in response to most stimuli for VP secretion, including severe chronic salt
loading (Chapman et al. 1986), astrocytic coverage of VP neurons is not altered and
remains around 90%. While VP neurons display some juxtapositions, their incidence
and extent are low and show no variation with changing conditions of VP secretion
(Chapman et al. 1986; Theodosis et al. 1986a).

Activity-dependent restructuring is visible not only in the magnocellular nuclei
in the hypothalamus but also in the neurohypophysis (reviewed in Hatton et al. 1984;
Theodosis and MacVicar 1996; Miyata and Hatton 2002). The gland is composed es-
sentially of axons of SON and PVN neurons and astrocyte-like glial cells, the pituicytes.
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The gland is highly vascularized and its capillaries are fenestrated, which permits pas-
sage of the secreted neurohormones into the circulation. Under basal conditions of
neurosecretion, about 40% of the perivascular basal lamina is covered by neurosecre-
tory terminals and about 60% by pituicyte processes. During stimulated conditions, as
in the neurohypophyses of parturient and lactating animals (Tweedle and Hatton 1987;
Luckman and Bicknell 1991) or when the glands are exposed in vitro to media that
enhance secretion (Perlmutter et al. 1984; Smithson et al. 1990; Monlezun et al. 2005),
pituicyte processes retract from the basal lamina and these proportions are reversed.
Moreover, there is multiplication of terminals (Monlezun et al. 2005), and the end result
is a significantly enlarged neurovascular contact zone. In addition, under stimulated
conditions, throughout the gland, there is a reduction in the extent to which neurose-
cretory axons are engulfed or ensheated by pituicytes (Tweedle and Hatton 1982).

The structural transformations in the hypothalamic nuclei and neurohypophysis
occur rapidly. This is evident in vivo, where ultrastructural changes can be detected
within a few hours of the onset of parturition (Montagnese et al. 1987). It is even more
apparent in vitro, in acute slices of adult hypothalamus that include the SON treated with
OT (Langle et al. 2003; Theodosis et al. 2006) and in hemi-neurohypophyses exposed
to hypertonic media or beta-adrenergic stimulation (Perlmutter et al. 1984; Monlezun
et al. 2005). In both preparations, changes can be detected within one hour of treatment.
When ambient levels of OT are again reduced (for example, after weaning the young,
or in slices exposed to normal media), astrocytic processes reappear between neuronal
profiles. Similarly, the extent of neurovascular contact in the neurohypophysis returns
to baseline, non-stimulated levels upon cessation of stimulation of neurohypophysial
secretion (Tweedle and Hatton 1987; Monlezun et al. 2005).

In the magnocellular nuclei, variations in astrocytic coverage of neuronal somata
and dendrites are invariably accompanied by synapse turnover (reviewed in Theodosis
2002; Theodosis et al. 2005). This is represented by a changing number of boutons
making synaptic contact onto more than one postsynaptic element simultaneously
(“multiple” synapses) and boutons making single synaptic contacts on OT somata and
dendrites (Theodosis et al. 1986c; Gies and Theodosis, 1994; El Majdoubi et al. 1997).
Moreover, analyses of immunoidentified elements have allowed identification of the
circuits undergoing plasticity as inhibitory (GABAergic) and excitatory (glutamatergic
and noradrenergic ; reviewed in Theodosis et al. 2005). The most important increases
affect GABAergic inputs, so that in the SON of lactating rats, about 50% of all axo-
somatic and axo-dendritic synapses are GABAergic, compared to about 35% under
basal conditions (El Majdoubi et al. 1997). Once stimulation is over, synaptic numbers
revert to control levels. This synaptic remodeling can be reproduced in vitro in acute hy-
pothalamic slices of adult SON. Electron microscopy and patch clamp electrophysiology
of such preparations showed without ambiguity that synapse formation is extremenly
rapid, occurring within an hour, and is reversible within hours as well and results in
the formation of inhibitory synapses that are functional (Theodosis et al. 2006).

How neuronal surfaces become extensively juxtaposed remains to be determined.
The suggestion that juxtaposed neuronal surfaces are due simply to glial retraction is
debatable. On the other hand, it is highly unlikely that astrocytic processes are passively
squeezed away by hypertrophied neuronal profiles. For example, this mechanism does
not explain the significant reduction in astrocytic ensheathing of dendrites or the
numerous juxtaposed elements in tissues where hypertrophy of neuronal elements has
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yet to take place (Langle et al. 2003). It is noteworthy that VP neurons significantly
hypertrophy during chronic dehydration, yet their surfaces do not become increasingly
juxtaposed (Chapman et al. 1986). A more likely scenario is that neuronal juxtapositions
result from both active retraction and elongation of glial processes over neuronal
surfaces whose morphology is constantly changing. In the neurohypophysis, glial
process retraction from the perivascular zone could explain reduction in glio-vascular
contact associated with stimulation,whereas the return to baseline conditions could
be associated with a reinsertion of pituicyte processes between the neurosecretory
terminals. The modified expression of several cytoskeletal proteins (Nothias et al.
1996; Hawrylak et al. 1999; Miyata et al. 1999) probably reflects this remodeling. In
comparison to other systems (Bailey and Kandel 1993), one expects that these cell
transformations are accompanied by differential gene expression and de novo protein
synthesis. In the SON, new macromolecular synthesis is essential since there is no glial
or neuronal remodeling when protein synthesis is blocked by agents like anisomycin
(Langle et al. 2003).

Neuronal-glial Plasticity in Other Neuroendocrine Centers

Rapid, activity-dependent morphological changes similar to those visible in the mag-
nocellular nuclei are detectable in other areas of the basal hypothalamus. In the rat ar-
cuate nucleus, for example, which includes neurons secreting reproductive hormones
like gonadotropin releasing hormone (GnRH), the proportion of neuronal somatic
surface covered by astrocytic processes fluctuates with changing sexual steroid levels,
being high when plasma estrogen is elevated (afternoon of proestrus and morning
of estrus) and low 24 hours later at metestrus, when estrogen levels have diminished
(reviewed in Garcia-Segura et al. 1994). Administration of estradiol to ovariectomized
animals mimics the effects of the estrous cycle and shows clearly that the astro-neuronal
changes are rapid, occurring within 2 hours of steroid injection. Similar phenomena
have been described in the infundibulum and preoptic area of primates, like the Rhesus
and African green monkey (Witkin et al. 1991; Garcia-Segura et al. 1994).

Synaptic changes accompany astrocytic remodeling in these areas of the hypotha-
lamus, as they do in the magnocellular nuclei. In adult females, there is a natural phasic
synaptic remodeling that is linked to variations of the ovarian cycle and is reflected in
a changing number of inhibitory GABAergic synapses on somata of arcuate neurons
(see Garcia-Segura et al. 1994a). A negative correlation between the level of glial en-
sheathment and number of synaptic inputs in relation to fluctuations in steroid levels
has also been detected in primates (Witkin et al. 1991; Garcia-Segura et al. 1994a).
In sheep, seasonal variations in glial ensheathment of GnRH neurons, together with
changes in the number of synaptic inputs to GnRH neurons, occur in the preoptic area.
Thus, the number of synapses decreases between the breeding and non-breeding sea-
sons in conjunction with a decreased pulsatile GnRH secretion that leads to anestrous
(Viguié et al. 2001), a decline accompanied by a significantly increased coverage of
the neurons by astrocytic processes. Interestingly, in the rodent arcuate, rewiring of
inhibitory inputs also occurs on POMC neurons, in response to enhanced circulating
levels of the gut hormone ghrelin, which intervenes in the control of energy balance and
growth hormone release (Pinto et al. 2004). It is not unlikely that these latter synaptic
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changes are accompanied by astrocytic changes similar to those seen in response to
estrogen, but this remains to be demonstrated.

The axons of GnRH neurons project to the external layer of the median eminence
where, as in the neurohypophysis, they release the hormone from neurosecretory
terminals in close proximity to fenestrated capillaries. In this neurohemal structure,
it is fluctuations in sexual steroid levels that lead to axo-glial changes similar to those
of the stimulated neurohypophysis. They result in retraction of end feet of tanycytes
(modified ependymoglial cells) from the perivascular zone and exposure of GnRH
terminals to fenestrated capillaries (King and Rubin 1995; De Serrano et al. 2004). In
neurohemal structures, therefore, glial rearrangements ultimately permit direct access
of neurosecretory axons to perivascular zones.

Consequences of Neuronal-glial Plasticity at the Cellular Level

In addition to supportive and nutritive functions (Magistretti et al. 1999), astrocytic
processes, by their mere presence, act as a physical barrier to restrict spillover and
diffusion of neuroactive substances in the extracellular space surrounding neurons and
synapses. Therefore, a major consequence of astrocytic remodeling during stimulated
conditions of neuronal activity is to reduce the extent to which astrocytic processes
fill the extracellular space surrounding all neuronal elements, including synapses. As
recent studies have demonstrated, this retraction has several important consequences
on neuronal functions.

First, the ionic homeostasis of the extracellular space will be modified. A major
function of astrocytic processes is to remove ions that can potentially influence neu-
ronal activity. When absent during enhanced neuronal activity, there will be accumu-
lation of ions like K+, which can facilitate further neuronal excitability. Such increases
have been recorded in the SON (Coles and Poulain 1991) and neurohypophysis (Leng
and Shibuki 1986) of lactating animals.

Secondly, the matrix (ECM) of all extracellular spaces is composed of many glyco-
proteins secreted by astrocytes, including cell adhesion molecules, proteoglycans and
tenascins. While several of these molecules may act as permissive molecular factors
to allow glial and neuronal remodeling (Theodosis et al. 2004a), they can also inter-
vene more directly in neuron-glia interactions. They are large, complex, often charged
molecules that can hinder access to receptors and transporters. In addition, they can
interact homo- and heterophilically, between each other and/or with other ECM com-
ponents, interactions that can affect neuronal activity (see for example, Dityatev and
Schachner, 2003). Where astrocytic processes are withdrawn, therefore, the expression
of such molecules will be absent or reduced (Theodosis et al. 1999), which will modify
further intercellular communication and dynamic cell interactions.

Thirdly, since astrocytic processes possess many neurotransmitter receptors, trans-
porters and ion channels (Danbolt 2001; Verkhratsky et al. 1998), they can sense activity
in neighboring neurons. Indeed, as shown by numerous recent studies, astrocytes in-
tervene actively in neuronal communication (Araque et al. 1999) and are considered
integral parts of the synapse, which is now termed “tripartite” and seen to consist of
pre- and post-synaptic neuronal elements and a glial component (Haydon 2001). In this
context, then, a modified ensheathment of synapses will have important consequences
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on neurotransmission, especially that due to the excitatory amino acid, glutamate. This
is because astrocytic processes in the vicinity of glutamatergic synapses, because of
their high content of glutamate transporters, limit glutamate spillover and are there-
fore critical for the maintenance of point-to-point synaptic transmission (Oliet et al.
2001). As clearly shown by the SON of lactating animals, a reduction of astrocytic
coverage will enhance levels of ambient glutamate (Oliet et al. 2001). Glutamate then
stimulates inhibitory metabotropic receptors at presynaptic sites of glutamate and even
neighboring GABA synapses and results in homo- and heterosynaptic depression of
neurotransmitter release (see Oliet et al. 2004). A reduced synaptic efficacy at gluta-
matergic synapses will also give rise to a decrease in background synaptic noise, which
renders the neuron more electrically compact, increasing input resistance and the gain
of the input-output neuronal response (Oliet et al. 2004). Such changes may be critical
for tuning the responsiveness of neurons to pertinent synaptic information. In addi-
tion, astrocytes can potentiate inhibitory neurotransmission by activating presynaptic
GABA-B receptors, an effect that is also potentiated by glutamate (Kang et al. 1998).

Fourth, the extracellular space is a kind of communication channel for molecules
implicated in extrasynaptic or volume transmission (reviewed in Sykova 2004). A phys-
ical lack of astrocytic processes, therefore, could potentially facilitate diffusion of
neurotransmitters like glutamate, GABA, and catecholamines to sites distant from
their release (Piet et al. 2004), which could then allow crosstalk between neighboring
synapses and neurons. In the same vein, facilitated diffusion of neureptides like OT
and VP could contribute to their autocrine and paracrine actions (Moos et al. 1998;
Ludwig and Pittman 2003).

Fifth, retraction of astrocytic processes will have further direct effects on neuronal
function by affecting gliotransmission. It is now generally admitted that astrocytes
themselves release different signalling molecules, or gliotransmitters, such as glutamate
(Kang et al. 1998), D-serine (Wolosker et al. 1999; Panatier et al. 2006), taurine (Hussy
2002), and ATP (Gordon et al. 2005; Neumann 2003; Fields and Burnstock 2006) and
these can mediate astrocyte-neuron cross-talk (Oliet and Mothet 2006) and affect
further neuronal excitability (Volterra and Meldolesi 2005). Thus, glutamate (Kang
et al. 1998) and D-serine (Miller 2004; Panatier et al. 2006), acting as gliotransmitters,
activate NMDA receptors. The degree of astrocytic coverage of neurons will then govern
the level of glycine site occupancy of these receptors, thereby affecting their availability
for activation. Besides the direct effects on glutamatergic transmission, this means that
the activity dependence of long-term synaptic changes, whose direction and magnitude
depend on the number of NMDA receptors activated during afferent input stimulation,
is also affected. This effect is clearly illustrated in the SON. Its astrocytes are enriched
in D-serine, the endogenous coagonist of NMDA receptors in this hypothalamic area
(Panatier et al. 2006), where the levels of D-serine and therefore the occupancy of
NMDA receptors are controlled by astrocytic coverage. In this nucleus, then, NMDA-
dependent phenomena like LTP and LTD are modified by its glial remodeling so that,
on withdrawal of astrocytic processes, the number of activated NMDA receptors is
reduced and the activity dependence of long-term synaptic changes is shifted towards
higher activity values.

Finally, besides direct effects, astrocytic withdrawal can have indirect consequences
on neuronal function by favoring synapse formation. As noted earlier, changes in
astrocytic coverage in hypothalamic neuroendocrine centers like the SON and arcuate
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nuclei are, invariably, accompanied by changes in synaptic connectivity, especially of
inhibitory GABA circuits (reviewed in Garcia-Segura et al. 1994; Theodosis et al. 2005).
Nevertheless, we still do not know how astrocytic processes actually participate in
structural synaptic plasticity. What is clear is that their mere presence between pre-
and postsynaptic partners will prevent synapse formation whereas their reinsertion
may contribute to detachment of synaptic terminals from post-synaptic sites (see also
Garcia-Segura et al. 1994; Aldskogius et al. 1999; Hirrlinger et al. 2004; Theodosis et al.
2005).

Consequences on Neuroendocrine Regulations

Parturition and Lactation

The magnocellular system of the hypothalamus constitutes a physiologically controlled
system that intervenes in the regulation of several vital neuroendocrine processes. Its
morphological reorganization is now a well-established phenomenon. Since it is easily
accessible in vivo and in vitro, it serves as a ready model to analyze the importance
of neuronal-glial remodeling not only at the level of synaptic function, as discussed
above, but also in the more general context of system physiology. This is particularly
clear in the case of the OT system, during its highly characteristic activity at lactation.

Peripheral information during suckling is transmitted to OT neurons through prox-
imal glutamatergic afferents. During the milk ejection reflex, for example, OT neurons
display high-frequency bursts of action potentials (Poulain and Wakerley 1982) that
are triggered by bursts of glutamatergic possynaptic potentials (Jourdain et al. 1998;
Israel et al. 2003a). As discussed above, patch clamp recordings provided convincing
evidence that excitatory information transmitted by glutamatergic inputs is affected by
glial remodeling (Oliet et al. 2004). Thus, reduced astrocytic coverage of OT elements
and their synapses during lactation gives rise to increased levels of glutamate in the
extracellular space, which, via its action on metabotropic receptors, will in turn in-
hibit synaptic glutamate release (Oliet et al. 2001). On first sight, it seems paradoxical
that these inputs exhibit a lower probability of release at a time when OT neurons
are strongly activated. However, presynaptic inhibition depends on presynaptic ac-
tivity. A tonic presynaptic inhibition mediated by metabotropic glutamate receptor
activation is likely to be overcome when the probability of release associated with
Ca2+ accumulation in the terminals strongly increases during high-frequency trains
of action potentials in glutamatergic terminals at the time of milk ejection. Informa-
tion transmitted via high frequency excitatory synaptic activity, therefore, would be
less affected by a negative glutamate feedback than information transmitted by low or
moderate frequency activities. This may serve as a high-pass filter to increase signal-
to-noise ratio for information carried by high frequency activities. On the other hand,
accumulating glutamate in the extracellular environment, via its heterosynaptic ac-
tions, can inhibit GABAergic transmission in the vicinity of glutamatergic inputs (Piet
et al. 2003, 2004), leading to a local disinhibition of the somatodendritic compartment
(Mitchell and Silver 2000).

As also described in detail earlier, the presence or absence of astrocytic processes
has important consequences on the concentration of gliotransmitters like D-serine,
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which will affect NMDA receptor activation, intracellular Ca2+ concentrations and
ultimately phenomena of synaptic plasticity like LTP and LTD (Panatier et al. 2006).
During lactation, when fewer NMDA receptors are occupied by D-serine, the threshold
for synapse potentiation is elevated, making it more difficult for synapses to become
stronger. Making potentiation harder to achieve may favor very active synapses, like
those communicating the suckling stimulus to OT neurons, whereas other, less active
but potentially confounding inputs will be depressed.

It should be kept in mind that the increased number of synapses associated with
reduced glial coverage in the magnocellular nuclei at lactation (El Majdoubi et al. 1997)
will facilitate enhanced OT firing as well. It is obvious that an increased number of
glutamatergic inputs will potentiate such firing. To this facilitation must be added that
derived from additional noradrenergic synapses (Michaloudi et al. 1997) that provide
an excitatory input to OT neurons, both on their own (Day et al. 1984) and through
a central synergistic action with glutamate (Parker and Crowley 1993; Daftary et al.
1998). As for the highly significant increase in the number of inhibitory synapses (re-
viewed in Theodosis et al. 2005), their action, at first glance, might appear incongruous
for neuronal excitability. A likely possibility is that the increased inhibitory input serves
to prevent the neurons from being stimulated by factors other than those relevant to
parturition and lactation, attenuating the response of OT neurons to stimuli other than
suckling (Lightman and Young 1989; Fenelon et al. 1994). This kind of “filtering” action
may also contribute to maintain OT neurons at a level of depolarization that would
facilitate their subsequent synchronous activation just before milk ejection (Voisin
et al. 1995; Moos 1995).

To these phenomena in the hypothalamus one must add the facilitatory action on
neurosecretion provided by the glial-axonal changes in the neurohypophysis. In the
gland, retraction of glial processes from around neurosecretory axons and from the
perivascular space will promote paracrine actions of the secreted peptides. Moreover,
as noted earlier, by removing a physical barrier from the perivascular spaces, such
plasticity should greatly facilitate diffusion of the secreted hormones into fenestrated
capillaries and thus into the general circulation.

Other Reproductive Functions

The functional consequences in neuroendocrine centers in the basal hypothalamus
other than the magnocellular nuclei are also of high import. The neuropeptide is made
in neuronal somata distributed in different centers of the basal forebrain (preoptic area,
arcuate or infundibular nucleus, mediobasal hypothalamus) and is secreted from their
terminals in the median eminence into the portal circulation to reach the pituitary,
where it modulates the secretion of gonadotropins essential to gonadal function and
reproduction. As described earlier, the astrocytic ensheathment/synapse relationship
of GnRH neurons in the hypothalamic nuclei in various species varies in relation to
changing levels of gonadal steroids, after gonadectomy, during the estrus cycle and
at the preovulatory surge of gonadotropins (reviewed in Garcia-Segura and McCarthy
2004). While direct evidence is lacking, it is highly likely that astrocytes contribute
actively to estrogen-dependent increases in arcuate neuronal firing that is correlated
in time with the release of GnRH. Thus, the increased release of estrogen at estrus, like
estrogen administration in castrated animals, augments astrocytic coverage, thereby
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decreasing the number of inhibitory GABAergic inputs impinging on the neurons.
In the median eminence, as in the neurohypophysis, concurrent retraction of glial
processes and tanycyte end feet from the perivascular area exposes GnRH terminals
directly to the portal capillaries (King and Rubin 1995; De Serrano et al. 2004), thereby
facilitating diffusion of GnRH into the general circulation.

Cell Mechanisms Underlying Astro-neuronal Plasticity

Permissive Molecular Factors

The structural plasticity described in this review connotes interactions that will
bring into play cell surface and ECM molecules, as well as soluble factors, many of
which have been identified by molecular neurobiology in developing systems un-
dergoing similar glial and neuronal transformations. In the developing brain, the
effects of these molecules result from mutual interactions and via activation of in-
tracellular signal transduction mechanisms through diverse cell surface receptors,
ultimately determining the architecture of nervous tissue. It is not too surprising,
then, that adult neural systems capable of remodeling continue to express many of
these “juvenile” molecules. The list includes cell adhesion molecules like the cad-
herins, neurexins and those like NCAM that belong to the immunoglobulin super-
family. Complex ECM glycoproteins, like the chondroitin sulphate proteoglycans and
tenascins, as well as their receptors, also contribute (Theodosis et al. 2004a; Kleene
and Schachner 2004; Waites et al. 2005; Dalva et al. 2007). There are many excel-
lent reviews describing these molecules and their contributions to cell interactions,
especially in the context of axon outgrowth and synaptic plasticity (see, for exam-
ple, Levinson and El-Husseini 2005; Dityatev and Schachner 2003). We will focus
here on NCAM, and in particular, its highly sialylated isoform, PSA-NCAM, since we
have strong evidence that this cell surface molecule does intervene in astro-neuronal
remodeling.

While PSA-NCAM is abundant in developing tissues, most adult tissues contain
NCAM with little PSA. However, PSA-NCAM continues to be strongly expressed in
adult systems endowed with the capacity for morphological plasticity (Bonfanti et al.
1992; Seki and Arai 1993; Bonfanti 2006). Thus, in the HNS, PSA-NCAM is made by
astrocytes and neurons throughout life (Theodosis et al. 1991; Kiss et al. 1993; Theo-
dosis et al. 1999). In some systems, like the hippocampus, PSA-NCAM expression is
linked to synaptic activity (Kiss and Muller 2001), but in the HNS (Pierre et al. 2001),
its expression is constitutive and not markedly affected by neuronal activity. Neverthe-
less, it is a prerequisite for all dynamic phases of plasticity. Thus, specific enzymatic
removal of PSA from NCAM in the SON in situ inhibited glial and neuronal remodel-
ing associated with lactation and chronic dehydration; there was no effect if PSA was
removed once morphological changes in the nuclei had already taken place (Theodosis
et al. 1999). Likewise, PSA removal from cell surfaces in the neurohypophysis prevented
stimulation-related induction and reversal of axonal and glial changes but had no effect
once remodeling had occurred (Monlezun et al. 2005). A similar strong, quite constant
expression characterizes PSA-NCAM in the GnRH system of rodents (Bonfanti et al.
1992; Hoyk et al. 2001), sheep (Viguié et al. 2001) and primates (Perera et al. 1994),
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and in this system as well, removal of PSA inhibits the onset of astrocytic and synaptic
changes associated with reproductive status (Hoyk et al. 2001). How PSA intervenes
to permit morphological changes remains undetermined, but a possible mechanism is
that large quantities of the carbohydrate on cell surfaces attenuate adhesion via physi-
cal impedance or charge repulsion (Rutishauser and Landmesser 1996). Cells can then
detach from their neighbors or from the extracellular matrix and undergo changes in
their conformation.

We consider that a molecule like NCAM to be permissive for morphological plas-
ticity because its expression, while not tightly linked to neuronal activity in the neu-
roendocrine centers, appears obligatory for their morphological plasticity. This was
clearly evident from enzyme perturbation experiments (Theodosis et al. 1999; Hoyk
et al. 2001; Monlezun et al. 2005). Nonetheless, there can be compensatory replacement
by other molecules, since remodeling occurs in lactating and salt-loaded mice genet-
ically deficient in NCAM (Theodosis et al. 2004b), which reflects a redundancy in the
molecular systems permitting such plasticity. Similar phenomena have been described
in other neuronal systems in which NCAM is highly expressed and which continue to
undergo plasticity in NCAM -/- mutants (Durbec and Cremer 2001). In a sense, the
specific identity of molecules that are permissive for remodeling may not be important
provided that they activate the same intracellular mechanism. On the other hand, the
response of neurons and astrocytes implicated in remodeling would be invariant and
independent of the identity of the factor, provided the proper stimulus intervenes.

Signaling Molecules

If molecules like PSA-NCAM act as primers, providing a permissive environment for
remodeling, then there must be molecules whose expression is particular to each po-
tentially plastic system that act as specific stimuli, triggering cascades of intracellular
events that result in glial and neuronal transformations. Such molecules include those
expressed at the onset of enhanced activity to bring on remodeling as well as molecules,
not necessarily identical to the former, that signal the system to revert to its original
condition. There are many candidates for such functions, including neuropeptides,
neurotransmitters, steroids and trophic factors that are released by neighboring el-
ements. Nevertheless, we still have little knowledge of how these signaling pathways
consequently operate, through genomic and non-genomic pathways, to influence the
morphology of the brain’s cells and its synaptic wiring.

In the OT system, parturition and lactation, the conditions in which plasticity is
most striking, are characterized by enhanced peripheral release of OT and by increased
secretion within the hypothalamic nuclei. Central OT has a positive feedback action on
the activity of its own system (Jourdain et al. 1998; Israel et al. 2003a; de Kock et al. 2003).
It can also induce its morphological plasticity, since intracerebroventricular infusion
of the peptide, presumably mimicking this central release, induced neuronal-glial and
synaptic changes in the SON similar to those detected during lactation (Theodosis
et al. 1986b). These effects can be reproduced in vitro, in acute slices of the adult
hypothalamus, a preparation that allows pharmacological manipulation. We were thus
able to determine that the neuropeptide acts specifically via its receptors since its action
was mimicked by close analogues and inhibited with specific OT receptor antagonists
(Langle et al. 2003). Addition of even structurally similar peptides like VP had no effect.
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The receptor-mediated action of the neuropeptide may explain why morphological
changes in the HNS are specific to its OT system. In the hypothalamic magnocellular
nuclei, OT receptors occur on OT but not on VP neurons (Barberis and Tribollet 1996);
they are present on astrocytes as well (Guenot-Di Scala and Strosser 1992).

Nevertheless, OT does not act alone but in synergy with sexual steroids, especially
estrogens (Montagnese et al. 1990; Langle et al. 2003; Theodosis et al. 2006). In view
of the rapidity of the effects of the steroid (Langle et al. 2003; Theodosis et al. 2006),
it is probable that it acts via a plasmalemmal mechanism (Revankar et al. 2005),
mobilizing intracellular Ca2+ and ultimately inducing remodeling. Such a mechanism
is likely when one considers the extremely rapid beneficial effects of the steroid on
the electrical activity of OT neurons (Israel and Poulain 2000), their gene expression
(Crowley and Amico 1993) and central and peripheral release (Yamaguchi et al. 1979;
Wang et al. 1995). It is noteworthy that estrogens affect OT gene regulation if treatment
is accompanied by a progesterone withdrawal protocol (Amico et al. 1995), as in
the endocrine conditions characterizing the end of gestation (Bridges 1984) when
remodeling occurs under physiological conditions. Nevertheless, although OT, with or
without steroids, appears essential for remodeling in the magnocellular nuclei, there
are other candidates for such signaling and OT may act in a secondary fashion, by
facilitating their expression.

Of these, glutamate is an excellent candidate since it can serve as a bi-directional sig-
nal to transfer information between activated neurons and adjacent astrocytes. In the
cerebellum, activation of AMPA receptors on Bergmann glia is required for the mainte-
nance of neuron-glia interrelationships (Iino et al. 2001). It is to be expected, then, that
changes in glutamate transmission may lead to rapid and concerted modifications in the
morphology of neurons and their astrocytes. In the SON, exposure to a combination of
metabotropic and ionotropic glutamate receptor antagonists prevented OT/estrogen-
mediated remodeling (Langle et al. 2003). Likewise, such a treatment inhibits the
appearance of new GABA synapses (Trailin, Israel and Theodosis, unpublished obser-
vations). This finding strongly suggests that glutamate itself may be a more immediate
signaling agent than OT. In the preoptic area of the hypothalamus, a mediator of astro-
neuronal communication via glutamate appears to be prostaglandin-estrogen2 (PGE2).
PGE2 induces astrocytic release of glutamate, which in turn activates glutamate recep-
tors on adjacent neurons, an effect that can have important consequences on neuronal
morphology and dendritic spine formation (Amateu and McCarthy, 2002).

Another neurotransmitter that may signal glial-neuronal changes is nitric oxide
(NO). Electron microscopic observations of the external layer of the median eminence
indicate that vascular endothelial cells use a signaling pathway mediated by NO to reg-
ulate neuronal-glial plasticity (De Serrano et al. 2004). Thus, activation of endogenous
NO release induced a rapid structural remodeling resulting in the freeing of GnRH
terminals from ensheathing astrocytic processes.

Other excellent signaling candidates are the purines, especially in the neurohypoph-
ysis. Neurohypophysial pituicytes possess purinergic receptors (Loesch and Burnstock
2001; Rosso et al. 2002), ATP can be released from neurosecretory granules in the
terminals (Sperlagh et al. 1999), and adenosine, secondary to the metabolism of ATP,
induces pituicyte stellation (Miyata et al. 1999; Rosso et al. 2002). Activated Rho A GT-
Pase activation is a key event in coupling purine receptor activation and stellation
(Rosso et al. 2002). In line with these results are preliminary observations of the SON
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in the acute slice preparation, where adenosine can substitute for OT in inducing glial
and neuronal changes similar to those visible under physiological conditions (Trailin,
Oliet, Poulain and Theodosis, unpublished observations).

Finally, there is abundant evidence indicating that gonadal steroids on their own
signal the onset of morphological changes. As noted earlier, estrogen can substitute
for OT, at least in vitro, to induce neuronal-glial (Langle et al. 2003) and synaptic
(Theodosis et al. 2006) changes in the SON. In the arcuate nucleus, administration of
one single dose of 17ß-estradiol resulting in plasma levels similar to those at proestrus
induced a change in synaptic numbers and astrocytic transformations similar to those
detected at proestrus (Garcia-Segura et al. 1994). GnRH neurons themselves do not
express estrogen receptors, so the effects of the steroid must be mediated through
effects on presynaptic axons and/or astrocytes (Witkin et al. 1991). Indeed, in this
area of the hypothalamus, not only are astrocytes targets for estrogen action, they
themselves release factors that could affect neuron-glia interactions. Thus, gonadal
steroids facilitate astrocytic expression of growth factors of the epidermal growth
factor family and their tyrosine kinase receptors, thereby contributing to neuron-glia
signaling intervening at the initiation of puberty (Ojeda and Ma 1999). Moreover,
median eminence astrocytes and tanycytes release factors like PGE2 that contribute to
estrogen-induced synaptic remodeling in the arcuate nucleus and to GnRH terminal
remodeling in the external layer of the median eminence (Ojeda and Ma 1999; Garcia-
Segura and McCarthy 2004).

References

Aldskogius H, Liu L, Svensson M (1999) Glial responses to synaptic damage and plasticity. J
Neurosci Res 58:33–41

Amateu SK, McCarthy MM (2002) A novel mechanism of dendritic spine plasticity involving
estradiol induction by prostaglandin-E2. J Neurosci 22:8586–8596

Amico JA, Crowley RS, Insel TR, Thomas A, O’Keefe JA (1995) Effect of gonadal steroids upon
hypothalamic oxytocin expression. Adv Exp Med Biol 395:23–36

Araque A, Parpura V, Sanzgiri RP, Haydon PG (1999) Tripartite synapses: glia, the unacknowl-
edged partner. Trends Neurosci 22:208–215

Armstrong WE, Stern JE (1998) Phenotypic and state-dependent expression of the electrical and
morphological properties of oxytocin and vasopressin neurones. Prog Brain Res 119:101–113

Bailey CH, Kandel ER (1993) Structural changes accompanying memory storage. Annu Rev
Physiol 55:397–426

Barberis C, Tribollet E (1996) Vasopressin and oxytocin receptors in the central nervous system.
Crit Rev Neurobiol 10:119–154

Bobak JB, Salm AK (1996) Plasticity of astrocytes of the ventral glial limitans subjacent to the
supraoptic nucleus. J Comp Neurol 376:188–197

Bonfanti L (2006) PSA-NCAM in mammalian structural plasticity and neurogenesis. Prog Neu-
robiol 80:129–164

Bonfanti L, Olive S, Poulain DA, Theodosis DT (1992) Mapping of the distribution of polysialylated
neural cell adhesion molecule throughout the central nervous system of the adult rat: an
immunohistochemical study. Neuroscience 49:419–436

Bonfanti L, Poulain DA, Theodosis DT (1993) Radial glia-like cells in the supraoptic nucleus of
the adult rat. J Neuroendocrinol 5:1–6

Bridges RS (1984) A quantitative analysis of the roles of dosage, sequence, and duration of estradiol
and progesterone exposure in the regulation of maternal behavior in the rat. Endocrinology
114:930–940



116 D.T. Theodosis

Burbach JPH, Luckman SM, Murphy D, Gainer H (2001) Gene regulation in the magnocellular
hypothalamo-neurohypophysial system. Physiol Rev 81:1197–1267

Chapman DB, Theodosis DT, Montagnese C, Poulain DA, Morris JF (1986) Osmotic stimula-
tion causes structural plasticity of neurone-glia relationships of the oxytocin but not vaso-
pressin secreting neurones in the hypothalamic supraoptic nucleus. Neuroscience 17:679–
686

Coles JA, Poulain DA (1991) Extracellular K+ in the supraoptic nucleus of the rat during reflex
bursting activity by oxytocin neurones. J Physiol 439:383–409

Crowley RS, Amico JA (1993) Gonadal steroid modulation of oxytocin and vasopressin gene
expression in the hypothalamus of the osmotically stimulated rat. Endocrinology 133:2711–
2718

Daftary SS, Boudaba C, Szabo K, Tasker JG (1998) Noradrenergic excitation of magnocellular
neurons in the rat hypothalamic paraventricular nucleus via intranuclear glutamatergic
circuits. J Neurosci 18:10619–10628

Dalva MB, McClelland AC, Kayser MS (2007) Cell adhesion molecules: signaling functions at the
synapse. Nature Rev Neurosci 8:206–220

Danbolt NC (2001) Glutamate uptake. Prog Neurobiol 65:1–105
Day TA, Ferguson AV, Renaud LP (1984) Facilitatory influence of noradrenergic afferents on the

excitability of rat paraventricular nucleus neurosecretory cells. J Physiol 355:237–249
de Kock CPJ, Wierda KDB, Bosman LWJ, Min R, Koksma JJ, Mansvelder HD, Verhage M, Brussaard

AB (2003) Somatodendritic secretion in oxytocin neurons is upregulated during the female
reproductive cycle. J Neurosci 23:2726–2734

De Serrano S, Estrella C, Loyens A, Cornea A, Ojeda SR, Beauvillain JC, Prevot V (2004) Vascular
endothelial cells promote acute plasticity in ependymoglial cells of the neuroendocrine brain.
J Neurosci 24:10353–10363

Dityatev A, Schachner M (2003) Extracellular matrix molecules and synaptic plasticity. Nature
Rev Neurosci 4:456–468

Durbec P, Cremer H (2001) Revisiting the function of PSA-NCAM in the nervous system. Mol
Neurobiol 24:53–64

El Majdoubi M, Poulain DA, Theodosis DT (1997) Lactation-induced plasticity in the supraoptic
nucleus augments axodendritic and axosomatic gabaergic and glutamatergic synapses: an
ultrastructural analysis using the disector method. Neuroscience 80:1137–1147

Fenelon VS, Theodosis DT, Poulain DA (1994) Fos synthesis in identified magnocellular neurons
varies with phenotype, stimulus, location in the hypothalamus and reproductive state. Brain
Res 662:165–177

Fields RD, Burnstock G (2006) Purinergic signalling in neuron-glia interactions. Nature Rev
Neurosci 7:423–436

Garcia-Segura LM, McCarthy MM (2004) Minireview: role of glia in neuroendocrine function.
Endocrinology 145:1082–1086

Garcia-Segura LM, Chowen JA, Parducz A, Naftolin F (1994) Gonadal hormones as promoters of
structural synaptic plasticity: cellular mechanisms. Prog Neurobiol 44:279–307

Gies U, Theodosis DT (1994) Synaptic plasticity in the rat supraoptic nucleus during lacta-
tion involves GABA innervation and oxytocin neurons: a quantitative immunocytochemical
analysis. J Neurosci 14:2861–2869

Gordon GR, Baimoukhametova DV, Hewitt SA, Rajapaksha WR, Fisher TE, Bains JS (2005) Nore-
pinephrine triggers release of glial ATP to increase postsynaptic efficacy. Nature Neurosci
8:1078–1086

Grosche J, Matyash V, Möller T, Verkhratsky A, Reichenbach A, Kettenmann H (1999) Mi-
crodomains for neuron-glia interaction: parallel fiber signaling to Bergmann glial cells.
Nature Neurosci 2:139–143

Guenot-Di Scala D, Strosser M-T (1992) Oxytocin receptors on cultured astroglial cells. Kinetic
and pharmacological characterization of oxytocin-binding sites on intact hypothalamic and
hippocampic cells from foetal rat brain. Biochem J 284:491–497



Hormones, Brain Plasticity and Reproductive Functions 117

Halassa MM, Fellin T, Takano H, Dong J-H, Haydon PG (2007) Synaptic islands defined by the
territory of a single astrocyte. J Neurosci 27:6473–6477

Hatton GI, Perlmutter LS, Salm AK, Tweedle CD (1984) Dynamic neuronal-glial interactions
in hypothalamus and pituitary: implications for control of hormone synthesis and release.
Peptides 5:121–138

Hawrylak N, Boone D, Salm AK (1999) The surface of glial fibrillary acidic protein immunopositive
astrocytic processes in the rat supraoptic nucleus is reversibly altered by dehydration and
rehydration. Neurosci Lett 277:57–60

Haydon PG (2001) Glia: listening and talking to the synapse. Nature Rev Neurosci 2:185–193
Hirrlinger J, Hülsmann S, Kirchhoff F (2004) Astroglial processes show spontaneous motility at

active synaptic terminals in situ. Eur J Neurosci 20:2235–2239
Hoyk Zs, Parducz A, Theodosis DT (2001) The highly sialylated isoform of the neural cell

adhesion molecule is required for estradiol-induced morphological synaptic plasticity in the
adult arcuate nucleus. Eur J Neurosci 13:649–656

Hussy N (2002) Glial cells in the hypothalamo-neurohypophysial system: key elements of the
regulation of neuronal activity and secretory activity. Prog Brain Res 139:113–139

Iino M, Goto K, Kakegawa W, Okado H, Sudo M, Ishiuchi S, Miwa A, Takayasu Y, Saito I, Tsuzuki
K, Ozawa S (2001) Glia-synapse interaction through Ca2+-permeable AMPA receptors in
Bergmann glia. Science 292:926–929

Israel J-M, Poulain DA (2000) 17 beta-oestradiol modulates in vitro electrical properties and
responses to kainate of oxytocin neurones in lactating rats. J Physiol 524:457–470

Israel J-M, Le Masson G, Theodosis DT, Poulain DA (2003a) Glutamate afferent input governs
periodicity and synchronisation of bursting electrical activity in oxytocin neurons. Eur
J Neurosci 17:2619–2629

Israel J-M, Schipke CG, Ohlemeyer C, Theodosis DT, Kettenmann H (2003b) GABA-A receptor-
expressing astrocytes in the supraoptic nucleus lack glutamate uptake and receptor currents.
Glia 44:102–110

Jourdain P, Israel J-M, Dupouy B, Oliet SHR, Allard M, Vitiello S, Theodosis DT, Poulain DA
(1998) Evidence for a hypothalamic oxytocin-sensitive pattern-generating network govern-
ing oxytocin neurons in vitro. J Neurosci 18:6641–6649

Kang J, Jiang L, Goldman SA, Nedergaard M (1998) Astrocyte-mediated potentiation of inhibitory
synaptic transmission. Nature Neurosci 1:683–692

King JC, Rubin BS (1995) Dynamic alterations in luteinizing hormone-releasing hormone (LHRH)
neuronal cell bodies and terminals of adult rats. Cell Mol Neurobiol 15:89–106

Kiss JZ, Wang C, Rougon G (1993) Nerve-dependent expression of high polysialic acid neural cell
adhesion molecule in neurohypophysial astrocytes of adult rats. Neuroscience 53:213–222

Kiss JZ, Muller D (2001) Contribution of the neural cell adhesion molecule to neuronal and
synaptic plasticity. Rev Neurosci 12:297–310

Kleene R, Schachner M (2004) Glycans and neural cell interactions. Nature Rev Neurosci 5:195–208
Landgraf R, Neumann ID (2004) Neuropeptide release within the brain: a dynamic concept of

multiple and variable modes of communication. Front Neuroendocrinol 25:150–176
Langle SL, Poulain DA, Theodosis DT (2003) Induction of rapid, activity-dependent neuronal-

glial remodeling in the adult hypothalamus in vitro. Eur J Neurosci 18:206–214
Leng G, Shibuki K (1986) Extracellular potassium changes in the rat neurohypophysis during

activation of the magnocellular neurosecretory system. J Physiol 392:97–111
Levinson JN, El-Husseini A (2005) Building excitatory and inhibitory synapses: balancing neu-

roligin partnerships. Neuron 48:171–174
Lightman SL, Young III WS (1989) Lactation inhibits stress mediated secretion of corticosterone

and oxytocin and hypothalamic accumulation of CRF and enkephalin messenger ribonucleic
acids. Endocrinology 124:2358–2364

Loesch A, Burnstock G (2001) Immunoreactivity to P2X6 receptors in the rat hypothalamo-
neurohypophysial system: an ultrastructural study with extravidin and colloidal gold-silver
labelling. Neuroscience 106:621–631



118 D.T. Theodosis

Luckman SM, Bicknell RJ (1991) Morphological plasticity that occurs in the neurohypophysis
following activation of the magnocellular neurosecretory system can be mimicked in vitro
by beta-adrenergic stimulation. Neuroscience 39:701–709

Ludwig M, Pittman QJ (2003) Talking back: dendritic neurotransmitter release. Trends Neurosci
26:255–261

Magistretti P, Pellerin L, Rothman DL, Shulman RG (1999) Energy on demand. Science 283:496–
497

Michaloudi HC, El Majdoubi M, Poulain DA, Papadopoulos GC, Theodosis DT (1997) The nora-
drenergic innervation of identified hypothalamic somata and its contribution to lactation-
induced synaptic plasticity. J Neuroendocrinol 9:17–23

Miller RF (2004) D-Serine as a glial modulator of nerve cells. Glia 47:275–283
Mitchell SJ, Silver RA (2000) Glutamate spillover suppresses inhibition by activating presynaptic

mGluRs. Nature 404:498–502
Miyata S, Hatton GI (2002) Activity-related, dynamic neuron-glia interactions in the hypothala-

mo-neurohypophysial system. Microsc Res Tech 56:143–157
Miyata S, Furuya K, Nakai S, Bun H, Kiyohara T (1999) Morphological plasticity and rearrange-

ment of cytoskeletons in pituicytes cultured from adult rat neurohypophyses. Neurosci Res
33:299–306

Monlezun S, Ouali S, Poulain DA, Theodosis DT (2005) Polysialic acid is required for active
phases of morphological plasticity of neurosecretory axons and their glia. Mol Cell Neurosci
29:516–524

Montagnese C, Poulain DA, Vincent JD, Theodosis DT (1987) Structural plasticity in the rat
supraoptic nucleus during gestation, post-partum lactation and suckling-induced pseudo-
gestation and lactation. J Endocrinol 115:97–105

Montagnese C, Poulain DA, Theodosis DT (1990) Influence of ovarian steroids on the ultrastruc-
tural plasticity of the adult supraoptic nucleus induced by central administration of oxytocin.
J Neuroendocrinol 2:225–231

Moos FC (1995) GABA-induced facilitation of the periodic bursting activity of oxytocin neurones
in suckled rats. J Physiol 488:103–114

Moos F, Gouzènes L, Brown D, Dayanithi G, Sabatier N, Boissin L, Rabie A, Richard P (1998) New
aspects of firing pattern autocontrol in oxytocin and vasopressin neurones. Adv Exp Med
Biol 449:153–162

Newman EA (2003) Glial cell inhibition of neurons by release of ATP. J Neurosci 23:1659–1666
Nothias F, Fischer I, Murray M, Simone M, Vincent JD (1996) Expression of a phosphorylated

isoform of MAP1B is maintained in adult central nervous system areas that retain capacity
for structural plasticity. J Comp Neurol 368:317–334

Ojeda SR, Ma YJ (1999) Glial-neuronal interactions in the neuroendocrine control of mammalian
puberty: facilitatory effects of gonadal steroids. J Neurobiol 40:528–540

Oliet SHR, Mothet J-P (2006) Molecular determinants of D-serine-mediated gliotransmission:
from release to function. Glia 54:726–737

Oliet SHR, Piet R, Poulain DA (2001) Control of glutamate clearance and synaptic efficacy by glial
coverage of neurons. Science 292:923–926

Oliet SHR, Piet R, Poulain DA, Theodosis DT (2004) Glial modulation of synaptic transmission:
insights from the hypothalamic supraoptic nucleus. Glia 47:258–267

Panatier A, Theodosis DT, Mothet J-P, Touquet B, Pollegioni L, Poulain DA, Oliet SHR (2006)
Glial control of NMDA receptor activity contributes to synaptic memory. Cell 125:775–784

Parker SL, Crowley WR (1993) Stimulation of oxytocin release in the lactating rat by a central in-
teraction of alpha-1-adrenergic and alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid-sensitive excitatory amino acid mechanisms. Endocrinology 133:2855–2860

Perea G, Araque A (2005) Properties of synaptically evoked astrocyte calcium signal reveal
synaptic information processing by astrocytes. J Neurosci 25:2192–2203



Hormones, Brain Plasticity and Reproductive Functions 119

Perera AD, Lagenaur CF, Plant TM (1994) Postnatal expression of polysialic acid-neural cell
adhesion molecule (PSA-NCAM) in the hypothalamus of the male rhesus monkey (Macaca
mulatta). Endocrinology 133:2729–2735

Perlmutter LS, Hatton GI, Tweedle CD (1984) Plasticity in the in vitro neurohypophysis: effects
of osmotic changes on pituicytes. Neuroscience 12:503–511

Pierre K, Bonhomme R, Dupouy B, Poulain DA, Theodosis DT (2001) The polysialylated Neural
Cell Adhesion Molecule (PSA-NCAM) reaches cell surfaces of hypothalamic neurons and
astrocytes via the constitutive pathway. Neuroscience 103:133–142

Piet R, Bonhomme R, Theodosis DT, Poulain DA, Oliet SHR (2003) Modulation of GABAergic
transmission by endogenous glutamate in the rat supraoptic nucleus. Eur J Neurosci 17:1777–
1785

Piet R, Vargova L, Sykova E, Poulain DA, Oliet SHR (2004) Physiological contribution of the astro-
cytic environment of neurons to intersynaptic crosstalk. Proc Natl Acad Sci USA 101:2151–
2155

Pinto S, Roseberry AG, Liu H, Diano S, Shanabrough M, Cai X, Friedman JM, Horvath TL (2004)
Rapid rewiring of arcuate nucleus feeding circuits by leptin. Science 304:110–115

Poulain DA, Wakerley JB (1982) Electrophysiology of hypothalamic magnocellular neurones
secreting oxytocin and vasopressin. Neuroscience 7:773–808

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER (2005) A transmembrane intra-
cellular estrogen receptor mediates rapid cell signaling. Science 307:1625–1630

Rosso L, Peteri-Brunbäck B, Vouret-Craviari V, Deroanne C, Troadec J-D, Thirion S, Van
Obberghen-Schilling E, Mienville J-M (2002) Rho A inhibition is a key step in pituicyte
stellation induced by A1-type adenosine receptor activation. Glia 38:351–362

Rutishauser U, Landmesser LT (1996) Polysialic acid in the vertebrate nervous system: a promoter
of plasticity in cell-cell interactions. Trends Neurosci 19:422–427

Seki T, Arai Y (1993) Distribution and possible roles of the highly polysialylated neural cell
adhesion molecule (NCAM-H) in the developing and adult central nervous system. Neurosci
Res 17:265–290

Smithson KG, Suarez I, Hatton GI (1990) Beta-adrenergic stimulation decreases glial and increases
neural contact with the basal lamina in rat neurointermediate lobes incubated in vitro.
J Neuroendocrinol 2:693–699

Sperlagh B, Mergl Zs, Juranyi Zs, Vizi ES, Makara GB (1999) Local regulation of vasopressin and
oxytocin secretion by extracellular ATP in the isolated posterior lobe of the rat hypophysis.
J Endocrinol 160:343–350

Sykova E (2004) Extrasynaptic volume transmission and diffusion parameters of the extracellular
space. Neuroscience 129:861–876

Theodosis DT (2002) Oxytocin-secreting neurons: a physiological model of morphological neu-
ronal and glial plasticity in the adult hypothalamus. Front Neuroendocrinol 23:101–135

Theodosis DT, MacVicar BA (1996) Neuron-glia interactions in the hypothalamus and pituitary.
Tr Neurosci 19:363–367

Theodosis DT, Poulain DA (1987) Oxytocin-secreting neurones : a physiological model for struc-
tural plasticity in the adult mammalian brain. Trends Neurosci 10:426–430

Theodosis DT, Poulain DA (1989) Neuronal-glial and synaptic plasticity in the adult rat paraven-
tricular nucleus. Brain Res 484:361–366

Theodosis DT, Chapman DB, Montagnese C, Poulain DA, Morris JF (1986a) Structural plasticity
in the hypothalamic supraoptic nucleus at lactation affects oxytocin- but not vasopressin-
secreting neurones. Neuroscience 17:661–678

Theodosis DT, Montagnese C, Rodriguez F, Vincent JD, Poulain DA (1986b) Oxytocin induces mor-
phological plasticity in the adult hypothalamo-neurohypophysial system. Nature 322:738–
740

Theodosis DT, Paut L, Tappaz ML (1986c) Immunocytochemical analysis of the GABAergic
innervation of oxytocin- and vasopressin-secreting neurones in the rat supraoptic nucleus.
Neuroscience 19:207–222



120 D.T. Theodosis

Theodosis DT, Rougon G, Poulain DA (1991) Retention of embryonic features by an adult neuronal
system capable of plasticity: Polysialylated N-CAM in the hypothalamo-neurohypophysial
system. Proc Natl Acad Sci USA 88:5494–5498

Theodosis DT, Bonhomme R, Vitiello S, Rougon G, and Poulain DA (1999) Cell surface expression
of polysialic acid on NCAM is a prerequisite for activity-dependent morphological neuronal
and glial plasticity. J Neurosci 19:10228–10236

Theodosis DT, Piet R, Poulain DA, Oliet SHR (2004a) Neuronal,glial and synaptic remodeling in
the adult hypothalamus: functional consequences and role of cell surface and extracellular
matrix adhesion molecules. Neurochem Int 45:491–501

Theodosis DT, Schachner M, Neumann ID (2004b) Oxytocin neuron activation in NCAM-deficient
mice: anatomical and functional consequences. Eur J Neurosci 20:3270–3280

Theodosis DT, Trailin A, Poulain DA (2005) Remodeling of astrocytes, a prerequisite for synapse
turnover in th adult brain? Insights from the oxytocin system of the hypothalamus. Am
J Physiol Regul Integr Comp Physiol 290:R1175–R1182

Theodosis DT, Koksma JJ, Trailin A, Langle SL, Piet R, Lodder JC, Timmerman J, Mansvelder H,
Poulain DA, Oliet SHR, Brussaard AB (2006) Oxytocin and estrogen promote rapid synapse
formation of functional GABA synapses in the adult supraoptic nucleus. Mol Cell Neurosci
31:785–794

Theodosis DT, Poulain DA, Oliet SHR (2008) Physiological glial-neuronal plasticity in the adult
brain. Physiol Rev, in press

Tweedle CD, Hatton GI (1982) Magnocellular neuropeptidergic terminals in neurohypophysis:
rapid glial release of enclosed axons during parturition. Brain Res Bull 8:205–209

Tweedle CD, Hatton GI (1987) Morphological adaptability at neurosecretory axonal endings on
the neurovascular contact zone of the rat neurohypophysis. Neuroscience 20:241–246

Verkhratsky A, Orkand RK, Kettenmann H (1998) Glial calcium: homeostasis and signaling
function. Physiol Rev 78:99–141

Viguié C, Jansen HT, Glass JD, Watanabe M, Billings HJ, Coolen L, Lehman MN, Karsch FJ (2001)
Potential for polysialylated form of neural cell adhesio molecule-mediated neuroplasticity
within the gonadotropin-releasing hormone neurosecretory system of the ewe. Endocrinol-
ogy 142:1317–1324

Voisin DL, Herbison AE, Poulain DA (1995) Central inhibitory effects of muscimol and bicuculline
on the milk ejection reflex in the anaesthetized rat. J Physiol 483:211–224

Volterra A, Meldolesi J (2005) Astrocytes, from brain glue to communication elements: the
revolution continues. Nature Rev Neurosci 6:626–640

Waites CL, Craig AM, Garner CC (2005) Mechanisms of vertebrate synaptogenesis. Annu Rev
Neurosci ARI:251–274

Wang H, Ward AR, Morris JF (1995) Oestradiol acutely stimulates exocytosis of oxytocin and va-
sopressin from dendrites and somata of hypothalamic magnocellular neurons. Neuroscience
68:1179–1188

Witkin JW, Ferin M, Popilskis SJ, Silverman A-J (1991) Effects of gonadal steroids on the ul-
trastructure of GnRH neurons in the rhesus monkey: synaptic input and glial apposition.
Endocrinology 129:1083–1092

Wolosker H, Sheth KN, Takahashi M, Mothet J-P, Brady ROJr, Ferris CD, Snyder SH (1999)
Purification of serine racemase: biosynthesis of the neuromodulator D-serine. Proc Natl
Acad Sci USA 96:721–725

Yamaguchi K, Akaishi T, Negoro H (1979) Effects of estrogen treatment on plasma oxytocin and
vasopressin in ovariectomised rats. Endocrinol Jpn 26:197–205




