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The hypothalamic supraoptic nucleus (SON) is known to un- 
dergo synaptic remodeling in response to physiological 
stimuli, such as lactation. We here investigated the involve- 
ment of the GABAergic innervation in such plasticity by car- 
rying out comparative ultrastructural analyses after pos- 
tembedding immunogold labeling for GABA on sections of 
the SON from virgin and lactating rats. 

Using random single-section analysis to estimate the nu- 
merical density of synapses (from areal measurements of 
the anterior, mid, and posterior portions of the nucleus), we 
found that the overall density in either group was about 35 
x lo* synapses/mm3, of which over one-third were GABA 
immunoreactive. The GABAergic terminals formed mainly 
symmetrical synaptic contact on neurosecretory somata and 
dendrites; the density of axodendritic contacts was twice 
that of axosomatic contacts. Despite hypertrophy of the neu- 
rosecretory neurons in lactating rats, the overall synaptic 
density did not diminish and was similar to that evaluated 
in virgin rats. When we estimated synaptic densities in the 
neuropil (by subtracting the proportion of sampled areas 
occupied by soma profiles), we found a statistically signif- 
icant increase in the density of GABAergic synapses, in 
particular in the mid and posterior portions of the SON in 
lactating animals. On the other hand, the density of GABA- 
immunonegative synapses did not differ in the two groups. 
Terminals contacting more than one postsynaptic element 
in the same plane of section (“shared” synapses) were vis- 
ible in the nuclei of virgin and lactating rats and about half 
in each group were GABAergic. They were comparatively 
rare but their incidence doubled in lactating animals. Lastly, 
in a separate analysis of ultrathin sections where we iden- 
tified both pre- and postsynaptic elements by simultaneous 
dual immunogold localization of GABA and oxytocin-neu- 
rophysin (OT-Np) immunoreactivities, we found that in virgin 
rats, over one-third of all synapses on either oxytocinergic 
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or OT-Np-negative (presumptive vasopressinergic) somatic 
profiles were GABA immunoreactive. In lactating rats, this 
proportion increased significantly on oxytocinergic profiles 
but not on OT-Np-negative profiles. Our observations thus 
provide further evidence for physiologically linked synaptic 
plasticity in the SON and indicate that this plasticity affects 
GABAergic terminals making single or “shared” synapses 
on oxytocinergic neurons. 

[Key words: hypothalamus, oxytocin, GABA, immunocy- 
tochemistry, morphometry, electron microscopy, lactation] 

The supraoptic (SON) and paraventricular (PVN) nuclei of the 
hypothalamus, which contain the magnocellular neurons se- 
creting the neurohormones oxytocin and vasopressin, undergo 
a synaptic and neuronal-glial plasticity intimately linked to 
physiological stimuli that result in increased oxytocin release 
(parturition, lactation, prolonged dehydration) (for review, see 
Theodosis and Poulain, 1987, 1993; Hatton, 1990). Although 
oxytocin and vasopressin neurons occur intermingled in about 
equal proportions in these nuclei, we have established in several 
analyses that this structural plasticity affects predominantly the 
oxytocinergic system (Chapman et al., 1986; Theodosis et al., 
1986a,b; Montagnese et al., 1987; Theodosis and Poulain, 1989). 

Until now, synaptic remodeling in the magnocellular nuclei 
has been appreciated because of reversible changes in the in- 
cidence of a particular synaptic configuration, that of axonal 
terminals synapsing onto two or more postsynaptic elements in 
the same plane of section (“shared” synapses). Such terminals 
are rare in the nuclei of animals under basal hormone release 
but become more frequent in stimulated animals (Theodosis et 
al., 198 1; Hatton and Tweedle, 1982; Theodosis and Poulain, 
1984; Tweedle and Hatton, 1984). Nevertheless, the morpho- 
metric analyses performed until now have not permitted deter- 
mination of the full extent of synaptic rearrangements in these 
nuclei. Also, the identity of the afferent input involved in such 
plasticity has not been clearly established. 

Hypothalamic magnocellular neurons are richly innervated 
by GABA synapses (Van Den Pol, 1985; Theodosis et al., 1986~; 
Buijs et al., 1987; Decavel and Van Den Pol, 1990). In earlier 
light microscopic studies, where we analyzed semithin sections 
immunostained for glutamic acid decarboxylase (GAD) and 
oxytocin, we estimated that about half the synapses on oxyto- 
cinergic or vasopressinergic neurons in the SON contain this 
neurotransmitter. Moreover, our electron microscopic obser- 
vations showed that many “shared” synapses in the nuclei of 
lactating rats were GABA immunoreactive, which suggested 
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that the GABAergic input to the nucleus was involved in its 
synaptic rearrangements (Theodosis et al., 1986~). 

The present study was undertaken to analyze further the GA- 
BAergic innervation of magnocellular neurons and to determine 
its contribution to synaptic plasticity. We thus carried out a 
comparative synaptic density analysis of ultrathin sections of 
the SON from virgin and lactating rats stained with a pos- 
ternbedding immunogold procedure for GABA. We also ana- 
lyzed sections that underwent dual immunogold staining for 
GABA and oxytocin-related neurophysin (OT-Np) to determine 
the relative importance of such innervation on each of the neu- 
rosecretory systems. We chose the SON for study because it is 
a quite homogeneous neuronal center, being composed essen- 
tially of magnocellular neurons and their processes, glial cells 
that are in the main astrocytes (see, e.g., Bonfanti et al., 1993), 
and blood vessels. 

Materials and Methods 
Tissue preparation. The tissue examined in this study was derived from 
three virgin female and three lactating Wistar rats raised in our own 
colony and maintained in a controlled environment with food and water 
ad libitum. The latter had nursed litters of 10 pups for 11 d. Under 
sodium pentobarbital anesthesia (50 mgkg, i.p.), the animals were per- 
fused intracardially first with a heparinized saline solution (5000 IU/ 
liter heparin) andthen with 3% glutaraldehyde in 0.1 M sodium caco- 
dvlate buffer. Blocks containing the anterior, mid, and posterior portions 
of the SON, corresponding roughly to stereotaxic coordinates A 8.20- 
8.08.7.70-7.60. and 7.20 mm. resuectivelv(Paxinosand Watson. 1986). 
weredissected from frontal slices of each brain cut on a vibratome (200 
pm). They were osmicated in 2% 0~0, in Millonig’s buffer, dehydrated 
in a graded series of ethanol, and embedded in Epon. Ultrathin sections 
were cut with an ultramicrotome and collected on uncoated 300 mesh 
nickel grids. 

Immunocytochemistry. For immunostaining, we used a postembed- 
ding immunogold procedure described in detail in (Theodosis et al., 
1986a,c) with a rabbit polyclonal serum raised against GABA (gift of 
M. Geffard, INSERM, Bordeaux, France) and mouse monoclonal an- 
tibodies raised against OT-Np (gift of H. Gainer, NIH, Bethesda, MD); 
the production and specificities of the antibodies are described in detail 
in Seguela et al. (1984) and Ben-Barak et al. (1985), respectively. Briefly, 
for single GABA immunostaining, the ultrathin sections were first treat- 
ed with a saturated solution of sodium metaperiodate (15-30 min), 
rinsed, placed in 10% normal goat serum for 1 hr and then in anti- 
GABA serum (diluted 1: 1000) for 24 hr at 4°C; immunoreactivity was 
revealed with 10 nm colloidal gold particles coupled to anti-rabbit im- 
munoalobulins (CAR 10, Janssen; diluted 1: 16). For double labeling, 
the grids were incubated in a mixture of primary antibodies (anti-GABA 
diluted 1: 1000 and anti-GT-Np diluted 1:50) for 48 hr at 4°C and then 
in a mixture of CAR 10 and 5 nm gold particles coupled to anti-mouse 
immunoglobulins (CAM 5; final dilutions, 1: 16 and 1:5, respectively). 
All antibodies were diluted in Tris-buffered saline (TBS) containing 
0.25% bovine serum albumin (BSA); each incubation step was followed 
by a thorough rinse in TBS with 10% BSA. The sections were contrasted 
with uranyl acetate and lead citrate before examination with a Philips 
20 1 and CM 10 electron microscopes. 

Quantitative analysis. Quantification was performed on electron mi- 
crographs of immunostained sections that included the whole coronal 
span of each portion of the SON (20-40 micrographs per block, three 
blocks per animal, three animals per group); for each block, there was 
an equal proportion of photographs that included the ventral (including 
the ventral glia lamina), middle, and dorsal aspects of the nucleus. The 
areas photographed were selected in a systematic random fashion with 
reference to their position in the grid space (see Weibel and Bolender, 
1973); the investigator was unaware of the experimental conditions 
while taking the pictures and during the analysis. The photographs were 
taken at an original magnification of 8000 x ; they were further magnified 
to 25,000 x by printing. In each micrograph, we counted all synapses 
showing pre- and postsynaptic (PSD) densities and at least three vesicles 
apposed to a density (a total of 6 18 and 68 1 synapses were thus counted 
in virgin and lactating rats, respectively). We also noted whether the 
synapses contained GABA immunoreactivity (see Results). For each 

synapse, we measured the trace length of the PSD with a calibrated 
magnifying glass; the total area and the area occupied by all neuronal 
soma profiles in each micrograph were measured with an MOP-AM 02 
(Kontron). The numerical density of synapses was calculated according 
to the formula NV = N,lD, where N, corresponded to the number of 
synaptic contacts per unit area and D the mean trace length of PSD 
(Weibel and Bolender, 1973). In estimating the area of synaptic contacts 
we assumed that synaptic disks were circular in shape and that the 
diameter ofdisks was equal to their mean trace length (see also Colonnier 
and Beaulieu, 1985). It should be noted that mean PSD lengths in the 
SON of virgin (515.6 f  258.1 nm, mean f  SD) and lactating (470.9 
+ 237.6 nm) rats were not significantly different (Kolmogorov-Smimov 
test); the data were pooled to give an overall mean length of 492.8 + 
248.7 nm, corrected to the “true” mean trace length of 605.5 nm by 
the semigraphical method recommended by Weibel and Bolender (for 
further details, see Weibel and Bolender, 1973). 

In these photographs, we also counted the number ofaxonal terminals 
making synaptic contact onto two or more postsynaptic elements in the 
same plane of section (“shared” synapses; see Results) and recorded 
whether they were or were not GABA immunoreactive. 

The analysis of double-stained sections was carried out by counting 
directly on grids in the electron microscope, using a random sampling 
procedure (for further details, see Theodosis et al., 1986a). Briefly, with- 
in each selected grid space, all profiles of neurosecretory somata were 
counted. The plasmalemma of each soma profile was then followed to 
determine the number of synapses it received and whether they were 
or not GABA immunoreactive; the cytoplasm of the selected soma was 
then examined to see whether it contained peptide immunoreactivity 
(see Results). A total of 51 soma profiles, of which 28 were OT-Np 
positive, were examined in virgin rats; in lactating rats, we examined 
39 soma profiles, of which 19 were OT-Np positive. They were derived 
from three different sections of the mid-portion of the SON from each 
of three rats per group. 

Results 
Single immunostaining for GABA 
Many GABA-immunoreactive terminals were visible through- 
out the SON of virgin and lactating rats. In such terminals, a 
variable number of electron-dense gold particles were seen over 
small (about 60-80 nm in diameter), clear vesicles, mitochon- 
dria and synaptic densities (Fig. 1). Gold particles were also 
visible in the cytoplasm and over microtubules in certain axonal 
profiles of the neuropil. All other cellular elements, including 
immediately adjacent terminals, showed little or no labeling 
(Fig. 1B). The GABA-positive terminals formed mainly sym- 
metrical synaptic contact on dendritic (Fig. IA,B) and somatic 
(Fig. IC) profiles; some rare axoaxonic contacts were noted. 
GABA-immunoreactive terminals that made synaptic contact, 
in the same plane of section, onto two or more postsynaptic 
elements, somata and/or dendrites (“shared” synapses; Figs. 1 D, 
3) were visible in the SON of both groups. 

Analysis of these sections revealed that the numerical density 
of all synapses (GABA positive or not) did not differ in the two 
groups and amounted to 35.3 and 34.5 x lo6 synapses per mm’ 
of SON in virgin and lactating rats, respectively. In both groups, 
over one-third ofall synapses showed GABA immunoreactivity; 
the density of axodendritic synapses was about double that of 
axosomatic synapses. 

The surface area occupied by soma profiles increased from 
47% of the total tissue area (13,6 16/28,937 mm*) in virgin rats 
to 55% (18,054/33,117 mm2) in the lactating animals. After 
subtracting the soma surface area from the total surface area 
examined, the overall synaptic density in the neuropil of lac- 
tating rats was greater than that in virgin rats (Table l), although 
this difference did not reach statistical significance. A statisti- 
cally significant increase was apparent when the neurochemical 
identity of the synapses was taken into account and when we 
compared synaptic densities in the different portions of the SON. 
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Figure 1. GABAergic terminals in the rat SON after single immunogold staining for GABA. They make symmetrical synaptic contact (between 
arrowheads) on dendrites (d in A, B, D) and somata (S in C, D). Immunoreactivity is represented by colloidal gold particles present over small 
clear vesicles, mitochondria, and synaptic densities. In D, the terminal synapses simultaneously onto a soma and dendrite (“shared” synapse, *). 
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Table 1. Number (x 106) synapses per mm3 neuropil (*SD) in the 
SON of virgin and lactating rats 

Virgin Lactating 
Synapses All GABA+ All GABA+ 

Total 66.6 k 12.6 24.7 + 5.3 75.8 f  12.8 30.7 k 7.1* 

Axosomatic 20.1 f  7.2 7.8 +- 2.8 24.2 t- 6.7 9.6 k 4.3 

Axodendritic 46.5 + 8.4 16.9 2 5.8 51.6 k 11.7 21.1 * 6.9 

*Significantly greater than corresponding value in virgin rats, p 5 0.05, Mann- 
Whitney (I test. 

Thus, the density of GABA-positive synapses was greater in 
lactating rats, an increase that implicated both axosomatic and 
axodendritic synapses (Table 1). Moreover, such an increase 
was particularly apparent in the mid and posterior portions of 
the SON, especially for axosomatic synapses (Table 2). As for 
the density of GABA-negative axosomatic or axodendritic syn- 
apses, it did not differ in the two groups, whether we considered 
it as a whole or in relation to the different portions of the SON 
(Tables 1, 2). 

In agreement with earlier studies (Theodosis et al., 198 1; Hat- 
ton and Tweedle, 1982; Theodosis and Poulain, 1984; Tweedle 
and Hatton, 1984), “shared” synapses (Figs. 1 D, 3) were visible 
in the nuclei of+both groups although they were not very abun- 
dant. Nevertheless, their incidence did increase in the SON of 
lactating animals. Thus, 25 terminals making synaptic contact 
onto two or more postsynaptic elements in the same plane of 
section were detected in the lactating group, coupling somata 
and/or dendrites and of these 13 were GABA immunoreactive. 
We counted 14 in the virgin group, 6 of which were GABA 
positive. 

Double immunostaining for GABA and OT-Np 
In sections stained simultaneously for GABA and OT-Np, the 
intensity and localization of GABA immunoreactivity (repre- 
sented by 10 nm colloidal gold particles) were similar to those 
after single GABA staining. OT-Np immunoreactivity (repre- 
sented by 5 nm colloidal gold particles) was restricted to mem- 
brane-bound secretory granules in the cytoplasm of certain neu- 
rosecretory somata (Figs. 2, 3) and dendrites. The OT-Np- 
positive profiles were visible together with other neurosecretory 
profiles that were completely devoid of immunoreactivity. We 
can reasonably assume that most of the latter were vasopres- 

sinergic since several analyses have established that the rat SON, 
especially in its mid-portion, contains oxytocinergic and vaso- 
pressinergic neurons in about equal proportions (see, e.g., Rhodes 
et al., 198 1; Theodosis et al., 1986a). 

GABA-immunoreactive terminals synapsed both on OT-Np- 
positive (Figs. 2, 3) and OT-Np-negative profiles. Analysis of 
these double-stained sections revealed that half of all synapses 
on OT-Np-positive somata in lactating rats were GABAergic, 
a proportion significantly greater than that recorded in virgin 
rats (Fig. 4). On the other hand, the proportion of GABAergic 
synapses on OT-Np-negative somata did not differ significantly 
between virgin and lactating rats (Fig. 4). 

Discussion 
Density of GABA synapses in the rat SON 
To our knowledge, there has been only one other study that 
analyzed the synaptic density of the rat SON (Leranth et al., 
1975), and it is noteworthy that, even though the quantitative 
methods used differ, the values obtained here are quite similar 
to those reported earlier, showing an overall numerical density 
of about 35 x lo6 synapses per mm3 of tissue. From numerous 
immunocytochemical studies at the electron microscopic level, 
it is now clear that SON synapses contain most neurotrans- 
mitters found in other central systems, notably GABA (Van 
Den Pol, 1985; Theodosis et al., 1986~; Buijs et al., 1987; De- 
cave1 and Van Den Pol, 1990) and glutamate (Meeker et al., 
1989; Van Den Pol et al., 1990; Decavel and Van Den Pol, 
1992), and to a lesser extent, the catecholamines (Sawchenko 
and Swanson, 1982; Sawchenko et al., 1983; Buijs et al., 1984; 
Decavel et al., 1987). 

The present observations indicate that over one-third of all 
synapses in the SON, at least of virgin rats, are GABAergic. 
This is less than the proportion estimated in our earlier study, 
which was performed on semithin sections examined at the light 
microscope level after staining with a postembedding technique 
for GAD, the biosynthetic enzyme for GABA (Theodosis et al., 
1986~). However, in that study, the counted immunoreactive 
punctae represented all immunoreactive boutons and even cut 
axonal profiles, while in the present study only those terminals 
showing synaptic contacts were taken into account. In agreement 
with earlier studies (Theodosis et al., 1986~; Decavel and Van 
Den Pol, 1990), the GABAergic terminals were seen to make 
symmetrical synaptic contact on dendrites and somata. We es- 

Table 2. Comparison of synaptic density in the anterior, mid, and posterior SON of virgin and 
lactating rats 

Virgin Lactating 
Synapses All 

Anterior 

Medial 

Posterior 

Total 
Axosomatic 
Axodendritic 
Total 
Axosomatic 
Axodendritic 
Total 
Axosomatic 
Axodendritic 

72.5 + 15.1 
23.0 + 10.2 

54.4 + 6.5 

58.6 k 8.5 

19.8 k 4.4 

38.8 + 7.9 

63.8 k 7.0 

16.4 f 7.4 

47.5 -t 0.5 

GABA+ 

23.3 zk 5.7 

8.6 k 3.8 

18.1 -t 4.9 

20.5 ? 7.1 

8.6 f 1.4 

11.9 t 6.4 

26.6 + 0.9 
5.7 k 2.4 

20.9 k 3.1 

All 

68.6 k 8.7 

19.3 k 5.2 

49.4 k 13.2 

77.6 + 13.2 

23.1 f 5.7 

54.4 * 7.4 

78.3 t 18.1 
29.2 + 6.9 

49.0 + 17.1 

GABA+ 

21.9 + 5.3 
5.4 + 3.2 

19.6 k 6.4 

28.9 t 3.1* 

10.1 f 1.6** 

18.8 zk 2.7 

36.9 + 7.3* 

13.2 AZ 3.9** 

23.7 + 11.2 

Data are presented as mean number (x 106) synapses per mm3 neuropil f SD, * and **, significantly greater than 
corresponding value in virgin rats at p 5 0.05 and p 5 0.01, Mann-Whitney U test. 
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Figure 2. Simultaneous dual immunogold staining for GABA and OT-Np. A GABAergic terminal (GA&t+ ) is seen to make synaptic contact 
(between arrowheads, and at higher magnification in the inset, lower right) onto an oxytocinergic (OXY+ ) soma. The former is identified by 10 
nm colloidal eold narticles over its small clear vesicles and mitochondria, and the latter by 5 nm colloidal gold particles over its secretory granules 
icircle, and arhigh’er magnification in the inset, upper left). 

timated that the density of axodendritic contacts was double 
that of axosomatic contacts. 

We feel reasonably confident in the validity of our present 
analyses since they were carried out on ultrathin sections im- 
munostained with a postembedding technique that allows re- 
liable estimation of immunoreactive profiles. After such a pro- 
cedure, ultrastructure is well preserved and synapses are readily 
identifiable. It is also a surface reaction of sections and the 
immunosignal is not dependent on the penetration of immu- 
noreagents into the preparation, which means that we can re- 
liably identify not only immunopositive but also immunone- 
gative profiles (for further discussion, see Theodosis et al., 1986a; 
Merighi et al., 1989). In addition, such a procedure allows stain- 
ing of both pre- and postsynaptic partners on the same section. 
We were thus able to see that GABA afferents to the SON indeed 
impinge on both oxytocin and presumptive vasopressin neu- 
rons, and in unstimulated animals, to about an equivalent de- 
gree. However, we may have underestimated the number of 
immunoreactive profiles. As in all analyses of material stained 
immunocytochemically, profiles containing small amounts of 
GABA (because of differences in the metabolism, release, and/ 

or uptake of the transmitter) would have had undetectable levels 
of GABA immunoreactivity; for oxytocinergic somata, if the 
profile did not display any secretory granules in the plane of 
section examined, its identity would be left open to question. 
Nevertheless, the aim of this study was to arrive at a compar- 
ative appreciation of the examined profiles, and we assumed 
that such an underestimation probably applied to all the areas 
examined regardless of their origin in relation to the different 
parts of the nucleus or in relation to the physiological state of 
the animal. This assumption does not appear too unreasonable 
when one considers that such differences in GABA immuno- 
reactivity have not been described in any of the numerous sys- 
tems in which this transmitter system has been examined. Re- 
garding the somatic profiles, this and earlier studies (see, e.g., 
Theodosis et al., 1986a) have shown that they continue to dis- 
play secretory granules even under sustained stimulation. 

The origin of the GABAergic input to SON neurons remains 
unknown. It is not intranuclear since no GABAergic cell bodies 
were detected in the nucleus, in this or in earlier studies (Theo- 
dosis et al., 1986~). One source may be perinuclear since several 
neuroanatomical tracing studies have indicated that much of 
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Figure 3. “Shared” GABAergic synapses in the SON of lactating rats. The top panel shows two terminals (asterisks) making synaptic contact 
(between arrowheads) simultaneously onto two somata (9. They display GABA immunoreactivity (10 nm gold particles) after single immunostaining 
for GABA. The bottom panel displays one GABAergic terminal (asterisk) making synaptic contact (between arrowheads) both onto a dendrite (d) 
and a soma. Double immunostaining on the same ultrathin section permitted identification of the latter as oxytocinergic (OXY+ ), attested by the 
presence of 5 nm gold particles over its secretory granules (circle and at higher magnification in the inset). 



The Journal of Neuroscience, May 1994, 74(5) 2667 

the direct synaptic input to the SON originates from the adjacent 
hypothalamic perinuclear zone (Zaborszky et al., 1975; Tribollet 
et al., 1985). In our earlier studies, we did detect GAD- and 
GABA-positive cell bodies in this area (Theodosis et al., 1986~). 
A more recent study has confirmed these earlier data, by com- 
bining neuroanatomical tracing and GAD immunocytochem- 
istry (Roland and Sawchenko, 1993). Nevertheless, the projec- 
tions from local sources appear scarce (Roland and Sawchenko, 
1993). The direct GABAergic input to the nucleus probably 
derives from various sources, including areas such as the di- 
agonal band of Broca (Jhamandas et al., 1989). 

GABA and the synaptic plasticity of the SON 

It has been known for several years that lactation induces strik- 
ing changes in the conformation of magnocellular oxytocinergic 
neurons and their astrocytes (for review, see Theodosis and 
Poulain, 1987, 1993). Thus, in lactating rats, astrocytic coverage 
of oxytocinergic neurons diminishes and over 80% of all their 
somata and dendrites in the rat SON and PVN become directly 
juxtaposed; after weaning, there are again few directly juxta- 
posed neuronal elements in these nuclei. Concomitant with these 
neuronal-glial changes, one always sees changes in the synaptic 
input onto the neurons. 

Until now, the most obvious manifestation of this synaptic 
plasticity has been changes in the incidence of “shared” syn- 
apses, which increase in frequency already at parturition and 
diminish again after weaning (Theodosis et al., 1981; Hatton 
and Tweedle, 1982; Theodosis and Poulain, 1984; Montagnese 
et al., 1987). The present observations confirm this increased 
frequency of “shared” synapses in the nuclei of lactating ani- 
mals. Nevertheless, their incidence, which in this and earlier 
studies was appreciated simply by counting the number of 
terminals making such synaptic contacts in randomly chosen 
sections, was relatively low. Such counts probably greatly un- 
derestimate their frequency; analysis on serial sections would 
certainly provide a better evaluation of their occurrence and 
contribution to synaptic remodeling of the nucleus. 

What the present analyses reveal is that synaptic plasticity in 
the rat SON may be even more pronounced than we thought 
previously. Not only “shared” synapses but also terminals mak- 
ing single synaptic contact appear to increase in frequency in 
response to lactation. Two main observations support such a 
contention, First, although somata and processes of SON neu- 
rons hypertrophy during lactation (see also Kalimo, 1975; Theo- 
dosis et al., 1986a; Salm et al., 1988; Modney and Hatton, 1989), 
the overall synaptic density in the nucleus in lactating rats did 
not diminish but remained similar to that in virgin rats. Second, 
an increased numerical density of synapses was visible when we 
evaluated the number of synapses in terms of the neuropil (by 
subtracting the proportion of sampled areas occupied by soma 
profiles). It may be argued that during lactation there is shrinking 
of the neuropil, especially in view of the neuronal-glial changes 
cited earlier. Nevertheless, we think this is not the case since 
earlier analyses have shown that dendritic and axonal surface 
areas increase during lactation (Kalimo, 1975; Salm et al., 1988), 
as do somatic areas. An increase in the overall neuropil surface 
area, at least in the ventral portions of the nucleus, has also 
been documented (Salm et al., 1988). We also believe that there 
is no shrinking of the other major element of the SON neuropil, 
its glial cells, in spite of the increased incidence of directly jux- 
taposed neuronal processes. Several different analyses have now 
indicated that astrocytic coverage of magnocellular somata ac- 

100 
% 

1 

oxytocin 
neurons 

non-oxytocin 
neurons 

m GABA+ 0 GABA- 

Figure 4. Distribution of GABA-immunoreactive synapses on oxy- 
tocinergic and non-oxytocinergic (presumptive vasopressinergic) so- 
mata in the SON of virgin (V’) and lactating (L) rats. Note that GA- 
BAergic synapses were more numerous on oxytocinergic profiles in 
lactating rats (*, p < 0.025, x2 analysis on raw data). The proportion of 
GABA-positive synapses on non-oxytocinergic profiles was similar in 
the two groups and no different from the proportion on oxytocinergic 
profiles in virgin rats. Numbers in parentheses correspond to the number 
of synapses analyzed in each group. 

tually increases in absolute values to meet their hypertrophy 
under stimulation (Chapman et al., 1986; Theodosis et al., 1986a; 
Modney and Hatton, 1989); what is peculiar to oxytocinergic 
somata is that the proportion of their plasmalemma covered by 
astrocytic processes diminishes (Chapman et al., 1986; Theo- 
dosis et al., 1986a). These observations thus indicate that there 
is a rearrangement of astrocytic processes in this nucleus during 
stimulation and not necessarily a shrinking. As for astrocytic 
cell bodies, very few occur in the nucleus proper, most being 
present along the base of the brain (Bonfanti et al., 1993). 

The increase in the numerical density of synapses in the SON 
neuropil during lactation became even more evident when we 
took into account the neurochemical identity of the synapses 
and the different parts of the nucleus. We were thus able to see 
that the density of GABA-immunoreactive synapses, especially 
those impinging on somata, was significantly greater in lactating 
rats, an increase that appeared most obvious in the mid and 
posterior portions of the nucleus. On the other hand, no regional 
differences were apparent in the density of GABA-negative syn- 
apses throughout the nuclei of virgin or lactating animals. It 
may be argued that this increase reflects a functional rather than 
structural change whereby more GABA neurons would express 
more neurotransmitter at their terminals during lactation. Al- 
though we cannot discount this possibility, we do believe, for 
the reasons cited above, that there is structural synaptic plas- 
ticity in this nucleus during lactation, revealed not only by aug- 
mented synaptic densities but also by the increase in terminals 
contributing to “shared” synapses, at least half of which dis- 
played GABA immunoreactivity. 
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On the other hand, why an increased density of GABAergic 
synapses at lactation is particularly visible in the mid and pos- 
terior SON remains to be determined. It is probably not due to 
a special disposition of the two neurosecretory populations in 
the nucleus since light and electron microscopic analyses show 
that oxytocinergic neurons occur intermingled with vasopressin 
neurons throughout the SON (Rhodes et al., 1981; Theodosis 
et al., 1986a). It may be that the source of GABAergic afferents 
differs according to the regions that they innervate. 

GABA and oxytocin neurons 

Analysis of double-stained sections confirmed our earlier ob- 
servations (Theodosis et al., 1986~) indicating that an important 
proportion of all synapses on both oxytocin and vasopressin 
neurons is GABAergic. Moreover, they confirm our earlier sug- 
gestion that the synaptic plasticity ofthe SON affects GABAergic 
synapses on oxytocin neurons: the proportion of GABAergic 
synapses on oxytocinergic profiles significantly increased in lac- 
tating animals while it was similar on presumptive vasopres- 
sinergic profiles in virgin and lactating rats. 

Oxytocinergic neurons display a particular electrical activa- 
tion during lactation that is characterized by intermittent high- 
frequency discharges of action potentials occurring synchro- 
nously throughout the population and resulting in a bolus release 
of hormone and reflex milk ejection (for review, see Poulain 
and Wakerley, 1982). As in other neuronal systems, there is 
good evidence that GABA inhibits the electrical activity of oxy- 
tocin neurons (Randle et al., 1986; Randle and Renaud, 1987) 
and the milk ejection reflex (Voisin et al., 1992). It therefore 
appears contradictory that oxytocin neurons receive an en- 
hanced inhibitory input during lactation. It may be that an 
augmentation in GABAergic input to oxytocinergic somata is a 
mere compensatory mechanism to meet their hypertrophy dur- 
ing lactation, providing an equivalent degree of inhibition as 
that acting in virgin rats. Another possibility is that a strong 
inhibition is necessary to facilitate further their synchronous 
activation induced by an excitatory stimulus acting only at par- 
ticular times, as, for example, just before reflex milk ejection. 
Finally, it may also be that a further inhibition is exerted on 
oxytocin neurons to prevent them from being stimulated by 
factors other than those necessary for lactation. For instance, 
there is evidence that the oxytocin system in lactating animals 
is less reactive to osmotic (Hartman et al., 1987) and stressful 
(Lightman and Young, 1989) stimuli. In addition, C-$X expres- 
sion is markedly reduced in oxytocin neurons of dehydrated or 
hemorrhaged lactating rats (Fenelon et al., 1993). 

Concluding remarks 
The SON is certainly not the only neuronal system in the adult 
CNS that displays a transmitter-related remodeling of synapses. 
Such a phenomenon has been described in structures as different 
as the red nucleus, where sprouting of GABAergic synapses 
occurs after lesions of the nucleus interpositus (Katsumaru et 
al., 1986) and visual cortex, where the richness of the environ- 
ment modifies the excitatory and inhibitory equilibrium through 
a restructuring of inhibitory inputs (Beaulieu and Colonnier, 
1987). Another hypothalamic center that shows activity-linked 
synaptic plasticity of a GABA input is the arcuate nucleus (Par- 
ducz et al., 1993). At present we are far from understanding the 
cellular mechanisms underlying this kind of synaptic plasticity, 

but the involvement of particular afferents highlights the par- 
ticipation of both pre- and postsynaptic partners. 

In the magnocellular nuclei, as in certain other hypothalamic 
(Olmos et al., 1989; Witkin et al., 1991; Parducz et al., 1993) 
and peripheral systems (Purves et al., 1987), remodeling of syn- 
aptic inputs occurs in concert with neuronal-glial conforma- 
tional changes. Studies from the developing nervous system 
indicate that formation and stabilization of synaptic connections 
require not only interactions between pre- and postsynaptic 
partners but also interactions between these and the astrocytes 
with which they are associated. Such interaction may also be 
important in adult synaptic rearrangements. In the hypothalam- 
ic nuclei, we still do not know whether the changing incidence 
of synapses represents de nova formation of axonal terminals 
with consequent degeneration or modification of preexisting 
ones such that synaptic specializations appear and disappear 
during different physiological conditions. That neither growth 
cones nor degenerating terminals have been detected in the hy- 
pothalamic centers would argue in favor of the latter hypothesis, 
suggesting that the number of boutons remains the same but 
there is creation of new active sites concomitant with the ap- 
pearance and disappearance of intervening glial processes (for 
further discussion, see Theodosis and Poulain, 1993). 
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