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Lactation is associated with complex changes of the hy-
pothalamo-neurohypophysial system, and oxytocin re-
leased within the hypothalamic supraoptic (SON) and para-
ventricular nuclei may serve as a signal of communication
between the magnocellular nuclei in lactating rats. In the
first study, the intranuclear and peripheral release patterns
of oxytocin and vasopressin in response to intraperitoneal
hypertonic saline were studied in virgin and lactating rats
to determine if the reduced osmoresponsiveness of the ox-
ytocinergic and vasopressinergic systems during lactation
is reflected by reduced release not only into blood, but also
within the SON. Simultaneous microdialysis was per-
formed within the SON and the jugular vein before and up
to 6 hr after peripheral osmotic stimulation (3.0 m NaCl, 0.6
ml/100 gm body weight, i.p.). There was an immediate in-
crease in secretion of both oxytocin and vasopressin into
blood, whereas peptide release within the SON was de-
layed and peaked after 4-5 hr. Peripheral release of both
peptides was significently reduced in lactating animals,
whereas within the SON release of oxytocin, but not va-
sopressin, was significantly reduced during lactation.

In the second study, cross talk between the SONs—an-
other phenomenon which seems to be characteristic for
lactation—was studied. Microdialysis of one SON with hy-
pertonic perfusion medium (with 1 m NaCl) significantly
increased the release of oxytocin, vasopressin, and vari-
ous amino acids (aspartate, glutamate, serine, glutamine,
v amino butyric acid, and arginine) within the ipsilateral
SON. In contrast to virgin female and male animals, this
unilateral stimulation of the SON resulted in a transiently
increased release of oxytocin in the contralateral SON of
lactating rats. The release of vasopressin and amino acids
within the contralateral SON of lactating rats remained un-
changed, indicating specific activation of contralateral ox-
ytocinergic neurons.
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Lactation is associated with complex morphological (Theodosis
et al., 1986a) and physiological changes of the hypothalamo-
neurohypophysial system. In lactating rats, a blunted release of
oxytocin (OXT) into blood was demonstrated in response to im-
mobilization stress (Carter and Lightman, 1987; Higuchi et al.,
1988), intravenous CCK-8 (Higuchi et al., 1991), and CRH (Pa-
tel et al., 1991). Furthermore, despite an increased fluid loss due
to nursing, the osmotic responsiveness of the oxytocinergic sys-
tem becomes attenuated, as demonstrated by reduced release of
OXT from the neurohypophysis into blood after systemic os-
motic stimulation (Hartman et al., 1987; Higuchi et al., 1988;
Koehler et al., 1993).

In addition to its release from neurohypophysial terminals,
OXT is also released within the SON itself, for example, during
suckling (Moos et al., 1989; Neumann et al., 1993a), parturition
(Neumann et al., 1993a), or in response to osmotic stimulation
of the nucleus by microdialysis of hypertonic medium (Neu-
mann et al., 1993a,b). Intraperitoneal administration of hyper-
tonic saline was shown recently to result in a small and delayed
(compared to release into the blood stream) release of OXT
within the SON in male rats (Neumann et al., 1994). Such lo-
cally released OXT may originate from dendrites and/or cell
bodies as demonstrated histologically (Pow and Morris, 1989).
In the present studies we examined the release of OXT and
arginine vasopressin (AVP) within both the SON and into blood
in response to intraperitoneal hypertonic saline over a 7 hr pe-
riod, and compared virgin female and lactating rats to determine
if the alteration in peripheral release patterns during lactation is
also accompanied by changes in the intranuclear release of both
OXT and AVP within the SON. The use of microdialysis per-
formed simultaneously within the SON and the jugular vein en-
abled us to monitor and to compare intranuclear and peripheral
peptide release.

In addition to intranuclear communication among OXT neu-
rons (Theodosis, 1985), there is also evidence for communica-
tion among the various hypothalamic OXT-containing nuclei in
the lactating rat. This is indicated by a periodic bursting activity
of OXT neurons which is synchronized among the paired SON
and paraventricular nuclei in response to suckling (Belin et al.,
1984; Belin and Moos, 1986). Although connections between
the SON and paraventricular nuclei are well established (Silver-
man et al., 1981; Saphier and Feldman, 1985, 1987), there is
only limited anatomical evidence for connections between both
SONs (Wakerley and Ingram, 1993). Indications for coordina-
tion between the SONs in lactating rats, however, are given by
electrophysiological studies (Moos and Richard, 1989; Takano



et al., 1990), and the question arises as to the neurochemical
signal(s) involved in the communication between the left and
right SON. OXT itself seems to be a possible candidate for the
following reasons. (1) OXT infused into the SON facilitates the
occurrence and increases the amplitude of bursts in OXT cells
in the contralateral SON (Moos and Richard, 1989). (2) Infusion
of an OXT antagonist into the nucleus of lactating rats demon-
strated that intranuclear OXT is involved in the further positive
feedback activation of local OXT neurons (Neumann et al.,
1994) and in the synchronization of the activity of OXT neurons
located within different nuclei (Lambert et al., 1993). (3) OXT
is released within the SON during local osmotic stimulation
when glucose metabolism is enhanced on the contralateral SON
(Summy-Long et al., 1994). Therefore, in the second part of
these studies, we examined if stimulation of one SON by mi-
crodialysis of hypertonic medium induces OXT release not only
within the ipsilateral (Neumann et al., 1993a,b) but also in the
contralateral SON. By comparing the release of OXT within the
contralateral SON of virgin female, lactating, and male rats, we
asked if a possible alteration in the cross talk with OXT could
account for the differences in responses between the different
hormonal states. In addition, the release of AVP as well as can-
didate neurotransmitter amino acids, like glutamate, aspartate, y
amino butyric acid (GABA), serine, and glutamine, known to be
released by osmotic stimulation (Horn et al., 1992) was exam-
ined in the contralateral nucleus of lactating animals to answer
the question as to the specificity of OXT released within the
SON.

Materials and Methods
Animals and surgery

Experiments were performed on virgin female (245-310 gm body
weight), lactating (days 7-10 of lactation; 290-360 gm body weight),
and male (260-320 gm body weight) Sprague-Dawley rats (Charles
River) housed under controlled laboratory conditions with free access
to water and pelleted food. Litters of lactating rats were adjusted to 10—
12 pups postpartum.

Surgery

All animals were anesthetized with urethane (ethyl carbamate, 1.6 gm/
kg, i.p.) throughout the entire experiment. Absence of withdrawal to toe
pinch was verified throughout the experiment,; and when necessary sup-
plementary anesthetic was given. The body temperature was measured
with a thermistor in the colon and maintained at 37°C with an electric
heating pad.

In study 1, the release of both OXT and AVP within the SON and
from the neurohypophysis into blood was simultaneously monitored in
response to intraperitoneal osmotic stimulation in virgin and lactating
rats. Therefore, a U-shaped microdialysis probe (exposed membrane,
1.5 mm; molecular cutoff, 6 kDa; in vitro relative recovery of OXT and
AVP, between 1.7 and 2.0%) was stereotaxically placed into the right
SON (1.2 mm behind bregma, 1.8 mm lateral from midline, and 9.2
mm beneath the surface of the skull; Paxinos and Watson, 1986) and
secured in place by stainless steel screws and dental cement. A second
microdialysis probe (exposed membrane, 30 mm; molecular cutoff, 50
kDa; in vivo relative recovery of OXT, 60%) was inserted into the
jugular vein as described recently (Neumann et al., 1993b).

In study 2, the release of OXT within the left and right SON was
studied in response to local osmotic stimulation of one SON in virgin
female, lactating, and male rats; the release of AVP and amino acids
was measured in lactating rats only. Therefore, a microdialysis probe
was stereotaxically placed with its U-shaped tip into each SON. For
simultaneous monitoring of OXT release into blood, a probe was placed
into the right jugular vein as described above.

Immediately before implantation, the brain probes were filled with
filtered (0.22 pwm, Millipore) artificial CSF (aCSF; composition, in mm:
NaCl, 140; KCl, 3.36; NaHCO,, 9.52; Na,HPO,, 0.49; urea, 2.16;
CaCl,, 1.26; MgCl,, 1.18; pH 7.4) and the blood probes with sterile,
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heparinized saline (100 IU/ml). After completion of surgery, microdi-
alysis probes were perfused with either aCSF (SON, for OXT and AVP
detection), lactated Ringer’s solution (SON; for amino acid detection;
composition, in mM: NaCl, 130; KCl, 4.0; CaCl,, 1.5; lactate, 28.0; pH
6.5), or heparinized saline (blood; 50 IU/ml) for at least 60 min without
sampling before the first basal samples (see below) were obtained in
both studies | and 2. Our previous studies (Neumann et al., 1993b)
indicate that peptide levels are stable at this time. All microdialysis
probes were perfused at 3.8 pl/min throughout the experiments.

Experimental protocol

Study 1: intraperitoneal hypertonic saline in virgin and
lactating rats
To investigate if the intranuclear and peripheral release of OXT and

"AVP in response to intraperitoneal hypertonic saline differs between

virgin female and lactating, urethane-anesthetized rats, 15 consecutive
30 min microdialysates were sampled simultaneously from the micro-
dialysis probe inserted with its tip into the right SON and from the
probe inserted into the jugular vein of virgin (OXT, n = 10; AVP, n =
7) and lactating rats (OXT, n = 9; AVP, n = 7). Before starting the
third collection period, hypertonic saline (3 m NaCl, 0.6 ml/100 gm
body weight) was applied intraperitoneally.

Study 2: cross talk between the left and right SON

OXT and AVP. In order to study the effect of local osmotic stimulation
of one SON on the release of OXT within the ipsi- and contralateral
SON in virgin female (OXT, n = 9), lactating (OXT, n = 9; AVR n =
6), and male urethane-anesthetized rats (OXT, n = 13), 11 consecutive
30 min microdialysates were sampled simultaneously from the left and
right SON and blood. During the third perfusion period, hypertonic
aCSF (with 1 M NaCl) instead of isotonic aCSF (with 0.14 M NaCl)
was perfused through the microdialysis probe located within the right
SON. During the ninth perfusion period, hypertonic aCSF was perfused
through the probe located within the left SON.

Amino acids. To monitor the release of glutamate, aspartate, serine,
GABA, arginine, and glutamine within both SON of lactating rats (n =
6) in response to local osmotic stimulation of one SON, six consecutive
15 min dialysates were sampled from the left and right SON. Hypertonic
(with 1 M NaCl) instead of isotonic Ringer solution was perfused
through the left probe during the third perfusion period.

Histology

At the end of the experiment, the rats were killed by decapitation. Brains
were removed and fixed in 10% formaldehyde. Frontal 40-60 wm fro-
zen sections were cut to verify the placement of the microdialysis probe
histologically (Figs. 1, 2).

Analysis of OXT and AVP by radioimmunoassay

All microdialysates were stored at —20°C and lyophilized until further
assay. OXT and AVP content in microdialysates from the SON and
blood were assayed using sensitive (0.1 pg/sample, both peptides) and
specific (cross-reactivity with AVP and OXT, respectively, <0.7%) ra-
dioimmunoassays without extraction (Neumann et al., 1993a). All brain
samples from one experiment (except microdialysates sampled from the
SON of male rats in study 2), and all blood samples, were measured in
the same assay to eliminate interassay variation.

Analysis of amino acids

For amino acid analysis, a 25 pl aliquot of the dialysate was automat-
ically derivatized with 50 p! orthophthaldialdehyde (OPA) reagent (20
mM OPA, 2 ul/ml B-mercaptoethanol, 1 pl/ml BRIJ 30 in 1 M sodium
borate buffer, pH 10.4) for 1 min using a Waters WISP 715 autosampler
and separated at 35°C on a Beckman Ultrasphere C-18 column (4.5 X
150 mm, 5 wm) using a mobile phase flowing 1.5 ml/min of 0.025 m
imidazole phosphate (pH 6.5), 5% methanol, and 1.5% tetrahydrofuran,
and a linear gradient of 0-50% methanol. Detection was with a Varian
Fluorichrom fluorimeter with tungsten/halogen lamp, 380 nm excitation
filter, and >450 nm emission filter. Quantitation was by means of peak
area and the external standard method using Waters Maxima data ac-
quisition and analysis software. The detection limit (10 times detector
noise) was 1 pmol of aspartate, 1.2 pmol of glutamate, 0.6 pmol of
serine, 0.6 pmol of glutamine, 1.0 pmol of arginine, and 0.6 pmol of
GABA injected onto the column.
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Figure I. Typical sites of the micro-
dialysis probe located within/adjacent
to the hypothalamic supraoptic nucleus
(SON) which were considered as a
“hit”” (hatched) and outside the SON
which were considered as a “miss”
(shaded). Arrows point to the SON.
3V, third cerebral ventricle; OC, optic
chiasm; OT, optic tract. Adapted from
Paxinos and Watson (1986).

Statistics

All data are expressed as the mean + SEM. Two-way analysis of vari-
ance for repeated measurements followed by Dunnett’s test or by Bon-
ferroni ¢ test to determine differences within groups and by Newman—
Keuls test to determine differences between virgin and lactating animals
were used as indicated (SIGMASTAT). One-way analysis of variance for
repeated measurements followed by Dunnett’s test was used for statis-
tical analysis of OXT content in dialysates sampled from the left and
right SON of male rats (study 2). P < 0.05 was considered statistically
significant.

Results

Experimental data from a particular animal were used only if
microdialysis probes were placed within the right SON (study
1) or within both the left and right SON (study 2). A microdi-
alysis placement was considered a “hit” if (1) its placement
could be histologically verified to be in or immediately adjacent
to the SON (see Figs. 1, 2) and (2) direct osmotic stimulation
of the perfused area resulted in an increase in OXT content in
the dialysate.

Study 1: intraperitoneal hypertonic saline in virgin and
lactating rats

Peripheral osmotic stimulation resulted in a delayed but signif-
icant rise in intranuclear OXT release which did not occur before
the second perfusion period following administration of intra-

Bregma —1.80 mm

peritoneal hypertonic saline and which continued until 6 hr after
stimulation in virgin and lactating rats (p < 0.001; Fig. 3).
Whereas basal release within the SON did not differ significantly
between virgin and lactating rats, OXT release within the SON
in lactating rats after stimulation was only about one-third that
of virgin rats (p < 0.023; Fig. 3).

Simultaneously sampled dialysates from blood revealed an
immediate rise in OXT secretion into blood in both groups (p
< 0.001). Although prestimulation levels differed significantly
(p < 0.05) between virgin (1.12 = 0.22 pg/dialysate) and lac-
tating animals (0.37 * 0.04 pg/dialysate), OXT content in di-
alysates increased 12-fold in both groups in the poststimulation
period. Thus, absolute OXT content in dialysates sampled from
blood after intraperitoneal hypertonic saline differed significant-
ly over the 6 hr poststimulation sampling period between both
groups (p < 0.001; Fig. 3).

Similar to OXT, the rise in the release of AVP within the SON
after intraperitoneal hypertonic saline was delayed and did not
occur before starting the second perfusion period after osmotic
stimulation in both groups (p < 0.001; Fig. 4). There was no
difference in basal or stimulated release of AVP within the SON
between virgin and lactating rats (Fig. 4). In contrast, the im-
mediate rise in AVP secretion into blood was higher in virgin
(fourfold) than in lactating animals (2.8-fold, p < 0.05; Fig. 4).
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Figure 2. Two representative frontal sections through the brain demonstrating the microdialyzed SON area after removal of the probe. 3V, third

ventricle; SON, supraoptic nucleus.

Study 2: cross talk between the left and right SON

OXT. Basal content of OXT was detectable in microdialysates
sampled from both the left and right SON of virgin female (left,
0.59 = 0.13 pg: right, 0.93 = 0.30 pg), lactating (0.41 = 0.10
pg. 0.82 + 0.22 pg), and male rats (1.09 £ 0.32 pg, 1.04 *+
0.22 pg). During perfusion of hypertonic aCSF through the mi-
crodialysis probe located in the right SON, OXT content in ip-
silateral (right) dialysates was increased 12-fold (virgin, p <
0.001), 4.5-fold (lactating, p < 0.05), and 9-fold (male, p <
0.001). In lactating rats, the increase in intranuclear OXT release
in response to local osmotic stimulation was significantly less
(p < 0.05) than in virgin rats (Fig. 5). In microdialysates sam-
pled simultaneously from the contralateral (left) SON, OXT con-
tent tended to increase 1.4-fold in both virgin female and lac-
tating rats (Fig. 5), whereas it was virtually unchanged in male
rats (Fig. 6). When the hypertonic perfusion medium was re-
placed in the right SON by isotonic aCSF again, OXT release
in the right SON remained high in virgin, lactating, and male
rats (Figs. 5, 6), as described before. In the contralateral SON,
the increase in OXT release reached statistical significance in
lactating rats (p << 0.05 vs prestimulation; Fig. 5), but not in
virgin (Fig. 5) and male rats (Fig. 6). Three hours after osmotic
stimulation of the right SON, osmotic stimulation of the left
SON resulted in significant increase in the release of OXT within
the left SON in all three groups (Figs. 5, 6). In simultaneously
sampled dialysates from the contralateral (right) SON, OXT con-
tents tended to increase in both lactating (1.6-fold) and virgin
(1.5-fold) rats compared to the immediate prestimulation levels,

but this increase did not reach statistical significance. Again,
during direct osmotic stimulation of the left SON in male rats,
OXT release in the contralateral SON remained unchanged (Fig.
6).

In two lactating and two virgin female rats, one microdialysis
probe was placed outside (300-500 pm lateral or caudomedial)
the SON. OXT content in dialysates sampled from those probes
was found to be only slightly increased during ipsilateral (lac-
tating rats, from 0.34 to 0.56 pg; virgin rats, from 0.42 to 1.17
pg) and even slightly decreased during contralateral perfusion
with hypertonic aCSF (from 0.39 to 0.25 pg and from 0.35 to
0.25 pg, respectively).

In microdialysates sampled within the jugular vein, detectable
levels of OXT were found under basal conditions in virgin fe-
male (0.50 + 0.14 pg/dialysate) and lactating (0.29 = 0.07 pg/
dialysate) rats. During sequential unilateral hypertonic aCSF mi-
crodialysis of the left/right SON, OXT content in dialysates from
blood was found to be increased in both virgin and lactating
rats. In lactating animals, however, OXT release into blood was
significantly less (p < 0.05) than in virgin rats (Fig. 5) regardless
of whether the right or left SON was osmotically stimulated via
the microdialysis probe.

AVP. In a follow-up study, basal (prestimulation) levels of
AVP did not differ in 30 min microdialysates sampled from the
left and right SON of lactating rats. In response to perfusion of
hypertonic aCSF through the left probe, a significant increase
(up to sixfold, p < 0.05) in ipsilateral AVP release was found
as expected, whereas release in the contralateral SON remained
unchanged (Table 1).
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Figure 3. OXT content in 15 consecutive 30 min dialysates sampled
from the SON and the jugular vein of virgin and lactating urethane-
anesthetized rats. Before starting the third perfusion, hypertonic saline
(3.0 M, 0.6 ml/100 gm body weight, i.p.) was administered. Numbers
in parentheses indicate group size. Values are the mean * SEM. Two-
way ANOVA for repeated measurements revealed statistically signifi-
cant differences due to treatment and group: p < 0.023 (SON), p <
0.001 (blood). *, p < 0.05 versus corresponding values from lactating
animals (Newman-Keuls’ test).

Amino acids. Basal levels of aspartate (6.33 +

glutamate (10.5 * 2.32 pmol), serine (38.3 6.67 pmol), glu-
tamine (331 * 33.2 pmol), GABA (10.8 2.35 pmol), and
arginine (20.6 = 4.32 pmol) were detectable in 10 min micro-
dialysates sampled from the left SON of lactating rats and did
not significantly differ from those sampled from the right SON.
During perfusion of hypertonic aCSF through the left probe, a
significant increase in the release of all amino acids estimated
was found in the left SON (Figs. 7, 8). After replacement of
hypertonic with isotonic medium, the release of all of the amino
acids monitored in the left SON tended to decrease, but was still
significantly higher than during the prestimulation period (Fig.
7). In contrast to the stimulated site, there was no increase in
any amino acid release in the contralateral SON during or after
perfusion with hypertonic medium.
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Figure 4. AVP content in dialysates sampled from the SON and blood

of virgin female and lactating urethane-anesthetized rats. For other de-
tails see Figure 3 legend. Two-way ANOVA for repeated measurements
revealed significant differences due to treatment and group (p < 0.001,
blood) or due only to treatment (p < 0.001, SON). *, p < 0.05 versus
corresponding value from lactating animals (Newman—Keuls’ test).

Discussion

The results of this study provide three major new findings. (1)
The reduced osmoresponsiveness of the oxytocinergic and va-
sopressinergic systems in lactating rats is reflected not only by
a reduced release into blood, but also by reduced OXT release
within the hypothalamic SON after systemic (intraperitoneal) os-
motic stimulation. Independent of lactation, the release of both
neuropeptides within the SON is delayed compared to release
patterns into blood, indicating independent regulatory mecha-
nisms. (2) Osmotic stimulation of one SON significantly stim-
ulates the release of OXT within the contralateral SON in lac-
tating but not virgin female and male rats. (3) The direct osmotic
stimulation of one SON specifically activates contralateral OXT
neurons in lactating rat as the release of AVP and various can-
didate transmitter amino acids within the contralateral SON re-
mained unchanged.

Response to intraperitoneal hypertonic saline in virgin and
lactating rats

A reduced sensitivity of the oxytocinergic system to a variety
of stimuli such as hyperosmolality of plasma (Hartman et al.,
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Figure 5. OXT content in |1 consecutive 30 min dialysates sampled

simultaneously within the left (rop) and right SON (middle) as well
as from the jugular vein (bottom) of virgin female and lactating ure-
thane-anesthetized rats. Hypertonic aCSF (with | m NaCl) instead of
isotonic aCSF was perfused through the right dialysis probe during
the third and through the left dialysis probe during the ninth perfusion
period. Number in parentheses indicates group size. Values are the
mean = SEM. Two-way ANOVA for repeated measurements: p <
0.001 (both left and right SON); p < 0.01 (blood) followed by Dun-
nett’s ¢ test, *, p < 0.05 versus respective prestimulation, or Newman—
Keuls’ test, O, p < 0.05 versus lactating. *, p < 0.05 paired ¢ test
versus perfusion number 8.
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Figure 6. OXT content in 30 min dialysates sampled simultaneously
from the left and right SON of male urethane-anesthetized rats. Hyper-
tonic aCSF (with 1 M NaCl) was perfused through the right and left
probe during the third and ninth perfusion period, respectively. Values
are the mean * SEM. One-way ANOVA for repeated measurements:
p < 0.001 (both left and right SON) followed by Dunnett’s ¢ test, *, p
< 0.05 versus prestimulation.

1987; Higuchi et al., 1988; Koehler et al., 1993), restraint stress
(Carter and Lightman, 1987; Higuchi et al., 1988), and injection
of CRH (Patel et al., 1991) or CCK (Higuchi et al., 1991) has
been described in lactating rats. Various explanations are given
for these physiological differences, including reduced stores
within the neural lobe (Higuchi et al., 1991), alteration in affer-
ent pathways activating magnocellular neurons, and reduced ex-
citability of OXT neurons themselves (Wakerley and Negoro,
1990). Although electrophysiological evidence is lacking, our
results, which demonstrate a reduced release of OXT not only
into blood but also within the SON during systemic osmotic
stimulation, indicate a reduced excitation of OXT neurons. The
precise mechanism for this reduced activation, however, is not
known. It is also acknowledged that the stimulation resulting
from intraperitoneal hypertonic saline (even in anesthetized an-
imals) may represent a stimulus more complex than that of a
strictly osmotic stimulation (Beagley and Hatton, 1993); the con-
tribution of these other, largely undefined factors to the SON
responses is still unknown.

Recently, Koehler et al. (1993) reported a blunted peripheral
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Table 1. Vasopression (AVP) content in microdialysates sampled simultaneously from the left
and right supraoptic nucleus (SON) of urethane-anesthetized, lactating rats

Perfusion
Dialysate 1 2 3 4 5
Left SON 1.23 + 0.31 126 = 0.34 1.67 = 0.60 7.54 + 3.45% 1.17 = 0.28
Right SON 1.10 + 0.26 1.00 £ 0.21 0.89 + 0.13 0.86 = 0.13 0.87 = 0.10

Five consecutive 30 min microdialysis perfusions were perforned before (1 and 2), during (3), and after (4 and 5)
direct osmotic stimulation of the left SON using hypertonic (with I M NaCl) instead of isotonic aCSF (n = 6).
There is no increase of local AVP in the contralateral (right) SON in response to this stimulation. Data are mean

+ SEM.

* p << 0.05 versus prestimulation levels.

release not only of OXT, but also of AVP after systemic osmotic
stimulation in conscious lactating rats. By performing simulta-
neous microdialysis within the jugular vein and the SON, we
could confirm and extend this finding by demonstrating that in
contrast to the release of AVP into blood, there is no change in
the stimulated release of AVP within the SON due to lactation.
Interestingly, the electrically or K*-stimulated release of AVP
from isolated neural lobes of virgin and lactating rats was found
to be similar (Higuchi et al., 1991).

There was a difference in the time course of OXT and AVP
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Figure 7. Percent change of amino acid content in six consecutive 15
min dialysates sampled simultaneously from the left and right SON of
urethane-anesthetized, lactating rats (n = 6). During the third perfusion
period, hypertonic aCSF (with 1 m NaCl) was perfused through the left
dialysis probe. One hundred percent (left SON, in picomoles): ASP
(aspartate) 6.33 + 1.33, GLU (glutamate) 10.5 = 2.32, SER (serine)
38.3 + 6.67, GLN (glutamine) 331 * 33.2, GABA (y-aminobutyric
acid) 10.8 = 2.35, ARG (arginine) 20.6 *= 4.32. Values are the mean
+ SEM. One-way ANOVA for repeated measurements: p < 0.01 (ar-
ginine), p < 0.001 (all other amino acids) followed by Bonferroni ¢
test; *, p < 0.05 versus prestimulation.

release into blood (which peaks within the first hour after stim-
ulation) and of release within the SON (which peaks 4-5 hr after
i.p. hypertonic saline) in both virgin and lactating animals. How-
ever, two questions arise. (1) Is the probe within the SON unable
to detect a rise in local peptide concentration as quickly as does
the blood probe due to differences in the relative recoveries of
the probes (see Material and Methods)? (2) Could a slower
clearance rate and/or metabolism of the SON peptides account
for the continued detection of both OXT and AVP over several
hours? Both our present data and several earlier studies indicate
that the brain dialysis probes can detect, within the first 30 min
sampling period, a significant rise in peptide release caused by
local hypertonic saline, as well as release due to suckling or
parturition (Neumann et al., 1993a,b). In such cases, the stimu-
lated release returns to basal levels within 30 min after termi-
nation of the stimulus, a time consistent with the rapid disap-
pearance of peptides from a distinct brain site due to processes
of diffusion and enzymatic degradation (Burbach, 1985). There-
fore, a more likely explanation for the differences in the time
course of peptide contents in dialysates after systemic osmotic
stimulation is that the probes are detecting independently regu-
lated release patterns of both OXT and AVP into blood and
within the SON.

However, different functions of intranuclear OXT during dif-

prestimulation stimulation
% 70 left SON 70
2‘ 6.0
g
g 50
[<]
£ 40
a
30
0.2 04 os o8 10 1.& 02 04 ae 08 10 12
£ 7 1 right SON 70
_2; 80 6o
o
E 50 5.0
2 ©
[] « =1 ¥
£ 40 g £ g W a0 F] E g
[+ % € a @ > g
Wl ama . v 3Ha il

Figure 8. Representative chromatographs indicating amino acid con-
tents in 15 min dialysates sampled from the left (top) and right SON
(bottom) of a urethane-anesthetized, lactating rat before (prestimulation)
and during perfusion of the left SON probe with hypertonic aCSF (stim-
ulation).



ferent physiological challenges may be assumed. During suck-
ling, for example, this intranuclearly released OXT is a prereq-
uisite for the appropriate activation and synchronization of OXT
neurons (Lambert et al., 1993) and for OXT release into system-
ic circulation (Neumann et al., 1994). During systemic osmotic
stimulation, peripheral release of OXT (and AVP) peaks before
an increase in intranuclear release is detectable. Thus the latter
seems not to be essential for efficient peripheral peptide release.
Under these particular circumstances, OXT released within the
SON might be involved in the structural reorganization of the
oxytocinergic system described after osmotic stimulation (Theo-
dosis and Poulain, 1984; Chapman et al., 1986). Interestingly,
morphological alterations within the SON are already seen 5 hr
after intraperitoneal hypertonic saline (Beagley and Hatton,
1993); that is, at a time when intranuclear OXT and AVP release
reach a maximum. The function of intranuclearly released AVP
after intraperitoneal hypertonic saline, however, remains unclear,
since morphological alterations within the magnocellular nuclei,
including withdrawal of glial processes and synaptic rewiring,
can be specifically induced by OXT, but not AVP (for review
see Theodosis and Poulain, 1993). It would be interesting to
know if the delayed increase in intranuclear peptide release is
associated with mechanisms related to Fos protein synthesis,
which reached a maximum 2 hr after systemic osmotic stimu-
lation (Sharp et al., 1991).

Cross talk between the SON in lactating rats

The osmotic stimulation of the SON via microdialysis used in
this study, although being more of a pharmacological than phys-
iological stimulus, was recently demonstrated to be an efficient
means to increase local OXT release within the SON, and from
the neurohypophysis into blood in male and female rats (Neu-
mann et al., 1993a,b). In addition, in the present study we dem-
onstrate the release of various excitatory and inhibitory amino
acids, like glutamate, aspartate, glycine, serine, and GABA,
within the SON in lactating animals in response to local osmotic
stimulation, thus confirming recent results in male rats (Horn et
al., 1992). The possibility, however, that the hypertonic medium
itself, perfused within the ipsilateral SON, or OXT, released
within the same SON as a consequence of local osmotic stim-
ulation, may diffuse through the brain tissue thus reaching the
contralateral SON has to be excluded. (1) In animals in which
the ipsilateral dialysis probe was located outside (even medial
to) the SON (n = 2; data not shown; see Fig. 1), no increase in
contralateral release of OXT was found, which argues against
diffusion of the hypertonic medium. (2) The same hypertonic
stimulus which caused contralateral release of OXT was inef-
fective in releasing contralateral AVP or amino acids, again
making diffusion of the hypertonic saline to the contralateral
side unlikely. (3) Microdialysates sampled outside the contralat-
eral SON of two lactating and two virgin female rats showed no
increase in OXT content during or after osmotic stimulation of
the SON, which excludes diffusion of OXT to the contralateral
site of the brain. (4) The strongest argument, however, is the
finding that significant cross talk was found in lactating but not
virgin female and male animals, indicating a specific phenom-
enon related to lactation rather than a nonspecific effect due to
diffusion.

Notwithstanding the reduced responses of the oxytocinergic
system during lactation to a variety of stimuli, there appear to
be compensatory functional adaptations at the level of the OXT
neurons to specifically support lactation. OXT cells accelerate
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their firing rate by 20—40-fold just before a milk ejection reflex
occurs (Wakerley and Lincoln, 1973). Furthermore, the periodic
discharge of OXT neurons which is necessary for pulsatile re-
lease of efficient amounts of OXT into blood (Higuchi et al.,
1986) is highly synchronized within and among different mag-
nocellular nuclei (Belin et al., 1984; Belin and Moos, 1986).
OXT released within the SON and the paraventricular nucleus
during suckling (Neumann et al., 1993a) plays an important role
in the further (positive feedback) activation of local OXT neu-
rons (Neumann et al., 1994). Furthermore, the integrity of strong
intra- as well as internuclear connections seems to depend upon
local, intranuclear release of OXT (Moos and Richard, 1989;
Lambert et al., 1993). These are relatively rapid effects which
may have little relationship to the longer time course of the
contralateral release described here. However, morphological re-
organization of the magnocellular nuclei, especially the SON,
which include retraction of glial processes and as a consequence
neuronal juxtaposition, as well as synaptic remodeling or elec-
trical coupling (for review see Theodosis and Poulain, 1993),
may be influenced in part by contralateral release of OXTO.

The pathways between the left and right SON supporting such
functional interactions in lactating rats remain to be identified.
Electrophysiological studies demonstrated that these internuclear
connections are indirect (Takano et al., 1990). Therefore, we can
exclude the possibility that OXT release within the contralateral
SON is from OXT terminals originating within the stimulated
SON. However, there are bidirectional connections between the
SON and the ipsilateral paraventricular nucleus as well as be-
tween the paired paraventricular nuclei (Silverman et al., 1981;
Saphier and Feldman, 1985, 1987; Moos and Richard, 1989).
Cells from the SON that send efferents to the ipsilateral para-
ventricular nucleus are concentrated in the anterior dorsal aspect,
a region where OXT neurons dominate (Sokol et al., 1976). The
existence of these pathways, however, is controversial and not
confirmed by anterograde transport experiments (Silverman et
al., 1981; Tribollet and Dreifuss, 1981; for review see Hatton,
1990). Decussating fibers or interactions between axons/axon
collaterals in the stalk or dendrites originating from different
nuclei have been proposed as possible ways of communication
between the left and right SON (Wakerley and Ingram, 1993).
Although the neurochemical characterization remains to be dem-
onstrated, such indirect pathways could be involved in the ac-
tivation of contralateral OXT neurons. However, we have to take
into account the size of the microdialysis membrane (see Fig.
1) and the fact that the direct osmotic stimulation via the micro-
dialysis probe is not limited to the SON only, making it possible
that regions dorsal to the nucleus—for example, the perinuclear
zone, which has been shown to project into both the SON and
paraventricular nucleus (for review see Hatton, 1990)—are stim-
ulated as well.

In most studies, functional relationship and synchronization
among OXT neurons are discussed only in relation to lactation.
Since also in virgin female, but not in male, rats there was a
slight increase in OXT release within the contralateral SON,
which, however, did not reach statistical significance, we hy-
pothesize the existence of established pathways connecting the
SONs in female rats which become further activated during lac-
tation. This is supported by our recent finding of an increased
glucose metabolism in the contralateral SON of both virgin and
lactating rats after direct osmotic stimulation of one SON (Sum-
my-Long et al., 1994).

Other neurotransmitter candidates might be involved in the
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cross talk among the SONs and the stimulation of contralateral
OXT neurons; glutamate and GABAergic neurons, for example,
innervate magnocellular neurons (Theodosis et al., 1986b; De-
cavel and van den Pol, 1990; van den Pol et al., 1990; Crowley
and Armstrong, 1992). Interestingly, in dialysates sampled from
the contralateral SON of lactating rats neither AVP nor any of
the amino acids measured showed an increased content during
osmotic stimulation of one SON. It is thus tempting to speculate
that there is a specific activation of contralateral oxytocinergic
neurons during stimulation of one SON.

Our results do not rule out, however, the participation of ami-
no acid transmitters in the excitation of contralateral OXT neu-
rons. In lactating rats OXT neurons might be more sensitive to
any inputs arriving from the contralateral SON. Thus, the acti-
vation of only a few projections to the contralateral SON, which
might be undetectable by the means used, might be efficient
enough to stimulate oxytocinergic neurons and OXT release
within the SON. It is also possible that excitation of the contra-
lateral nucleus may be caused by a fall in levels of an inhibitory
amino acid such as GABA.

The present data suggest that functional adaptations of the
oxytocinergic system during lactation may compensate for the
reduced release of the neuropeptide within the SON and into
blood in response to non-lactation-related stimuli. One of those
alterations might be the activation of (still unidentified) indirect
pathways which connect the left and right SON to coordinate
OXT release in response to physiological demands.
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