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Naloxone in Morphine-tolerant and -dependent Anesthetized 
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The effects of naloxone on the release of oxytocin and va- 
sopressin in discrete brain areas were investigated in control 
and morphine-tolerant/dependent female rats anesthetized 
with urethane. Two or three consecutive push-pull perfus- 
ates were collected for 30-40 min each and the peptide 
contents measured by radioimmunoassay; naloxone (5 mg/ 
kg, i.v.) was given after the first perfusion. 

In control rats, naloxone did not increase oxytocin release 
from any of the regions studied: mediolateral septum, dorsal 
hippocampus, nucleus of tractus solitarius, or supraoptic 
nucleus. After naloxone, vasopressin release was approxi- 
mately doubled in the nucleus of tractus solitarius (p < 0.05), 
indicating endogenous opioid inhibition of vasopressin re- 
lease. Naloxone increased oxytocin concentration in the cir- 
culation 3.7-fold (p < 0.001) but did not affect vasopressin 
secretion. 

In rats made morphine tolerant/dependent by intracere- 
broventricular infusion of morphine for 5 d, oxytocin and 
vasopressin release in the perfused brain areas was initially 
similar to that in control rats, indicating tolerance to any initial 
morphine effects. In these rats, naloxone increased oxytocin 
release in the septum threefold relative to control rats (p < 
0.02) but did not alter oxytocin release in hippocampus or 
nucleus of tractus solitarius. Thus, the oxytocin neurons pro- 
jecting to septum can develop morphine dependence and 
may be inhibited acutely by opioids acting via F-receptors. 
The results indicate morphine acts selectively on oxy- 
tocin neurons projecting to mediolateral septum compared 
with other central projection areas and compared with cen- 
trally projecting vasopressin neurons. In the supraoptic nu- 
cleus, naloxone increased oxytocin release 2.3fold (from 
9.2 f  3.1 pg/30 min) and increased oxytocin release from 
axons of these neurons fivefold (from 7.8 + 3.2 pg/30 min). 
Naloxone had no significant effect on vasopressin release 
from any of the central sites, or on vasopressin secretion 
into blood, although oxytocin secretion was increased 38- 
fold (from 17.2 + 2.8 pg/ml; p < O.OOl), confirming depen- 
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dence of magnocellular oxytocin neurons. The central pro- 
cesses of magnocellular supraoptic neurons may be a major 
source of central oxytocin released during morphine with- 
drawal. 

In rats made morphine tolerant and dependent by intracere- 
broventricular morphine infusion for 5 d, the precipitation of 
withdrawal by naloxone results in a large excitation of mag- 
nocellular oxytocin neurons and hypersecretion of oxytocin, with 
little effect on vasopressin secretion (Bicknell et al., 1988; Ray- 
ner et al., 1988). The content of oxytocin in cerebrospinal fluid 
(CSF) increases during morphine withdrawal, and at least some 
of this oxytocin may be released from the processes of centrally 
projectingoxytocin neurons (Jones et al., 1983; Robinson, 1983; 
Coombes et al., 1988). There are oxytocin-containing nerve 
terminals in several discrete brain areas (Sofroniew, 1983; Buijs 
et al., 1985; Sawchenko and Swanson, 1985), and oxytocin re- 
lease can be stimulated from these terminals in a Ca2+-depen- 
dent and K+-stimulated manner (Buijs and van Heerikhuize, 
1982; Landgraf et al., 1988). The major origin of these oxytocin 
terminals is parvocellular oxytocin-producing neurons in the 
paraventricular nucleus that do not project to the posterior pi- 
tuitarygland (Buijs et al., 1985; Sawchenko and Swanson, 1985). 
From the posterior subdivision of the paraventricular nucleus, 
there is a projection to the nucleus of the tractus solitarius, and 
from the more rostra1 paraventricular nucleus subdivisions oxy- 
tocin neurons project to mediolateral septum and dorsal hip- 
pocampus (Buijs, 1978; Swanson and Kuypers, 1980; Sofro- 
niew, 1983; Neumann et al., 1988), although oxytocin neurons 
in the anterior commissural nucleus may project to septum 
(Caldwell et al., 1989). Centrally released oxytocin may be im- 
portant in the initiation of maternal behavior in the immediate 
postpartum period (Van Leengoed et al., 1987) and in the fa- 
cilitation of oxytocin secretion during suckling (Freund-Mercier 
et al., 1988). Radioimmunoassay of oxytocin content in push- 
pull pet&sates of discrete brain areas has shown that oxytocin 
release during suckling or hyperosmotic stimulation in con- 
scious rats is increased in the septum and hippocampus (Land- 
graf et al., 1988; Neumann and Landgraf, 1989). There are also 
centrally projecting vasopressin neurons (Buijs, 1978; Sofro- 
niew, l983), and some stimuli increase central release of both 
vasopressin and oxytocin (Landgraf et al., 1988), although other 
stimuli are selective for oxytocin (Neumann and Landgraf, 1989). 
Little is known of the chemical coding of pathways regulating 
these neurons, although endogenous opioids inhibit oxytocin 
but not vasopressin release in mediolateral septum during par- 
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turition (Neumann et al., 1991). Monitoring changes in cen- 
tral oxytocin release during morphine withdrawal affords a means 
of investigating further whether opioids act on central oxytocin 
release since, in morphine dependence, withdrawal excitation 
provoked by naloxone represents a magnified mirror image of 
initial acute opiate actions (Bicknell et al., 1988; Rayner et al., 
1988; Russell, 1989). Oxytocin and vasopressin are released in 
a Ca*+-dependent manner from central processes of magnocel- 
lular neurons, especially from their dendrites (Moos et al., 1984; 
Mason et al., 1986; Pow and Morris, 1989); oxytocin so released 
may be involved in some circumstances in further exciting oxy- 
tocin neurons themselves (Freund-Mercier and Richard, 1984; 
Yamashita et al., 1987; Moos et al., 1989). 

We have thus studied with the push-pull perfusion technique 
the effects of naloxone in control and morphine-tolerant anes- 
thetized rats, first, on the release of oxytocin in sites containing 
terminal fields of centrally projecting neurons, to assess opioid 
action on these neurons, and second, on the release of oxytocin 
within the supraoptic nucleus and from the axons of magno- 
cellular oxytocin neurons. Vasopressin release was also mea- 
sured. 

Some of the results have been briefly reported previously 
(Russell et al., 1990). 

Materials and Methods 
Animals. Virgin female rats were used, of body weight approximately 
250 gm: Spragu+Dawley strain in Edinburgh for nucleus tractus soli- 
tarius studies; Wistar strain in Leipzig for the other studies. Rats were 
caged singly, fed pelleted food, given water ad libitum, and kept in the 
respective standard local conditions (see Landgraf et al., 1988; Rayner 
et al., 1988). 

Surgical procedures. Five days before the terminal experiment, the 
rats were anesthetized with ether and a stainless steel 2 1 gauge cannula 
was implanted in the right lateral cerebral ventricle and connected via 
a Polythene cannula to a subcutaneous osmotic minipump to infuse 
either morphine ( 10 &hr for 40 hr, then 20 &hr for 40 hr, and finally 
50 ua/hr) or vehicle (1 ul/hr). as fully described oreviouslv (Ravner et 
al., ‘1588). This procedure produces morphine tolerance a&dependence 
within 5 d (Bicknell et al., 1988; Rayner et al., 1988; Russell, 1989; 
Pumford et al., 1991). At the same time, for subsequent push-pull 
perfusion, guide cannulas (2 1 gauge stainless steel) were stereotaxically 
implanted in the skull vault with the lower end on the dura; these 
cannulas were secured, like the intracerebroventricular cannula, with 
dental acrylic. Each rat was implanted with either one guide cannula 
for subsequent push-pull perfusion of left hippocampus (2 mm lateral 
to and 4 mm caudal to bregma, and 4.5 mm below the surface of the 
skull; see Landgraf et al., 1988; Neumann and Landgraf, 1989) or with 
two guide cannulas for simultaneous push-pull perfusion of right me- 
diolateral septum (5.5 mm below bregma, 21” from vertical; see Landg- 
raf et al.. 1988: Neumann and Landgraf, 1989) and either the left su- 
praopticnucleus (1.7 mm lateral and 1.3 mm.caudal to bregma, and 
9.1 mm below the surface of the skull. after Paxinos and Watson. 1982) 
or among axons of the supraoptico-nkurohypophysial tract (Armstrong 
et al., 1980), 1.6 mm lateral, 1.5 mm caudal to bregma, and 9.1 mm 
below skull surface. 

Terminal experiments. On day 5 of intracerebroventricular morphine 
or vehicle infusion, the rats were anesthetized with urethane (ethyl car- 
bamate, 1.25 gm&, i.p.) and a femoral vein and artery were cannulated 
for drug injection and blood sampling as described previously (Rayner 
et al., 1988). 

There were three push-pull perfusion experiments. In the first two 
experiments, the tip of the push-pull cannula was lowered to the required 
depth through the previously implanted guide cannula: in experiment 
1, into the dorsal hippocampus, and in experiment 2 one cannula was 
positioned in the mediolateral septum and the second in the vicinity of 
the supraoptic nucleus (see Fig. 5). In experiment 3, to perfuse the 
nucleus of tractus solitarius, the rat’s head was immobilized, flexed, in 
a head-holder and the atlantooccipital membrane was exposed and in- 
cised to display the dorsal surface of medulla oblongata; the push-pull 
cannula, held in a micromanipulator, was lowered 0.5 mm beneath the 

surface of the medulla, 1.0 mm lateral to obex (see Landgraf et al., 
1990); cerebrospinal fluid (CSF) was continually drained from cistema 
magna with a filter paper wick. Push-pull perfusion was carried out at 
20 pl/min (14 pllmin for nucleus of tractus solitarius), using artificial 
CSF (see Landgraf et al., 1988) delivered and collected by a pair of 1 
ml glass syringes oppositely mounted on a slow infusion pump. The 
pull syringe contained 100 ~1 of 0.2 M HCl to preserve peptides in the 
perfusate. Push-pull perfusion was started 2 hr after completion of the 
surgical preparation. For push-pull perfusion of the nucleus of tractus 
solitarius, there were two consecutive perfusions each of 40 min, and 
for the hippocampus, mediolateral septum, and supraoptic nucleus there 
were three consecutive perfusions each of 30 min. The pulled perfusates 
were stored frozen at -20°C prior to extraction and radioimmunoassay 
of oxytocin and vasopressin content; the nucleus of tractus solitarius 
perfusates were lyophilized prior to extraction. 

In each experiment, naloxone (naloxone HCl, Sigma; 5 mg/kg, 10 
mg/ml 0.9% saline) was injected intravenously at the end of the first 
push-pull perfusion. 

Femoral arterial blood samples (0.3 ml) were collected 5 min before 
the injection of naloxone and 5, 30, and 60 min after naloxone. The 
samples were immediately centrifuged, and the plasma separated, acid- 
ified, and stored at -20°C prior to radioimmunoassay. The first blood 
sample was immediately replaced with 0.3 ml of 0.9% saline injected 
intravenously, and subsequent samples were replaced by the cells from 
the previous sample resuspended in 0.9% NaCl. 

At the end of each experiment, the brain was removed and fixed in 
Bouin’s fluid, and then frontal 60 pm sections were cut in a Vibratome 
through the appropriate brain regions to check the position of the tip 
of the push-pull cannula. Some sections were used as negatives to pro- 
duce positive prints of typical push-pull perfusion sites (see Fig. 5). 
Animals with correctly located cannulas were decided before the radio- 
immunoassay data were analyzed. The pituitary glands were removed 
at the end of experiment 3, and the posterior lobe (with pars intermedia) 
was immediately separated and homogenized in 200 ~1 of 0.14 M HCl 
in a 1 ml glass minihomogenizer. The homogenates were frozen and 
lyophilized. 

Rudioimmunoassuys. Push-pull perfusates as well as plasma samples 
were extracted as described previously, after lyophilized samples were 
first resuspended in assay buffer (Landgraf, 198 1). Peptides in posterior 
pituitary homogenates were assayed without extraction. 

Oxytocin content in the unextracted plasma samples from experiment 
3 was measured in a single radioimmunoassay using the technique of 
Higuchi et al. (1985); sensitivity of this assay was 0.25 pg/tube. In all 
the extracted samples, oxytocin and vasopressin contents were measured 
in specific radioimmunoassays as previously described (Landgraf, 198 1); 
samples of one type from each experiment were measured in single 
assays. Sensitivity of this oxytocin assay was 0.3 pg/tube, and of the 
vasopressin assay, 0.1 pg/tube. 

Statistics. Data were analyzed using paired Wilcoxon or Mann-Whit- 
ney U tests for independent samples, following initial analysis of vari- 
ance for repeated measures, and adjusting p values for multiple com- 
parisons where appropriate. 

Results 
Central release of oxytocin and vasopressin in control rats 
In intracerebroventricular vehicle-infused rats, naloxone did not 
significantly increase oxytocin release in mediolateral septum, 
dorsal hippocampus, or nucleus of tractus solitarius (Figs. l-3). 

Vasopressin release was increased in the nucleus of tractus 
solitarius in the first perfusate after naloxone, but was not sig- 
nificantly affected in the mediolateral septum or dorsal hippo- 
campus (Figs. l-3). 

Following histological examination of the push-pull cannula 
sites in the supraoptic nucleus group, these rats were divided 
into three subgroups (Figs. 4, 5): (1) those with cannula tips in 
or close to the supraoptic nucleus; (2) those with cannulas medial 
to the optic tract, in the supraoptico-paraventriculo-neurohy- 
pophysial tract (Armstrong et al., 1980); (3) those with cannulas 
placed more than approximately 500 pm dorsal or caudal to the 
supraoptic nucleus and neurohypophysial tract (Moos et al., 
1989). 
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Figure 1. Release of oxytocin (0X7) 
and vasopressin (A VP) in mediolateral 
septum measured in three consecutive 
30 min push-pull perfusates. Urethane- 
anesthetized rats, intracerebroventric- 
ular morphine (Mar) or vehicle (Veh) 
infusion for 5 d, n = number of rats. 
NALOXONE: 5 mg/kg, intravenous. 
Values are mean + SE. *, p < 0.02 . . . .-. 
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In intracerebroventricular vehicle-infused rats, naloxone did 
not increase oxytocin release at any of the sites related to the 
supraoptic nucleus, and had no significant effect on vasopressin 
release (Fig. 6). 

Central release of oxytocin and vasopressin in morphine- 
tolerant/dependent rats 

Before naloxone, release of oxytocin and vasopressin from the 
mediolateral septum, dorsal hippocampus, and nucleus of trac- 
tus solitarius in intracerebroventricular morphine-infused rats 
was similar to release from these sites in the control rats (Figs. 
l-3). In the mediolateral septum, oxytocin release was increased 
in the first 30 min after naloxone, but only compared with the 
control group (Fig. 1); vasopressin release was not affected. Nal- 
oxone did not affect oxytocin or vasopressin release in dorsal 
hippocampus or the nucleus of tractus solitarius (Figs. 2, 3). 

Before naloxone, release of oxytocin and vasopressin in all 
the supraoptic regions (see above, Fig. 6) was similar to release 
in the respective regions in control rats (Fig. 6). 

Naloxone increased oxytocin release both from the supraoptic 
nucleus and from the supraoptico-neurohypophysial tract, but 
not from sites dorsal or caudal to the supraoptic nucleus (Fig. 

Figure 2. Release of oxytocin (OXT) 
and vasopressin (AVP) in dorsal hip- 
pocampus. Details are as in Figure 1. 
No significant differences; two outlying 
oxytocin values in the intracerebroven- 
tricular vehicle group after naloxone are 
indicated (open circles). 
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6). In contrast, naloxone had no significant effect on vasopressin 
release from any of these sites (Fig. 6). 

Plasma oxytocin and vasopressin concentrations 

The combined data from the experiments in which the medio- 
lateral septum, dorsal hippocampus, and supraoptic nuclei were 
perfused are shown in Figure 7. Before naloxone, plasma oxy- 
tocin was significantly less in the intracerebroventricular mor- 
phine-infused rats (Fig. 7) compared to the vehicle group. After 
naloxone, plasma oxytocin was increased 2.53-fold (p < 0.001) 
in the intracerebroventricular vehicle group for at least 60 min, 
and in the intracerebroventricular morphine group plasma oxy- 
tocin was increased 36-fold after naloxone (Fig. 7; p < 0.001). 
Plasma vasopressin concentration was also less in the intrace- 
rebroventricular morphine group before naloxone compared with 
the intracerebroventricular vehicle group (Fig. 7) but unlike 
oxytocin the secretion of vasopressin was unaffected by nalox- 
one in the control group and was barely and briefly increased, 
but not above the control group value, by naloxone in the in- 
tracerebroventricular morphine group (Fig. 7). 

In the group in which the nucleus of tractus solitarius was 
perfused, naloxone also increased oxytocin secretion more in 
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Figure 3. Release of oxytocin (0X7) 
and vasopressin (AVP) in the nucleus 
of tractus solitarius; two consecutive 40 
min push-pull perfusates. Details are as 
in Figure 1. #, p = 0.05 versus pre- 
naloxone (paired Wilcoxon test). 
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Figure 4. Diagrams of frontal sections through the hypothalamus to illustrate the locations of the push-pull perfusion cannula tip in the groups 
in which the supraoptic nucleus was the target. A, Intracerebroventricular vehicle-infused group; B, intracerebroventricular morphine-infused group. 
0, Cannula tip in or close to the supraoptic nucleus (subgroup 1); n , cannula tip medial to optic tract, adjacent to supraoptico-paraventriculo- 
neurohypophysial tract (subgroup 2); 0, cannula tip remote from supraoptic nucleus and neurohypophysial tract (subgroup 3). F, fomix; MFB, 
medial forebrain bundle; OC, optic chiasma; OT, optic tract; PVN, paraventricular nucleus; SON, supraoptic nucleus; V3, third ventricle:, VL, 
lateral ventricle. The number at bottom left of each section is the distance in micrometers anterior to the interaural plane (after KGnig and Khppel, 
1963). 
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Discussion 
In the morphine-tolerant/dependent rats, the mediolateral sep- 
tum was the only site receiving projections from central oxytocin 
neurons in which oxytocin release showed any increase after 
naloxone, and this was only with respect to the control group. 
Together with the lack of effect of naloxone at this site in control 
rats, this result indicates that the oxytocin neurons projecting 
to the septum develop morphine dependence, and that acute 
morphine would be expected to inhibit these neurons. Oxytocin 
neurons projecting to dorsal hippocampus and the nucleus of 
tractus solitarius appear not to develop morphine dependence, 
since naloxone did not increase oxytocin release at these sites; 
this suggests that any opioids acting on these neurons would not 
do so via p-receptors. In the control rats, the lack of effect 
of naloxone indicates that endogenous opioids do not act on 
these neurons at all under urethane anesthesia; although time 
controls were not included in the present study, the lack of effect 
of naloxone is not likely to be due to diminishing peptide release 
from one push-pull perfusion period to the next (Landgraf et 
al., 1988; Neumann and Landgraf, 1989). Further experiments 
to study the acute effects of opioids on oxytocin release from 
central sites are required to test these conclusions. In striking 
contrast, during parturition (in conscious rats) but not afterward, 
naloxone increases oxytocin release in the mediolateral septum 
(Neumann et al., 1991), indicating a strong transient inhib- 
itory action of endogenous opioids on oxytocin release in the 
septum at this time. 

Naloxone had no effect on vasopressin release in the medio- 
lateral septum, dorsal hippocampus, or nucleus of tractus soli- 
tarius in morphine-tolerant/dependent rats, demonstrating that 
vasopressin neurons projecting to these sites do not develop 
morphine dependence or, indeed, otherwise respond during 
morphine withdrawal. However, since in the control rats nal- 
oxone increased vasopressin release in the nucleus of tractus 
solitarius (but had no effects in the mediolateral septum or dorsal 
hippocampus), chronic morphine exposure may have induced 
tolerance to inhibitory action of endogenous opioids in control 
rats. Vasopressin neurons projecting to this site have their cell 
bodies in the posterior subdivision of the paraventricular nu- 
cleus (Buijs, 1978; Armstrong et al., 1980; Swanson and Kuy- 
pers, 1980). Endogenous opioids, including enkephalins pro- 
duced by adjacent neurons, could affect the firing rate of these 
paraventricular nucleus neurons (Pittman et al., 1980), but pre- 
synaptic action on their terminals in the projection sites is also 
possible. 

In control rats, the effects of naloxone on central oxytocin 
and vasopressin release differed from its effects on oxytocin and 
vasopressin secretion into the circulation. The lack of effect of 
naloxone on vasopressin secretion from the posterior pituitary 
gland indicates that it is not tonically influenced by endogenous 
opioids, whereas the increase in oxytocin secretion after nal- 
oxone shows that it is inhibited by endogenous opioids in ure- 
thane-anesthetized rats (Bicknell et al., 1988). The site of action 
of endogenous opioids on oxytocin secretion in this respect has 
been shown to be the posterior pituitary gland (Bicknell and 
Leng, 1982). The lack of effect of naloxone on central oxytocin 
release and its stimulation of oxytocin secretion into blood on 
one hand and the increase in central vasopressin release and 
lack of change in vasopressin secretion on the other provide 
further good evidence that the push-pull perfusion technique 
allows study of central oxytocin or vasopressin release without 

Figure 5. Photographs of 60 pm frontal sections through the rostra1 
hypothalamus to show typical position of push-pull perfusion cannulas 
(arrows) adjacent to the supraoptic nucleus (a) (see Fig. 4, subgroup 1) 
and medial to the optic tract(b), adjacent to supraoptico-paraventriculo- 
neurohypophysial tract (see Fig. 4, subgroup 2). Scale bar, 1 mm. 

the intracerebroventricular morphine group than in the intra- 
cerebroventricular vehicle group. The respective plasma oxy- 
tocin concentration values (mean + SEM) in the intracerebro- 
ventricular vehicle group were, before naloxone, 20.2 f 5.3 pg/ 
ml (n = 9) and, after naloxone, 77.8 f 29.6 (n = 9) and 79.0 
+ 19.8 (n = 8) pg/ml (both p < 0.02 vs. pre-naloxone). In the 
intracerebroventricular morphine group, the respective values 
were 12.6 + 3.7 (n = lo), 227 + 76 (n = lo), and 124 f 47 (n 
= 10) pg/ml; the latter values were significantly different from 
the pre-naloxone value (both p < O.OOS), and the first post- 
naloxone value was greater than the respective value in the 
intracerebroventricular vehicle group (p -C 0.05). 

Posterior pituitary gland oxytocin and vasopressin contents 
After perfusion of the nucleus of tractus solitarius, in the intra- 
cerebroventricular vehicle group the posterior pituitary mean 
+ SEM oxytocin content was 863 + 99 ng (n = 10) and the 
mean vasopressin content was 832 f 94 ng (n = 10). In the 
intracerebroventricular morphine group, posterior pituitary 
oxytocin content was 8 10 +- 83 ng (n = 10) and vasopressin 
content was 861 + 69 ng (n = lo), not significantly different 
from values in the control group. 
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Figure 6. Central release of oxytocin (OH) and vasopressin (4 VP) from magnocellular neurons. Same rats and details as in Figure 1. a, Within 
the supraoptic nucleus (see Fig. 4); b, from the supraoptico-paraventriculo-neurohypophysial tract; c, dorsal/lateral to supraoptic nucleus (off target). 
Values are mean -t SE. *, p < 0.05 and ** , p < 0.0 1 versus adjacent vehicle value (U test); #, p < 0.05 versus pre-naloxone value (paired Wilcoxon 
test). 

contamination by circulating peptide (Landgraf et al., 1988; 
Neumann and Landgraf, 1989). 

There is electrophysiological, microanatomical, and electron 
microscopic evidence, as well as evidence from measurement 
of peptide release from hypothalamic slices or microdissected 
supraoptic nuclei in vitro, that oxytocin and vasopressin are 
released from the dendrites and axon processes of the magno- 
cellular neurons that primarily secrete these peptides from their 
endings in the posterior pituitary (Mason et al., 1984, 1986; 
Moos et al., 1984; Morris and Pow, 1988; Pow and Morris, 
1989). In vitro studies have shown that vasopressin release sub- 
stantially exceeds that of oxytocin (Moos et al., 1984; Mason et 
al., 1986), and we found a similar excess of vasopressin relative 
to oxytocin in the present in vivo study; in blood plasma, oxy- 
tocin concentration was greater than that of vasopressin, and 
this strongly suggests that peptides recovered by push-pull per- 
fusion of the supraoptic nucleus are released there and have not 
crossed from the blood. In control animals, naloxone did not 
significantly affect vasopressin release in the supraoptic nucleus, 
and the delayed small decrease in oxytocin release after naloxone 

may have been related to the duration of perfusion. The results 
indicate that, in contrast to the situation in the posterior pitu- 
itary, the release of oxytocin in the supraoptic nuclei is not 
inhibited by endogenous opioids during urethane anesthesia, 
and this accords with the lack of effect of naloxone on the firing 
rate of supraoptic oxytocin neurons in these conditions (Bicknell 
et al., 1988). However, the firing rate of magnocellular oxytocin 
neurons in morphine-tolerant/dependent rats is increased about 
35fold by naloxone (Bicknell et al., 1988; Leng et al., 1989; 
Pumford et al., 199 l), and as previously reported, this leads to 
the much greater increase in oxytocin concentration in periph- 
eral blood after naloxone in morphine-tolerant/dependent rats 
than in the controls (Bicknell et al., 1988; Sumner et al., 1989) 
and similar results in the present study confirm morphine de- 
pendence. The increase in firing rate of magnocellular oxytocin 
neurons during naloxone-precipitated morphine withdrawal also 
could explain the sustained increase in oxytocin release in the 
supraoptic nucleus after naloxone, probably from the dendrites 
of supraoptic neurons (Pow and Morris, 1989); the relatively 
smaller increase in oxytocin release from the supraoptic nuclei 
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Figure 7. Plasma oxytocin (OXT) and vasopressin (A VP) concentra- 
tions: combined data from rats in Figures 1 and 2. Veh, Intracerebro- 
ventricular vehicle; Mar, intracerebroventricular morphine for 5 d. Val- 
ues are mean +- SE. *, p < 0.05, **, p < 0.02, and ***, p < 0.00 1 versus 
adjacent intracerebroventricular vehicle group (V test); #, p < 0.001 
versus respective pre-naloxone (paired Wilcoxon test). 

than from the posterior pituitary during morphine withdrawal 
is readily explained by lack of the additional amplification that 
results from antagonizing inhibitory endogenous opioid re- 
straint in the posterior pituitary (Bicknell et al., 1988); however, 
compared with the post-naloxone values in the control group, 
the relative increase in central oxytocin release and oxytocin 
secretion from the posterior pituitary was similar, six- to sev- 
enfold, consistent with similar release mechanisms in the den- 
drites and axon terminals. 

Although stimulated release of both vasopressin and oxytocin 
from the supraoptic nucleus and of vasopressin from magno- 

cellular axons in the median eminence is Ca*+ dependent (Moos 
et al., 1984; Holmes et al., 1986; Mason et al., 1986; Di Scala 
et al., 1987; Pow and Morris, 1989; Landgraf et al., in press), 
basal release of oxytocin from the supraoptic nucleus may not 
be (Moos et al., 1984; Mason et al., 1986), so the Ca*+-depen- 
dent increase in oxytocin release from the supraoptic regions 
during morphine withdrawal may be underestimated. Since oxy- 
tocin itself can excite magnocellular oxytocin neurons (Moos et 
al., 1984; Yamashita et al., 1987), its increased release in the 
supraoptic nucleus during morphine withdrawal may well con- 
tribute to the excitation of magnocellular oxytocin neurons in 
this state. Oxytocin release was also strikingly increased during 
withdrawal at perfusion sites medial to the optic tracts, where 
there are very few oxytocin perikarya (Rhodes et al., 198 l), and 
this oxytocin is probably released from axon swellings of mag- 
nocellular oxytocin neurons (Armstrong et al., 1980; Holmes et 
al., 1986; Buma and Nieuwenhuys, 1987, 1988), or perhaps 
from damaged axons, as more action potentials pass along the 
axons after naloxone (Bicknell et al., 1988). Oxytocin released 
centrally by supraoptic neurons may enter the CSF in the third 
ventricle and account for the increased oxytocin level in cistema 
magna CSF seen during morphine withdrawal (Coombes et al., 
1988, 1991). 

The increased release of oxytocin in the supraoptic nucleus 
during morphine withdrawal indicates that the initial action of 
morphine on oxytocin release in the supraoptic nucleus would 
be inhibitory; certainly, acute morphine has been shown to in- 
hibit the firing of supraoptic oxytocin neurons potently in vivo 
and in vitro (Wakerley et al., 1983; Pumford et al., 199 1) and 
to reduce oxytocin secretion in viva (Evans et al., 1989; Pumford 
et al., 199 l), although its effects on oxytocin release within the 
nucleus have not been studied. If morphine does inhibit oxy- 
tocin release in the supraoptic nucleus, then tolerance seems to 
develop during chronic intracerebroventricular morphine in- 
fusion since there were no differences before naloxone between 
control and morphine-tolerant/dependent rats. In other studies, 
tolerance has been found to develop for the inhibitory action 
of morphine on the firing rate of magnocellular oxytocin neurons 
(Russell, 1989; Pumford et al., 199 1); such tolerance is incom- 
plete, as indicated in the present study by the lower concentra- 
tion of oxytocin in peripheral blood before naloxone in the 
morphine-tolerant/dependent rats than in the controls. Unlike 
oxytocin, the secretion of vasopressin in morphine-tolerant/ 
dependent rats is barely increased by naloxone, as confirmed in 
the present study, and there is no consistent increase in the firing 
rate of vasopressin neurons (Bicknell et al., 1988). The lack of 
increase in vasopressin release in the supraoptic nucleus or at 
the perfusion sites medial to the optic tracts after naloxone in 
the morphine-treated rats is consistent with the lack of excitation 
of the firing rate of vasopressin neurons. Lower pre-naloxone 
vasopressin levels in the circulation before naloxone in the mor- 
phine-treated rats could reflect lack of tolerance to an inhibitory 
action of morphine on vasopressin secretion (Aziz et al., 198 l), 
although it is not clear why this was not fully reversed by nal- 
oxone (see Bicknell et al., 1988). 

In conclusion, in urethane-anesthetized, vehicle-treated rats, 
in contrast to the inhibitory action of endogenous opioids on 
oxytocin secretion from the posterior pituitary gland, endoge- 
nous opioids do not actively inhibit the release of oxytocin from 
terminals in the mediolateral septum, dorsal hippocampus, and 
nucleus of tractus solitarius or from the dendrites and axons of 
magnocellular supraoptic neurons. Vasopressin release in the 
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nucleus of tractus solitarius is increased after naloxone, indi- 
cating endogenous opioid inhibition of vasopressin release at 
this site, which contrasts with the lack of endogenous opioid 
inhibition of vasopressin secretion from the posterior pituitary 
gland. 

In morphine-tolerant/dependent rats, among the centrally 
projecting oxytocin neurons, only those with terminals in the 
mediolateral septum differed from controls, and none of the 
centrally projecting vasopressin neurons responded. This selec- 
tive enhancement of oxytocin release in the mediolateral septum 
resembles the effects of naloxone during parturition (Neumann 
et al., 1991) and suggests that increased oxytocin release in 
septum after naloxone during parturition reflects withdrawal 
from a transient endogenous opioid inhibition at this time. The 
largest increase in central oxytocin release during morphine 
withdrawal was seen from the dendrites, axons, or cell bodies 
of supraoptic magnocellular neurons, and this may be the source 
of increased oxytocin in CSF during morphine withdrawal 
(Coombes et al., 1988, 199 1); the increased release of oxytocin 
from magnocellular neuron axons or dendrites could also ac- 
count for increased oxytocin content in hypothalamo-hypo- 
physial portal blood during morphine withdrawal (Sheward et 
al., 1990). 
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