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Selective Cell Death of Magnocellular Vasopressin Neurons in 
Neurohypophysectomized Rats Following Chronic Administration of 
Vasopressin 

James P. Herman,i*2 Frederick F. Marciano,’ Stanley J. Wiegand,’ and Don Marshall Gash’,* 

‘Department of Neurobiology and Anatomy, and the *Center for Brain Research, University of Rochester School of 
Medicine, Rochester, New York 14642 

Regeneration and functional recovery of the hypothalamo- 
neurohypophysial system (HNS) in neurohypophysecto- 
mired rats treated with either saline or vasopressin (VP) 
were analyzed utilizing specific immunohistochemical and 
physiological measures. Neural lobe ablation combined with 
VP administration precipitated a profound diabetes insipidus 
(following cessation of VP delivery) that persisted for the 
duration of the experiment. Diabetes insipidus was corre- 
lated with a drastic reduction in the number of VP-positive 
neurons in magnocellular hypothalamic nuclei. In contrast, 
large numbers of oxytocin (OT)-positive neurons survived 
neurohypophysectomy in VP-treated neurohypophysecto- 
mized rats; OT neurons accounted for the vast majority of 
magnocellular profiles observed in Nissl-counterstained 
sections. VP-immunoreactive fibers could be observed in 
limited quantities in the external lamina of the median em- 
inence of VP-treated neurohypophysectomized rats, with lit- 
tle staining evident in the internal lamina. Saline-treated neu- 
rohypophysectomized rats exhibited the recovery of 
antidiuretic function characteristically seen following this le- 
sion, with evidence of survival of considerable numbers of 
VP and OT neurons and median eminence hypertrophy. Both 
the internal and external laminae of the median eminence 
were densely innervated by large-caliber VP and OT fibers. 
Sham-operated animals receiving VP treatment did not show 
any long-term deficit in water metabolism, changes in the 
complement of VP or OT perikarya in hypothalamus, or 
changes in the innervation of the median eminence. Results 
indicate that VP treatment following neurohypophysectomy 
results in extensive retrograde degeneration of magnocel- 
lular VP neurons without affecting the survival of OT cells. 

The hypothalamoneurohypophysial system exhibits a pro- 
nounced capacity for regeneration in the adult mammal. Fol- 
lowing distal axotomy, by either neural lobe removal (Billen- 
stein and L&Cque, 1955; Moll and deWied, 1962; Raisman, 
1973b) or pituitary stalk section (Antunes et al., 1980), mag- 
nocellular neurosecretory vasopressin (VP) and oxytocin (OT) 
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neurons of the supraoptic and paraventricular nuclei exhibit 
regenerative sprouting into the region of the external lamina of 
the median eminence and proximal stump of the neurohypo- 
physial stalk, where new neurohemal contacts are made with 
the portal vasculature. A proliferation of vessels occurs in the 
median eminence and hypophysial stalk, increasing the surface 
area available for these new neurohemal terminations (Raisman, 
1973b). Roughly one-fourth to one-third of the complement of 
neurosecretory neurons survive removal of the target organ and 
contribute to this regenerative process (Bodian and Maren, 195 1; 
Raisman, 1973a). Correlated with this structural reorganization 
is a marked recovery of compromised antidiuretic function as 
measured by progressive increases in urine osmolality, atten- 
uation of polydipsia (Moll and deWied, 1962; Antunes et al., 
1980; Marciano and Gash, 1986), and increases in urinary VP 
levels (Moll and dewied, 1962; Laszlo and deWied, 1966). 

We have recently demonstrated that functional recovery fol- 
lowing neurohypophysectomy is effectively eliminated by chronic 
administration of pharmacological doses of VP over the 2 week 
period immediately following neurohypophysectomy (Herman 
et al., 1986). Inhibition of functional recovery was accompanied 
by a marked reduction in the number of VP-immunoreactive 
supraoptic neurons, suggesting that VP treatment impaired the 
ability of VP neurons either to survive or to express detectable 
levels of hormone after injury. The present experiments were 
conducted to analyze, utilizing specific immunohistochemical 
staining procedures, the survival of magnocellular VP neurons 
following neurohypophysectomy and VP treatment, to evaluate 
the possible effect of this treatment on regenerating oxytocin 
neurons, and to determine whether blocking regeneration of VP 
neurons affects the organization of the median eminence and 
new neurohypophysial region that develops proximal to the 
stalk section. 

Materials and Methods 
Subjects. Subjects were male Long-Evans rats, weighing between 200 
and 300 gm prior to surgery. All animals were housed individually in 
metabolism cages. Food and water were available ad libitum, and rats 
were housed in a temperature-controlled vivarium on a 12: 12 light- 
dark cycle. 

Surgicalprocedures. Nineteen rats were neurohypophysectomized by 
a parapharyngeal approach. Briefly, animals were anesthetized with 
Chloropent (Fort Dodge) and mounted upside-down in a Kopf stereo- 
taxic apparatus. The skin on the ventral aspect of the neck was incised 
and the infrahyoid musculature separated on the midline and retracted 
to either side. The trachea was also retracted laterally and incised be- 
tween the third and fourth cartilaginous tracheal rings to facilitate res- 
piration. The sella turcica was approached by blunt dissection and a 



The Journal of Neuroscience, August 1987, 7(8) 2565 

hole drilled at the basal occipital suture to allow visualization of the 
pituitary gland. The anterior lobes were then split with a probe and the 
neural lobe removed by suction. Particular care was taken to preserve 
the portal vasculature. The wound was packed with Gelfoam, the trachea 
sutured with 6-O Dermalon, and the skin incision closed with wound 
clips. Each animal received 0.1 ml atropine prior to surgery to minimize 
fluid build-up and penicillin following surgery to limit postoperative 
infection. Eleven rats received sham operations, which involved the 
entire surgical procedure with the exception of neural lobe ablation. 

Immediately following surgery, 9 neurohypophysectomized and 6 
sham-operated animals were implanted with subcutaneous Alzet 2002 
miniosmotic pumps (Alza Corp.) containing a 1.0 pg/pl solution of 
arginine VP (Bachem) in physiological bacteriostatic saline. These groups 
were designated as NPOX-VP and SHAM-VP groups, respectively. The 
miniosmotic pumps delivered VP at a constant rate of 0.48 pl/hr con- 
tinuously for 2 weeks, at which point the animals were lightly anesthe- 
tized with ether and the pumps removed. Ten neurohypophysectomized 
and 5 sham-operated rats were implanted with miniosmotic pumps 
containing bacteriostatic saline and were designated as NPOX-SAL and 
SHAM-SAL groups, respectively. Saline-filled miniosmotic pumps were 
removed 2 weeks after implantation. 

Physiological measurements. Rats from each experimental group were 
monitored on 4 consecutive days prior to surgery to obtain baseline 
measurements of daily water consumption and urine osmolality. Fol- 
lowing surgery, all animals were monitored twice per week for the re- 
mainder of the experiment. Urine was collected and frozen for subse- 
quent determination of osmolality. Urine osmolality was measured 
using a Precision Systems model 5004 Microosmette freezing point 
osmometer. 

Histological procedures. Eight weeks following surgery, all rats were 
administered an overdose of Chloropent and perfused transcardially 
with Zamboni’s fixative. Their brains were then removed and postfixed 
overnight at 4°C. The sella turcica was examined at autopsy to insure 
that the neurohypophysectomy was complete and that healthy anterior 
pituitary tissue was still present. The brains were then blocked, placed 
in a cold 30% sucrose:fixative solution, and allowed to sink. Coronal 
35 pm frozen sections were cut through the hypothalamus. Alternate 
series of sections were then processed for immunocytochemical local- 
ization of VP and OT or stained for Nissl substance with cresyl violet. 
Rabbit antiserum directed against arginine VP was obtained from Miles 
Laboratories and OT from Immunonuclear Corp. (Stillwater, MN). VP 
antiserum was utilized at a dilution of 1:4000 and OT antiserum at 
1:2000. VP and OT antisera were cross-absorbed with OT and arginine 
VP, respectively, prior to tissue incubation to obviate potential cross- 
reactivity. Immunohistochemistry was performed according to a stan- 
dard avidin-biotin-peroxidase (ABC-P) procedure, using biotinylated 
goat anti-rabbit gamma globulin as a secondary antibody (Vecta Stain 
Kit, Vector Laboratories). Diaminobenzidine served as the chromagen. 
Some sections were counterstained with thionin. 

Data analysis. Physiological data were analyzed for statistical signif- 
icance within groups by l-way ANOVA and Student’s t test, and be- 
tween groups using 2-way ANOVA followed by Newman-Keuls post 
hoc tests. 

Results 

Water consumption and urine osmolality data are summarized 
in Figure 1. There was no significant effect of group on urine 
concentration or water intake prior to surgery. Chronic admin- 
istration of VP effected a decrease in drinking in both the NPOX- 
VP [t(8) = 4.51, p < O.OOS] and SHAM-VP [t(4) = 2.49, p < 
0.051 groups during the period of osmopump implantation, rel- 
ative to preoperative baseline. Urine osmolality was also in- 
creased in NPOX-VP [t(8) = 6.08, p < O.OOS] and SHAM-VP 
[t(4) = 2.50, p < 0.005] groups during the period ofVP treatment 
relative to baseline values. 

Administration of saline did not affect either water intake or 
urine concentration of sham-operated animals. Neurohypophy- 
sectomized rats given a 2 week saline treatment exhibited a 
slight increase in water consumption over the first postsurgical 
week [t(8) = 2.00,~ < 0.051 and maintained higher than baseline 
levels of water intake during the remainder of the experiment 
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Figure 1. Summary of water intake (A) and urine osmolality (B) data. 
Groups did not differ in presurgical baseline (BL) water consumption 
or urine osmolality. Following surgery, animals implanted with VP- 
containing miniosmotic pumps (the NPOX-VP and SHAM-VP treat- 
ment groups) decreased water intake (A) relative to baseline @ < 0.05) 
and excreted a urine significantly more concentrated than preoperative 
values (B) (p < 0.05) over the 2 week period of VP delivery. Following 
removal of the miniosmotic pumps (Pump Out), NPOX-VP treated rats 
exhibited a profound diabetes insipidus, characterized by drinking co- 
pious amounts of water (A) and excretion of hypotonic urine (B). Dif- 
ferences between preoperative values and those after pump removal 
were highly significant (all p < 0.0005) for the NPOX-VP treatment 
group. No significant recovery over time was observed in this group. 
In contrast, SHAM-VP treated rats returned to normal levels of water 
intake and excreted urine of normal concentration following minios- 
motic pump removal. NPOX-SAL treated rats exhibited a slight but 
significant polydipsia (p < 0.05) (A) following surgery that persisted for 
the duration of the experiment. Urine osmolality (B) was markedly 
decreased in the NPOX-SAL group over the first postoperative week 
@ < 0.05), improved steadily for 2 ensuing weeks (p < 0.05), and leveled 
off at values roughly half that of sham-operated rats. All urine osmolality 
values for the NPOX-SAL treated animals were significantly lower than 
preoperative baseline levels @ < 0.001). SHAM-SAL treated rats showed 
no changes in either water intake or urine concentration following sham 
operation and saline pump implantation over the course of the exper- 
iment. All values represent means -t SEM. 
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Figure 2. Supraoptic nuclei, stained immunohistochemically for arginine VP. All coronal sections are from approximately the same rostrocaudal 
level, taken at the level of the posterior pole of the suprachiasmatic nucleus (SON). A, NPOX-VP animal. The SON of this group contains very 
few VP-immunoreactive neurons. The 2 VP-positive neurons present in this section are denoted by U~YOWS. B, By comparison, NPOX-SAL treated 
rats retain a significant number of VP-immunoreactive neurons, despite the axotomy resulting from neural lobe removal. Note, however that the 
number of remaining neurons is considerably less than the number of cells observed in SHAM-SAL (C) and SHAM-VP (0) groups. VP treatment 
alone (0) does not result in a depletion of VP-positive neurons (compare with C). Micrographs C and D illustrate that the SON is normally replete 
with VP neurons at this rostrocaudal level. A-D, x 200. 

[t(8) = 3.39, p -C O.OOS]. Urine osmolality was markedly de- 
creased following surgery [t(8) = 8.28, p < O.OOS] relative to 
baseline. Significant improvement of urine concentrating ability 
was evident over the first 3 postoperative weeks [F(5,45) = 2.63, 
p < 0.051 but not over the final 4 weeks [F(5,43) = 0.28, p > 
0.251 and remained subnormal throughout the duration of the 
experiment [t(8) = 4.66, p < 0.005, comparing baseline to final 
measurement period]. 

Neurohypophysectomy combined with VP treatment resulted 
in a profound diabetes insipidus following removal of the 
miniosmotic pumps. Intake far surpassed preoperative baseline 
levels [t(8) = 4.83, p < O.OOS] and urine osmolality was greatly 
reduced [t(8) = 34.9, p < O.OOS]. Neither daily water consump- 
tion [F(8,69) = 1.67, p > 0.251 nor urine concentrating ability 
[F(8,66) = 1.53,~ > 0.251 showed improvement over the period 
following removal of the VP-containing miniosmotic pumps. 

Between-groups analysis revealed a significant effect of group 
on both water intake [F(3,52) = 10.88, p < O.OOOl] and urine 
osmolality [F(3,50) = 82.54, p -c O.OOOl] over the first 2 post- 
surgical weeks (corresponding to the period where miniosmotic 
pumps were in place). Subsequent Newman-Keuls tests indicate 
that the NPOX-SAL group differed significantly from all other 
groups in water consumption and urine osmolality over this 
time period (p < 0.05). No differences were evident among the 
other groups. Over the time period following removal of the 
miniosmotic pumps, significant effects of group on both water 
intake [F(3,95) = 141.42, p < O.OOOl] and urine osmolality 
[F(3,95) = 194.65, p -c O.OOOl] were observed as well. The 
NPOX-VP group differed significantly from all other groups on 
both measures over this period (p -C 0.05, Newman-Keuls test). 
NPOX-SAL rats exhibited significant decreases in urine con- 
centration relative to both control groups (p < 0.05, Newman- 
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Figure 3. Supraoptic nuclei, stained immunohistochemically for OT. All sections are from approximately the same level as in Figure 2. NPOX- 
VP treated rats (4) retain a considerable complement of OT neurons, as do NPOX-SAL treated rats (B). Sham-operated animals are presented in 
C (SHAM-SAL) and D (SHAM-VP), in which the darkly stained OT neurons are seen to be preferentially located more dorsally than the unstained 
VP neurons. These data suggest that the toxic effects of VP treatment following neurohypophysectomy are relatively specific for VP neurons. Arrows 
in A denote examples of OT-immunopositive neurons. A-D, x 200. 

Keuls test), but water consumption did not differ significantly 
from controls. 

Representative hypothalamic sections stained for VP, OT, 
and Nissl substance are presented in Figures 2-4, respectively. 
Very few immunoreactive VP neurons were present in the su- 
praoptic nucleus of NPOX-VP treated rats (Fig. 2A) compared 
with NPOX-SAL rats (Fig. 2B) or either SHAM group (Fig. 2, 
C, D). An apparent, but less substantial, loss of VP-positive 
neurons was seen in NPOX-SAL rats relative to both SHAM 
groups. In contrast, all groups exhibited immunoreactive OT 
neurons in the dorsal region of the supraoptic nucleus on alter- 
nate sections (Fig. 3, A-D). At this level of the supraoptic nucleus 
there was no apparent difference in the population of OT-pos- 
itive cells between the NPOX-VP and NPOX-SAL groups. No 
differences in VP or OT staining were apparent between SHAM- 
SAL and SHAM-VP treated animals. 

Sections stained for Nissl substance revealed a preferential 
loss of neurons in the ventral aspect of the supraoptic nuclei of 

NPOX-VP treated rats (Fig. 4A) relative to the SHAM groups 
(Fig. 4, C, D). NPOX-SAL treated rats (Fig. 4B) retained nu- 
merous Nissl-stained supraoptic neurons, but the nucleus was 
clearly less extensively populated than that of either SHAM 
group. Nissl-stained sections did not reveal morphological dif- 
ferences between the supraoptic nuclei of the SHAM-VP and 
SHAM-SAL groups (Fig. 4, C, D). 

‘Quite striking in Figure 4 is an apparent hypertrophy of the 
remaining magnocellular neurons in the supraoptic nuclei of 
NPOX-VP treated rats (A with B-D). To quantify this differ- 
ence, cellular area (defined as ~~XJJ, where x is the long-axis radius 
and y the short-axis radius) and nuclear diameter were calculated 
for supraoptic magnocellular neurons for each group. Results 
of these measurements are summarized in Table 1. Analysis of 
variance reveals a significant effect of group on both cell area 
[F(3,115) = 51.72, p < O.OOOl] and nuclear diameter [F(3, 
115) = 8.39, p < O.OOOl]. It is clear that magnocellular neurons 
present in the supraoptic nuclei of NPOX-VP treated rats are 
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Figure 4. Supraoptic nuclei, stained for Nissl substance. All coronal sections are from approximately the same rostrocaudal level as in Figure 2. 
A, NPOX-VP treated animal. Note the presence of large, magnocellular neurons in the dorsal aspect of the supraoptic nucleus. Neurons in this 
region are consistently larger than corresponding neurons in NPOX-SAL treated and sham-operated animals (see Table 1). The ventral aspect of 
the supraoptic nucleus contains a large population of glial cells. B, The population of magnocellular neurons is obviously reduced in both NPOX- 
VP and NPOX-SAL groups relative to SHAM-SAL (c) and SHAM-VP (0) animals. The complement of magnocellular neurons in SHAM-VP (0) 
rats is similar to that observed in the SHAM-SAL (0) group. Arrows in A denote examples of magnocellular neurons. A-D, x 200. 

markedly larger than those of any other group and possess larger 
nuclei (p < 0.05, Newman-Keuls test). The other groups did 
not differ significantly from one another. 

The pattern of cellular loss can be particularly well appreciated 

Table 1. Perikaryal area and nuclear diameter of supraoptic nucleus 
magnocellular neurons 

Nuclear 
Cell area diameter 

Group (W) 6.4 

NPOX-SAL (40) 112.3 + 4.8 10.3 + 0.3 
NPOX-VP (32) 196.6 ?I 7.8a 12.3 + 0.4 
SHAM-SAL (24) 108.5 f  4.4 10.3 * 0.4 
SHAM-VP (20) 115.2 + 5.9 10.0 * 0.4 

Numbers in parentheses = number of cells measured. Means f SEM are given. 

y Significantly different from all other groups @ = 0.05, Newman-Keuls test). 

in sections at the level of the posterior magnocellular (pm) di- 
vision of the paraventricular nucleus (PVN) (Swanson and Saw- 
chenko, 1983) (Figs. 5-7). The pmPVN of normal (SHAM) rats 
consists of large, densely-packed neurons (Fig. 54). This region 
contains a central core of VP-positive neurons (Fig. 5B) sur- 
rounded by scattered OT immunoreactive cells (Fig. 5C), the 
majority ofwhich project to the posterior pituitary (see Swanson 
and Sawchenko, 1983). Following NPOX-VP treatment, a sub- 
stantial loss of neurons is evident in the pmPVN, particularly 
in the central portion of this subnucleus (Fig. 64. Very few 
neurons exhibiting VP immunoreactivity are present in this 
region (Fig. 6B), presenting a striking contrast to what is visu- 
alized in SHAM-SAL or NPOX-SAL treated rats (Figs. 5B, 7B). 
OT neurons, however, can still be observed at the perimeter of 
the central region of the pmPVN (Fig. 6C), bearing a striking 
topographical correspondence to surviving magnocellular neu- 
rons evident in Nissl-stained sections of NPOX-VP treated an- 
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Figure 5. Adjacent sections through 
the paraventricular nucleus (PVN) of a 
representative SHAM-SAL treated an- 
imal, stained for Nissl substance (A), 
arginine VP (B), and OT (C). In A, note 
the densely packed arrangement of 
Nissl-stained neurons in the posterior 
magnocellular division of the paraven- 
tricular nucleus, with a large number of 
VP-positive neurons present in this re- 
gion on adjacent sections (B). OT neu- 
rons form a characteristic arrangement 
at this level, located predominantly at 
the perimeter of the nucleus (C). Com- 
pare with Figures 6 and 7. Arrows in A 
denote examples of magnocellular neu- 
rons. A-C, x 210. 

imals (Fig. 54. The pmPVN of the NPOX-SAL group exhibits rons in sections from NPOX-SAL treated rats than those of 
fewer Nissl- (Fig. 74 and VP- (Fig. 78) stained neurons than NPOX-VP treated animals. No differences were apparent be- 
comparable sections from the SHAM treated groups of rats. tween any of the groups in the complement of OT-positive 
However, there were clearly more Nissl- and VP-stained neu- neurons at this level of the PVN. 
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Figure 6. Adjacent sections through 
the paraventricular nucleus (PVN) of a 
representative NPOX-VP treated ani- 
mal, stained for Nissl substance (A), ar- 
ginine VP (II), and OT (C). All sections 
are from the level of the pmPVN. Note 
the relative absence of Nissl-stained 
magnocellular neurons in the central re- 
gion of the pmPVN (A, asterisk), a re- 
gion heavily populated with VP neu- 
rons in normal animals (cf. Fig. 5). 
Presence of glial nuclei is particularly 
evident in this region (open arrow- 
heads). The remaining magnocellular 
cells are located at the perimeter of the 
pmPVN (arrows), corresponding well 
with the location of OT neurons in ad- 
jacent sections (C). Very few arginine 
VP-positive neurons are present at this 
(II) or any level of the PVN in NPOX- 
VP rats. A-C, x210. 

A section through the supraoptic nucleus of a NPOX-VP Fig. 2), the vast majority of magnocellular neurons in the su- 
animal, stained for OT and counterstained for Nissl substance, praoptic nucleus of NPOX-VP rats are immunoreactive for OT. 
is illustrated in Figure 8. Although the supraoptic nucleus at The absence of significant numbers of OT-negative magnocel- 
this level is normally heavily populated with VP neurons (see lular neurons indicates that VP neurons in the supraoptic nu- 
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Figure 7. Adjacent sections through 
the paraventricular nucleus (PVN) of a 
representative NPOX-SAL treated an- 
imal stained for Nissl substance (A), ar- 
ginine VP(B), and OT (C). Nissl-stained 
neurons are present throughout the 
pmPVN at this level (A), although ob- 
viously fewer in number than in SHAM- 
SAL treated rats (see Fig. 5). Both VP 
(B) and OT (C) neurons are present in 
the pmPVN of the NPOX-SAL treated 
animals. Arrows denote examples of 
magnocellular neurons. A-C, x 200. 

cleus (and PVN) have degenerated subsequent to axotomy and 
are not simply deficient in peptide content. 

nocellular neurons can be observed ventral to the optic tract 

In addition to being situated in the supraoptic nucleus proper 
(retrochiasmatic nucleus) and scattered throughout the anterior 

and the PVN, smaller aggregations of pituitary-projecting mag- 
and basal hypothalamus (accessory nuclei) in the sham-operated 
animals. Very few VP-immunoreactive neurons can be observed 
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Figure 8. Supraoptic nucleus in a NPOX-VP treated rat that has been stained for OT and counterstained for Nissl substance with thionin. This 
section is from approximately the same rostrocaudal level as those illustrated in Figure 2. Note that nearly all magnocellular neurons at this level 
of the supraoptic nucleus in NPOX-VP rats contain OT (open arrowheads). Only 2 magnocellular neurons (closed arrowheudr) are convincingly 
devoid of OT immunoreactivity. Data indicate that the vast majority of viable magnocellular neurons in the supraoptic nucleus produce OT, 
indicating that VP neurons have undergone retrograde degeneration following NPOX-VP treatment. x 500. 

in any of these regions in NPOX-VP rats, suggesting that the 
loss of VP in these rats is uniform across all magnocellular cell 
groups. VP staining can be observed in the retrochiasmatic nu- 
cleus and accessory nuclei of NPOX-SAL treated rats. In con- 
trast to the deleterious effects of neural lobe ablation on mag- 
nocellular neurons, parvicellular VP neurons of the 
suprachiasmatic nucleus are not affected by NPOX-VP or 
NPOX-SAL treatment, as neither lesion significantly reduces 
VP immunoreactivity in this region. 

Sections through the median eminence, stained for VP, are 
illustrated in Figure 9. In sham-operated animals (Fig. 94, the 
internal lamina is densely populated with VP-immunoreactive 
magnocellular axons of passage, while the external lamina shows 
a more limited staining of fine-caliber VP-positive fibers. The 
NPOX-SAL group (Fig. 9B) shows a dense innervation of both 
internal and external laminae by varicose VP-immunoreactive 
fibers. In contrast, NPOX-VP treated rats show virtually no VP 

staining in the internal lamina of median eminence and only 
limited staining in external lamina. 

OT staining was present in the internal lamina of the median 
eminence in all groups. OT immunoreactivity in the external 
lamina was considerably denser in NPOX-SAL and NPOX-VP 
treated animals than in sham-operated groups, but OT staining 
levels were not noticeably different between the 2 NPOX groups. 

Discussion 
These experiments provide evidence that VP treatment during 
the period following neurohypophysectomy results in an exten- 
sive and selective retrograde degeneration of magnocellular VP 
neurons far in excess of that observed following neural lobe 
ablation alone. The majority of magnocellular neurons identi- 
fiable in Nissl-stained material following NPOX-VP treatment 
are preferentially located in areas that are normally rich in OT 
neurons, such as the dorsal supraoptic nucleus and anterior 
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Figure 9. Section through the median 
eminence of SHAM-SAL (A), NPOX- 
SAL(B), and NPOX-VP (C’) treated rats, 
stained immunohistochemically for ar- 
ginine VP. A, SHAM-SAL treated an- 
imals exhibit a heavy staining of VP- 
positive fibers in the internal lamina of 
the median eminence (open arrows) 
along with the presence of a number of 
fibers in the external lamina (filled ar- 
rows). B, NPOX-SAL treated animals 
manifest a marked hypertrophy of the 
median eminence, with heavy fiber in- 
growth into the external lamina (filled 
arrows). VP-positive fibers are also ev- 
ident in internal lamina (open arrows). 
C, NPOX-VP treated rats show VP- 
positive fibers in the external lamina 
(filled arrows), but this innervation is 
considerably less dense than in animals 
of the NPOX-SAL treated group. Little 
or no VP staining is evident in the in- 
ternal lamina. x 296. 

magnocellular divisions of the paraventricular nucleus, and, in 
fact, these regions are seen to contain abundant OT-positive 

in number of glial cells. Adjacent immunohistochemical sec- 

neurons in adjacent sections. Areas normally rich in VP neurons 
tions are commonly underpopulated with respect to magnocel- 
lular VP-positive neurons. Sections from NPOX-VP treated rats 

(ventral supraoptic nucleus and pmPVN) are distinctly neuron- 
poor in Nissl-stained sections and manifest an apparent increase 

stained for OT and counterstained for Nissl substance show that 
only a few magnocellular neurons fail to stain for OT. The few 
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VP-immunoreactive neurons that remain are clearly incapable 
of promoting antidiuretic function, since no recovery of urine 
concentrating ability is evident following NPOX-VP treatment. 
Indeed, urine osmolality and water consumption data for NPOX- 
VP animals are strikingly similar to that of Brattleboro rats, 
which are homozygous for the diabetes insipidus trait and 
congenitally lack VP (Valtin et al., 1965). Importantly, no NPOX- 
VP rats were able to concentrate urine to isotonicity under ad 
libitum conditions, suggesting that the antidiuretic activity (VP 
content) of peripheral blood is extremely low. 

An alternative explanation for the absence of physiological 
recovery is a potential impairment of normal kidney function 
by chronic delivery of pharmacological doses of VP. The results 
from the SHAM-VP group, in which normal antidiuretic func- 
tion was evident, argues against this possibility. This control 
group also suggests that high circulating levels of VP are not 
generally toxic to VP neurons, since similar numbers of VP- 
positive magnocellular neurons are observed in SHAM-SAL 
and SHAM-VP treated rats. Furthermore, parvicellular VP-im- 
munoreactive neurons are present in the suprachiasmatic nu- 
cleus of both NPOX-VP and SHAM-VP groups, indicating that 
only damaged VP neurons are adversely affected. 

Survival of OT neurons following neurohypophysectomy is 
apparently unaffected by VP treatment. Substantial populations 
of immunoreactive OT neurons are present in the supraoptic 
and paraventricular nuclei of both neurohypophysectomized 
test groups. In addition, the OT innervation ofmedian eminence 
is similar in neurohypophysectomized animals. These data sug- 
gest that, first, the survival and regenerative capacity of OT 
neurons are less affected than that of VP neurons by VP treat- 
ment following neurohypophysectomy and, second, that VP 
treatment is not generally toxic to damaged neurons. The result 
of NPOX-VP treatment appears to be a specific destruction of 
magnocellular neurosecretory VP neurons. 

The presence of VP-positive fibers in the external lamina of 
the median eminence of NPOX-VP treated rats suggests that 
VP neurons may still have access to the hypophysial portal 
vasculature. These fibers probably represent the vasopressin- 
ergic component of the parvicellular neurosecretory system, 
which is believed to originate in the medial subdivisions of the 
PVN (Vandesande et al., 1977; Wiegand and Price, 1980). The 
cell bodies of parvicellular VP neurons of the PVN can only be 
detected immunohistochemically following adrenalectomy (Kiss 
et al., 1984; Sawchenko et al., 1984), and thus it is not surprising 
that these perikarya were not visualized in our experiments. The 
median eminence of NPOX-SAL rats, in contrast, shows a great- 
er than normal density of VP-immunoreactive fibers in the ex- 
ternal lamina. Proliferation of VP-positive fibers within the hy- 
pertrophied median eminence of NPOX-SAL treated rats is 
consistent with previous reports (Yulis and Rodriguez, 1982) 
and reiterates that the reestablishment of a neurohemal con- 
nection via the median eminence vasculature is the likely struc- 
tural substrate for reorganization and functional recovery of the 
magnocellular neurosecretory system. 

We propose that the inability of magnocellular VP neurons 
to survive axotomy under the influence of exogenous VP may 
be connected with the modulation of neurological stimuli pro- 
moting VP release by magnocellular neurons, via osmoreceptive 
or baroreceptive elements (Ramsey, 1985; Sved, 1985). Follow- 
ing neurohypophysectomy, rats exhibit a pronounced diabetes 
insipidus and dramatically decreased urinary levels of VP (Moll 
and deWied, 1962; Laszlo and deWied, 1966) in many ways 

mimicking the pattern seen in VP-deficient Brattleboro rats 
(Valtin et al., 1965). The dose of exogenous VP used in this 
experiment is clearly able to eliminate diabetes insipidus and 
probably reduces plasma osmolality to within or below the nor- 
mal limits seen in water-sated animals, since osmopumps deliv- 
ering 0.125 pg VP/hr are capable of normalizing plasma os- 
molality to 290 mOsm/kg in Brattleboro rats (Cheng et al., 
1982). Circulating VP levels in normal rats are positively cor- 
related with plasma osmolality, with very little VP release ev- 
ident in the blood at plasma osmolalities ~290 mOsm/kg 
(Ramsey, 1985). Electrophysiologically recorded activity of 
magnocellular VP neurons is irregular under conditions of water 
satiation as well (Poulain and Wakerley, 1982). These observa- 
tions suggest that the VP levels used in our experiments were 
suitable to maintain fluid homeostasis and thus minimize os- 
motic stimulation of damaged VP neurons. In addition, the high 
circulating titers of VP may have been sufficient to exert chronic 
pressor activity, which also can elicit inhibition of VP neurons 
via baroreceptive circuitry (Sved, 1985). Thus, the physiolgical 
status of NPOX-VP treated rats during the period of VP delivery 
should inhibit the activity of the axotomized VP neurons. 

Under circumstances in which VP supplementation is not 
given following neurohypophysectomy, regenerating VP neu- 
rons should be in a state of increased activation as a result of 
increased plasma osmolality. Dehydrative stimuli that increase 
plasma osmolality promote VP release (Ramsey, 1985) and in- 
crease the electrical activity of VP neurons (Poulain and Waker- 
ley, 1982). Such changes also result in increased metabolic ac- 
tivity (Gross et al., 1985), protein synthesis (LePetit et al., 1985), 
and VP mRNA synthesis (Sherman et al., 1985) in magnocel- 
lular neurosecretory nuclei, as well as induce dynamic changes 
in cellular ultrastructure (Hatton and Walters, 1973) and in 
structural interrelationships between neighboring magnocellular 
neurons (Perlmutter et al., 1985) in the supraoptic and parav- 
entricular nuclei. In the absence of stimuli promoting such cel- 
lular activity following axotomy, as is the case in NPOX-VP 
treated animals, the repair and regenerative processes ongoing 
in damaged neurons may be compromised to the point that 
physical cell death occurs. 

The present experiments are thus consistent with our hy- 
pothesis that modulation of cellular activity in damaged neurons 
may profoundly influence regenerative capacity. Given the im- 
portance of better understanding neural regeneration following 
brain damage, the neurohypophysectomized rat provides a use- 
ful model system with which to examine factors that modulate 
cell death and neuronal regeneration in the damaged CNS. 
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