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Abstract 

This report describes the distribution of neurophysin-containing, estradiol-concentrating neurons 
in a strain of rat which is congenitally unable to produce vasopressin and its associated neurophysin 
(the Brattleboro rat). In this strain of rat, all of the neurophysin-containing cells are oxytocin 
producing. The magnocellular neurons which produce vasopressin in the normal rat are present in 
their normal numbers and normal locations (Rhodes, C. H., J. I. Morrell, and D. W. Pfaff (1981) J. 
Comp. Neurol. 198: 45-64) and can be identified as the neurophysin-negative magnocellular neurons. 

Estradiol-concentrating cell nuclei were observed in magnocellular neurons with neurophysin- 
containing cytoplasm as well as in magnocellular neurons lacking immunocytochemically detectable 
neurophysin. The majority of these neurons were found in the paraventricular nucleus (PVN), 
ventral and medial to its lateral subnucleus, and in the posterior subnucleus of the PVN. There 
were, in addition, many neurophysin-containing and neurophysin-lacking magnocellular neurons 
with nuclei which did not concentrate estradiol. Within the PVN, the majority of the neurophysin- 
negative, non-estradiol-concentrating neurons were in the lateral subnucleus, while the majority of 
the neurophysin-positive, non-estradiol-concentrating neurons were in the medial subnucleus. 

Comparison of the results of experiments using homozygous Brattleboro rats with the results of 
similar experiments using the (normal) parent strain Long-Evans rat suggests that, in the normal 
animals, there are both oxytocin- and vasopressin-producing neurons which concentrate estradiol. 
Comparison of these observations with published descriptions of the anatomical distribution of 
neurons which project to the medulla or spinal cord suggests that many of the oxytocin- .or 
vasopressin-containing, estrogen-concentrating neurons in the PVN send axons to regions regulating 
autonomic functions. 

Estrogen treatment is a stimulus for the release of 
oxytocin (Yamaguchi et al., 1979) and vasopressin 
(Skowsky et al., 1979). A decrease in immunocytochem- 
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ically identified oxytocin has been observed in the ante- 
rior commissural nucleus (ACN) in response to estrogen 
treatment (Rhodes et al., 1981c). It is not known whether 
other magnocellular cell groups also participate in the 
estrogen-stimulated increase in plasma oxytocin levels or 
where estrogen acts to produce this effect. The fall in 
pituitary oxytocin content during proestrus and estrus in 
normal cycling female rats observed by Crowley et al. 
(1978) suggests that physiological changes in ovarian 
steroid levels affect the release of posterior pituitary 
peptides. 

The combination of steroid autoradiography and im- 
munocytochemistry has been used to identify neurophy- 
sin-containing, estradiol-concentrating neurons in the 
(normal) parent strain Long-Evans rat (Rhodes et al., 
1981a). That work was done with a primary antiserum 

1718 



The Journal of Neuroscience Estrogen-concentrating, Neurophysin-containing Neurons 1719 

which cross-reacts with both of the rat neurophysins and 
therefore was unable to distinguish between oxytocin- 
and vasopressin-producing cells. Similar experiments in 
this laboratory with anti-vasopressin and anti-oxytocin 
primary antisera gave technically unsatisfactory immu- 
nocytochemical results. The anti-neurophysin antiserum 
used in the previous work therefore was used to study 
the distribution of estrogen-concentrating, neurophysin- 
containing cells in the Brattleboro rat in which it specif- 
ically stained the oxytocin-containing cells since only the 
oxytocin-associated neurophysin is produced by that an- 
imal (Burford et al., 1971). 

Materials and Methods 
To reduce endogenous estrogen levels, six homozygous 

Brattleboro adult female rats (Blue Spruce Farms, Al- 
tamont, NY) were ovariectomized 1 month before isotope 
injection. Four of the animals received 0.3 pg of [2,4,6,7- 
“H]estradiol/lOO gm of body weight (New England Nu- 
clear; specific activity, 90 Ci/mmol) in 0.2 ml of ethanol 
mixed with an equal volume of physiological saline and 
given in two equal doses injected intraperitoneally 0.5 hr 
apart. Two of the animals (numbers 14 and 15) received 
twice this dose. Two hr after the final injection, the 
animals were sacrificed by decapitation. Blocks, l-cm”, 
containing ACN, PVN (paraventricular nucleus), and 
SON (supraoptic nucleus) were frozen and stored in 
liquid nitrogen. 

Six-micrometer transverse sections were cut on a Har- 
ris International Equipment Co. cryostat at -20°C and 
mounted on slides coated with Kodak NTB-3 nuclear 
emulsion. The section sampling frequency varied be- 
tween every section and one section in four through the 
region of interest. The autoradiograms were exposed at 

4°C for up to 18 months in a lead-lined box containing 
desiccant. After exposure, the slides were fixed with 3% 
paraformaldehyde for 30 set at 4°C (modified after Kee- 
fer et al., 1976). Then, the autoradiograms were devel- 
oped in Kodak D19 at 16°C for 2 min, rinsed in Kodak 
liquid Hardener Stop Bath for 1 min (21”C), and fixed 
with Kodak Fixer for 18 min (21°C). The combination 
steroid autoradiographic and immunocytochemical tech- 
nique has been described (Rhodes et al., 1981a). Details 
of the autoradiographic technique have been reported 
(Pfaff and Keiner, 1973; Morrell and Pfaff, 1981). 

The immunohistologic technique was basically that of 
Sternberger (1974). A rabbit anti-bovine neurophysin I 
(provided by E. A. Zimmerman) which cross-reacts with 
both of the rat neurophysins was used as the primary 
antiserum. Immediately after the photographic proce- 
dures, the autoradiograms were rinsed in water and then 
in phosphate-buffered saline, pH 7.2 (PBS). They then 
were covered with a drop of the primary antiserum 
diluted 1:lOOO with PBS and left in a moist chamber at 
4°C for about 48 hr. The rest of the procedure, except for 
the reaction with diaminobenzidine (DAB), was done at 
room temperature. The tissue was washed in three 
changes of PBS, covered with a drop of the goat anti- 
rabbit antiserum diluted 1:lOO (Cappel Laboratories) for 
30 min, washed in two changes of PBS, and covered with 
a drop of the peroxidase-antiperoxidase complex diluted 
1:200 (Sternberger-Meyer Laboratories) for 60 min. The 
sections then were washed in two changes of PBS and 
one of 0.05 M Tris buffer (pH 7.6) and incubated in a 
solution of 50 pg/ml of DAB (G. F. Smith Chemical Co., 
lot R2) in 0.05 M Tris buffer (pH 7.6) with 1.5 ml/liter of 
3% Hz02 for 10 min at 21°C. An additional 1.5 ml/liter of 
3% Hz02 was added and the incubation continued for an 

Figure 1. Photomicrographs of magnocellular estrogen-concentrating neurons in the posterior 
subnucleus of the PVN. The black dots are silver grains which are located preferentially over the 
nuclei of estrogen-concentrating cells. Stained cytoplasmic regions indicate the immunocytochem- 
ical localization of neurophysin. Magnification x 2000. Left, A magnocellular estrogen-concentrating, 
neurophysin-containing neuron. Right, A magnocellular estrogen-concentrating neuron which does 
not contain neurophysin. 
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Figure 2. Charts of a typical series of coronal sections of one side of the brain through the ACN and PVN showing estrogen- 
concentrating and neurophysin-containing cells. All of the magnocellular neurons are shown, but only those parvocellular neurons 
which concentrated estradiol are indicated. The SON and the fornical nuclei had very few (<l cell/section) estrogen-concentrating 
cells. The structure outlined on the left is the third ventricle. Dorsal is toward the top. The bar on the lower right is 100 pm. a, 
Parvocellular neuron which concentrated estradiol; 0, magnocellular neuron which neither contained neurophysin nor concen- 
trated estradiol; Q magnocellular neuron which concentrated estradiol; 0, magnocellular neuron which contained neurophysin; 
$, magnocellular neuron which concentrated estradiol and contained neurophysin. The approximate distances between the 
charted sections are as follows: a to b, 90 pm; b to c, 190 pm; c to d, 260 pm; d to e, 114 pm; e to f, 30 pm; f to g, 36 pm; g to h, 80 
Y. 

additional 10 min. The tissue then was rinsed in water 
and counterstained with cresyl violet. 

The autoradiograms were scanned systematically with 
a Zeiss microscope and the location of each cell which 
either was labeled with the DAB reaction product or met 
the criterion for autoradiographic labeling was noted. An 
autoradiographically labeled cell is defined as a cell hav- 
ing an accumulation of reduced silver grains over the 
nucleus of at least 5 times the background in that region. 
With the aid of a camera lucida, detailed anatomical 
charts were made showing the location of all of the 
magnocellular neurons and only the autoradiographically 
labeled parvocellular cells. Sections to be analyzed were 
selected far enough apart to avoid counting the same 
nucleus twice. Approximately 500 cells were counted in 
each animal. 

Results 
Using a combination of immunocytochemical and ste- 

roid autoradiographic techniques, we have demonstrated 
the existence of neurons in the paraventricular nucleus 
of the Brattleboro rat which concentrate estradiol in 
their nuclei and contain neurophysin in their cytoplasm 
(Fig. 1). Estradiol-labeled magnocellular nuclei also were 
observed in cells which were not stained with the DAB 
reaction product. In addition, many magnocellular neu- 
rons, both with and without neurophysin in their cyto- 
plasm, did not concentrate estradiol in their nuclei. 

The overall distribution of estrogen-concentrating 
magnocellular neurons in the Brattleboro rat was similar 
to that previously observed in the parent strain Long- 
Evans rat (Rhodes et al., 1981a). The distribution of 
neurophysin-containing magnocellular neurons was sim- 
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Figure 2. Continued 

ilar to that previously observed in the Brattleboro rat 
(Rhodes et al., 1981b). The immunocytochemical staining 
was somewhat more intense than that observed in com- 
parably treated Long-Evans tissue. 

Magnocellular neurons concentrating estradiol were 
found almost exclusively in the paraventricular nucleus 
(PVN). Within that nucleus, they were located in a region 
medial and ventral to the lateral subnucleus (1PVN) and 
within the posterior subnucleus (pPVN). (See Rhodes et 
al., 1981b, for the nomenclature of the subnuclear divi- 
sions of the PVN.) The majority of both the neurophysin- 
containing, estradiol-concentrating neurons and the neu- 
rophysin-lacking, estradiol-concentrating neurons were 
found in these subdivisions. Neurophysin-containing and 
neurophysin-lacking neurons were not segregated from 
each other within these regions. The medial subnucleus 
of the PVN (mPVN) and the anterior commissural nu- 
cleus (ACN) were composed largely of neurophysin-con- 
taining magnocellular neurons which did not concentrate 
estradiol. The 1PVN was composed predominantly of 
cells which did not concentrate estradiol, with neurophy- 
sin-containing cells forming a rim around a core of neu- 
rophysin-negative magnocellular neurons. Figure 2 illus- 

trates the distribution of all types of these neurons in the 
ACN and PVN of a typical rat. Very few (an average of 
less than l/section) estradiol-labeled cells were found in 
the fornical nucleus or supraoptic nucleus (SON). 

Table I summarizes the distribution of neurophysin- 
containing and estradiol-concentrating neurons in the 
ACN and PVN. Two-thirds of the magnocellular neurons 
in the pPVN concentrated estradiol in their nuclei. About 
half of those estradiol-concentrating cells were labeled 
with the DAB reaction product which marked the im- 
munocytochemical localization of neurophysin. In the 
region medial and ventral to the lPVN, less than one- 
third of the magnocellular neurons concentrated estra- 
diol. Of those, 39% were labeled with DAB. Within the 
ACN, mPVN, lPVN, and SON, less than 3% of the 
magnocellular neurons concentrated estradiol. 

Discussion 

Using a technique which combined steroid autoradiog- 
raphy and immunocytochemistry on the same tissue, we 
demonstrated the existence of magnocellular neurons 
which concentrate estradiol (E+) and contain neurophy- 
sin (Np+) as well as magnocellular neurons which con- 



Mean 

Region medial and 

ventral to IPVN 

Mean 

10 59 18 17 20 56 

11 79 17 13 35 57 

12 68 15 3 42 11 
13 80 20 6 75 25 
14 55 65 37 100 31 

15 69 31 24 47 53 

68 29 17 53 39 

10 50 78 84 71 54 

11 84 40 40 44 83 

12 54 69 54 86 42 

13 65 85 85 84 65 
14 44 88 92 85 46 
15 70 42 29 74 48 

Mean 61 67 64 74 56 

pPVN 

Animal 
%> of MNs” that W of MNs that 

B of Neurophysin- R of Neurophysin- %, of Estrogen-con- 

Region 
Number 

are Neurophysin- are Estrogen 
containing MNs that Lacking MNs that are centrating MNs that 

containing concentrating 
are Estrogen- Estrogen- are Neurophysin- 
concentrating concentrating containing 

ACN 10 100 1 1 ,I 

11 100 0 0 - 
12 100 0 0 - - 
13 99 3 2 - 

14 100 1 1 - 
15 100 0 0 - 

100 0.8 0.7 - - Mean 

mPVN 10 89 3 0 25 - 

11 85 3 0 18 

12 91 2 0.6 19 
13 93 2 1.3 17 - 
14 79 4 0 19 - 
15 94 0 0 0 - 

89 2.3 0.3 16 - Mean 

1PVN 
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TABLE I 

Distribution of estrogen binding and neurophysin production in magnocellular neurons in six Brattleboro rats 

In that strain, the magnocellular neurons with neurophysin are oxytocin producing, while the magnocellular neurons without neurophysin are 
the cells which produce vasopressin in the parent Long-Evans. Very few (<l cell/section) estrogen-concentraing cells were found in t,he fornical 
nuclei or SON. 

10 23 4 0 5 - 

11 29 4 5 3 - 

12 20 2 0 2 
13 32 1 0 2 - 
14 38 4 6 4 - 
15 29 1 0 2 - 

29 2.7 1.8 3.0 - 

’ MNs, magnocellular neurons. 
h -, denominator was less than 9 cells counted. 

centrate estradiol but do not contain neurophysin in the 
Brattleboro strain rat. This animal is congenitally unable 
to produce vasopressin or the vasopressin-associated 
neurophysin but does have in its hypothalamus the mag- 
nocellular neurons which, in parent strain Long-Evans 
rats, produce vasopressin (Rhodes et al., 1981b). In the 
Brattleboro rat, all of the Np+ neurons are oxytocin- 
producing cells, while the magnocellular NP- neurons 
are the cells which, in the parent strain, produce Gaso- 
pressin. These results suggest that, in the Long-Evans 
rat, there are both oxytocin- and vasopressin-containing 

cells in the subpopulation of magnocellular neurons 
which concentrate estradiol. 

The immunocytochemically stained neurons observed 
in the Brattleboro tissue examined in this study were 
stained more intensely and recognized more easily than 
similar cells observed in the study of the Long-Evans rat 
(Rhodes et al., 1981a). Whether this was due to subtle 
technical differences between the preparations or due to 
the hypertrophy of the Brattleboro magnocellular neu- 
rons associated with increased levels of oxytocin release 
(Edwards et al., 1982) is not known. 
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In the previous study (Rhodes et al., 1981a) of E+, 
Np+ neurons in the Long-Evans strain rat, estradiol- 
concentrating magnocellular (presumably neurophysin- 
containing) neurons which were not stained by the im- 
munocytochemical procedure were observed. The lack of 
staining was considered to be a technical artifact due to 
the loss of immunoreactive neurophysin during the au- 
toradiographic procedure. Although a similar loss prob- 
ably occurred in these experiments, the more robust 
staining in the Brattleboro tissue indicates that this loss 
of staining was not as serious a problem in the present 
study. The substantial number of Np-, E+ cells observed 
in sections which also had robust DAB labeling of Np+ 
cells strongly suggests that at least some of the estradiol- 
concentrating cells scored as Np- were in fact without 
neurophysin in their cytoplasm. Nevertheless, we cannot 
rule out the possibility that the data reported in Table I 
include some neurophysin-containing cells which were 
scored as Np-. 

With the criterion of 5 times background used for the 
autoradiographic results in this study, there is very little 
chance of false positive autoradiographic results (Morrell 
and Pfaff, 1981). Assuming that the distribution of re- 
duced silver grains not attributable to specific estradiol 
binding is a Poisson process-an assumption which will 
be true if background estradiol is distributed randomly 
and each tritium particle produces at most one silver 
grain-then the probability of any region having a back- 
ground of more than 5 times the average background is 
given by: 

&m”p”’ 
I.=> k! 

where m is the average number of background grains in 
a nuclear size area of emulsion. With a background level 
of only one grain per nucleus, there is only 1 chance in 
500 of statistical variation producing a false positive. 
With higher background levels, such an occurrence rap- 
idly becomes much less likely. 

A tritium p particle is expected to travel only about 2 
pm in tissue (Rogers, 1973). These experiments were 
done with sections 6 pm thick. False negative autoradi- 
ographic results could have been produced if a nucleus 
which had concentrated estradiol was so far from the 
photographic emulsion that the p particles failed to reach 
the silver grains. The large size of these nuclei makes it 
less likely that any given nucleus would be confined to 
the top 4 pm of the section. Nevertheless, a fraction of 
the estradiol-labeled nuclei can be expected to have been 
too far from the emulsion to develop any silver grains. 

Taken together, these technical considerations could 
affect the magnitude of the quantitative results presented 
in Table I. They would not be expected, however, to 
affect the overall distribution of estrogen-concentrating 
cells or the conclusion that all four possible combinations 
of estrogen and neurophysin labeling exist in the Brattle- 
boro rat. The existence of neurophysin (oxytocin)-con- 
taining, estrogen-concentrating cells was demonstrated 
positively by the results of this work (cf., Fig. 1). The 
demonstration of the other three classes of cells involve 
at least one negative result-either the lack of estrogen 
binding or the lack of neurophysin-and therefore must 

be approached with more caution. So few estrogen-con- 
centrating cells were observed in the ACN and mPVN, 
regions which have been shown to contain primarily 
neurophysin-containing (oxytocin-producing) neurons 
(Rhodes et al., 1981b), that false negative autoradi- 
ographic results due to section thickness could not have 
accounted for all of the Np+, E- cells observed. Simi- 
larly, the lack of estrogen binding in the 1PVN establishes 
the existence of Np-, E- neurons. The evidence for the 
existence of Np-, E+ neurons in the Brattleboro rat is 
somewhat weaker because those cells are found only in 
regions which also have neurophysin-containing cells and 
the degradation of the immunocytochemical results by 
the prior autoradiographic procedures can make Np+, 
E+ cells appear to be Np-, E+. The observation of such 
cells in sections with excellent neurophysin staining and 
the presence of an occasional Np-, E+ cell in the center 
of the 1PVN where neurophysin-containing cells are very 
rare in the Brattleboro strain make it unlikely that this 
artifact could account for all of the Np-, E+ cells seen. 
This is in agreement with a report by Sar and Stumpf 
(1980) on vasopressin cells (demonstrated with antiserum 
to vasopressin) in the mouse which concentrate estradiol. 

The estrogen-concentrating magnocellular neurons in 
the Brattleboro rat were found primarily in a region 
immediately ventral and medial to the 1PVN and in the 
posterior subnucleus of the PVN. The magnocellular 
neurons in these areas have been shown to project to the 
medulla and spinal cord rather than to the pituitary 
(Armstrong et al., 1980; Swanson and Kuypers, 1980). 
The anatomical distribution of estradiol-concentrating 
magnocellular neurons reported here strongly suggests, 
but does not prove, that many of the magnocellular 
neurons which send their axons into the brainstem are 
estrogen responsive. 

The peptide content of the neurons in the PVN which 
project to the medulla has been examined by a technique 
combining a HRP retrograde tracer and oxytocin and 
vasopressin immunocytology (Sofroniew and Schrell, 
1981). Oxytocin-containing neurons and vasopressin-con- 
taining neurons, which showed retrograde transport of 
HRP from the medulla, both were found in the posterior 
PVN and ventral and medial to the lateral PVN. Al- 
though the physiological function of these cells remains 
unclear, it is evident that the posterior subnucleus of the 
PVN contains a complex mixture of oxytocin- and vaso- 
pressin-producing cells, some of which concentrate estro- 
gen and many of which send their axons to such diverse 
targets as the nucleus of the solitary tract and the inter- 
mediolateral column of the spinal cord. 

The remainder of the hypothalamic magnocellular 
neurons (less than 3% of which concentrate estradiol) 
send their axons to the posterior pituitary, where they 
release oxytocin and vasopressin in response to stimuli 
associated with changes in salt and water balance, with 
nursing, or with parturition. The functional significance 
of estrogen-induced oxytocin and vasopressin release 
(Yamaguchi et al., 1979; Skowsky et al., 1979) is unknown, 
but those peptides may be involved in the changes in 
water balance associated with menstruation. A compari- 
son of the anatomical distribution of estradiol-concen- 
trating magnocellular neurons reported here and the 
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distribution of magnocellular neurons which can be la- 
beled by HRP injections into the pituitary (Sherlock et 
al., 1975; Armstrong et al., 1980; Swanson and Kuypers, 
1980) does not support the suggestion that the estrogen- 
induced release of oxytocin or vasopressin from the pos- 
terior pituitary is mediated by estrogen binding by mag- 
nocellular neurons. 
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