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The hpg mutant mouse lacks the neurohormone gonadotropin- 
releasing hormone (GnRH) and hence has a reproductive defi- 
cit. This deficit can be corrected by placement of normal fetal 
preoptic area into the third ventricle (see Krieger et al., 1985). 
We have now used ultrastructural immunocytochemistry to in- 
vestigate the morphology of GnRH neurons in such intraven- 
tricuhu grafts, the routes that their axons take as they exit into 
the host, and the neurosecretory terminations that they make 
in the host median eminence. The GnRH cells in the transplant 
were similar in morphology to that reported for such cells in the 
preoptic area of other rodents. There was a large central nucle- 
us, frequently indented and containing 1 or 2 nucleoli. The thin 
rim of cytoplasm was filled with rough endoplasmic reticulum, 
Golgi stacks, and mitochondria. Both dendritic and axonal pro- 
files were identified, and a modest synaptic input to the former 
was found. Between the host and the implant a complex multi- 
layered ependymal zone developed, and it was through this re- 
gion that GnRH axons exited into the host arcuate nucleus and 
median eminence, usually surrounded by ependymal or glial ele- 
ments. Within the median eminence, GnRH terminals were in 
close association with fenestrated blood vessels forming a nor- 
mal nenrosecretory terminus. 

The mutant hypogonadal (hpg) mouse has an underdeveloped 
pituitary-gonadal system as a result of a deficiency in the neu- 
rohormone gonadotropin-releasing hormone (GnRH) (Catta- 
nach et al., 1977). Light-microscopic immunocytochemical ob- 
servations indicate that no GnRH neurons are present in the 
brain of this mutant (Silverman et al., 1985), while genetic anal- 
ysis suggests that at least 2 exons are missing from the GnRH 
gene (Seeburg, personal communication). When placed in the 
third ventricle, grafts of normal fetal preoptic area-the region 
containing the majority of GnRH neurons in rodents (Witkin 
et al., 1982)-can reverse the endocrine deficiencies ofboth male 
(Krieger et al., 1982) and female (Gibson et al., 1984a) hpghosts. 
In females receiving such replacement therapy, mating behavior 
and successful pregnancies can occur (Gibson et al., 1984b). 
Grafts generally contain a relatively small number of GnRH 
neurons, but GnRH fibers can exit into the host arcuate nucleus 
and median eminence (Silverman et al., 1985). Such fibers ap- 
peared to be in intimate contact with the portal capillaries in 
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the host median eminence, one of their normal targets. In the 
present study we have used electron-microscopic immunocy- 
tochemistry to determine the ultrastructural appearance of such 
neurons within the graft and the nature of the relationship of 
their axons to host tissue. 

Materials and Methods 
Three male hpg hosts 6 months of age were used in this study. Each 
host received implants ofpreoptic aareas from 2 normal 16-18 d fetuses 
as previously described (Krieger et al., 1982). Hosts survived for 120 
d postimplantation, at which time they were anesthetized with sodium 
pentobarbital and perfused transcardially with 4% paraformaldehyde, 
0.1% glutaraldehyde in a 0.1 M phosphate buffer (approximately 150 
ml). Brain tissue was immersed in the same fixative for 2 hr. At the 
time of sacrifice, testes were removed and weighed. A separate group 
(n = 5) of hpg males of the same age but without transplants was also 
sacrificed and testicular weights determined. 

Blocks of tissue containing the transplant and the host median em- 
inence were sectioned at 50 pm on a Vibratome (Lancer) and processed 
for ultrastructural immunocytochemistry using the LR-1 antiserum, a 
generous gift of Robert Benoit (Silverman, 1984). Localization of the 
antigen was carried out using a commercial biotinylated second antibody 
and an avidin-biotin-HRP complex (Vector Laboratories). The HRP 
was demonstrated with a cobalt chloride enhancement of the diami- 
nobenzidine reaction product and using glucose and glucose oxidase to 
generate the hydrogen peroxide substrate (see Oldfield et al., 1983). 
Absorption controls were carried out at the light-microscopic level on 
tissue sections of both normal mice and hpg mice with normal tissue 
transplants. Addition of 100 ng of luteini&g hormone-releasing hor- 
mone (LHRH) (Pennisula Laboratories) to 1 ml of diluted antiserum 
24 hr drier to >tb use on the tissue eliminated all staining. In radioim- 
munoassay the antigenic determinant consists of amino acids 3, 4, 7, 
8, 9, and 10 of the decapeptide (R. Benoit, personal communication). 

Regions containing reaction product were identified and dissected 
prior to osmification with 2% osmium tetroxide containing 1.5% po- 
tassium fenicyanide in 0.9% NaCl. Care was taken to maintain an 
orientation that permitted identification of host and transplanted tissue. 
Tissue was embedded in Epon 8 12 and 1 pm sections used to identify 
areas containing reaction product. Such positive structures were then 
found in the ultrathin sections in the EM. 

Results 
At the time of sacrifice, mean testicular weights (&SD) in ani- 
mals with transplants were significantly larger than those of hpg 
mice of the same age (50.4 + 7.8 vs 7.5 + 1 .O) but were slightly 
smaller than those previously reported by us in animals receiv- 
ing a transplant for a similar duration (Silverman et al., 198.5). 
Nonetheless, these weights are well within the range indicative 
of a “successful” transplant, i.e., one resulting in functional 
recovery of the reproductive tract. GnRH-positive neurons were 
present in the transplant of all 3 animals, and CnRH fibers 
could be observed in the median eminence. Neither in these 
animals nor in the others in which transplants were confined to 
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Figure 2. Typical GnRH neuron within a gmft growing in the third ventricle of an hpg male mouse. The large central nucleus is indented in 
several places and has a large nucleolus. Reaction product is associated with stacks of the rough endoplasmic reticulum but not the Golgi (G) 
complex. x 15,000. 

the third ventricle (Silverman et al., 1985) did GnRH fibers 
contact inappropriate targets. 

Transplant 
At the ultrastructural level, GnRH-positive neurons were sim- 
ilar in appearance to those found in the preoptic area of normal 
rats (Witkin and Silverman, 1985) and guinea pigs (Silverman 
and Witkin, 1985). The cells had a large central nucleus sur- 
rounded by a relatively thin rim of cytoplasm, the latter rich in 
rough endoplasmic reticulum, stacks of Golgi saccules, and mi- 
tochondria (Fig. 1). The nucleus contained 1 (Fig. 1) or 2 nu- 
cleoli, and the nuclear envelope was frequently indented (Fig. 
1). Although cells were usually of the fusiform variety, 1 cell 
with a particularly irregular morphology was traced through 
several serial sections (Fig. 2). In this case, a major dendrite 
extended at right angles from the cell body, while the axon 
formed an acute angle with the dendrite. Reaction product with- 
in neurons was usually associated with some, but not all, stacks 
of rough endoplasmic reticulum and with the outer nuclear 
membrane (Fig. 1). In other cells, the reaction product had 
diffused throughout the cytoplasm and even into the nucleus 
(not shown). In many instances, there were obvious differences 

in the density of reaction product in different compartments of 
cells. As shown in Figure 2, immunoreaction product was con- 
centrated within the initial axon segment and portions of a 
dendrite. 

Evidence was found for a synaptic input to GnRH cells within 
the transplant. Such synapses were observed on the GnRH den- 
drites rather than the soma. However, since only a total of 6 
cells were examined in detail, we cannot yet rule out the presence 
of an axosomatic input. The presynaptic elements observed in 
these preparations contained small, clear, round vesicles (Fig. 
3). Because of the density of reaction product on the postsynaptic 
side, we could not identify these as symmetrical or asymmetrical 
contacts. 

Many GnRH axon profiles were also found within the trans- 
plant. At the light-microscopic level these axons exited primarily 
from the transplant at the level of the host arcuate nucleus and 
median eminence as previously described (Silverman et al., 
1985). Profiles of GnRH processes were found at the boundary 
between the transplant and host. The latter is rarely a solid 
barrier, but rather shows numerous gaps into which the cilia of 
ependymal cells derived from both host and implant project. 
GnRH processes at the boundary, and presumably crossing it, 
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Figure 2. Very irregularly shaped GnRH neuron. The major dendrite (d,) is at a right angle from the soma, and the axon (A) forms an acute angle 
with the dendrite. A small portion of a second dendrite is also present (&. Note (B) the dramatic difference in the density of reaction product 
between the soma and the axon and the soma and a portion of dendrite d,. A, x 8000; B, 30,000. 

were found enveloped in glial/ependymal processes (Fig. 4). 
GnRH axons that crossed into the host were numerous and 

were concentrated in the lateral edges of the median eminence 
over the tuberoinfundibular sulci. A fortuitous longitudinal sec- 
tion through an axon that could be followed through several 
serial sections remained next to a tanycyte process (Fig. Sa). 
This axon was found to terminate on a fenestrated capillary 
(Fig. 5b). It should be noted, however, that the vast majority 

of GnRH-positive axonal profiles were not in contact with the 
perivascular space. 

Discussion 
Transplants of normal fetal tissue have been used to correct the 
neuroendocrine deficit that results from a defective gene for the 
neurohormone GnRH. As in many of our previous studies 
(Krieger et al., 1982), testicular growth observed in the hpg 
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Figure 3. Examples of axodendritic synapses onto GnRH-positive 
dendrites. In both a and b, the presynaptic element contains small, clear, 
round vesicles. a, x 30,000; b, x 25,000. 

mutants with grafts is indicative of an increased level of function 
in the hypothalamo-pituitary gonadal axis. In this study, we 
examined tissue only from such successful grafts, since our aim 
was to analyze those features of graft-host integration that result 
in endocrine recovery. In previous studies immunocytochem- 
ical analysis suggested that implants failed to promote recovery 
of the pituitary-gonadal axis only if they were misplaced (not 
in the third ventricle) or degenerated (increased age of donor) 
(Silverman et al., 1985). We have had no instances in which a 

third ventricular graft containing GnRH neurons did not pro- 
duce increased testicular or ovarian weight by 60 d postim- 
plantation. 

It is clear that the GnRH neurons present within the CNS 
graft retain a similar shape and distribution of reaction product 
to that found in other rodent GnRH neurons (Jennes et al., 
1985; Witkin and Silverman, 1985). One of the interesting fea- 
tures is the abrupt change in the concentration of immuno- 
reactive material from one compartment of the cell (soma) to 
the next (axon). This had been noted previously in the rat (Wit- 
kin and Silverman, 1985). In part this can be explained by 
differences in diffusion of materials into the depth of the tissue 
section. However, it is possible that either more antigen is stored 
at these sites or that processing of the precursor takes place 
within these regions, making the neuropeptide more accessible. 

Although not numerous, synapses do occur onto the dendrites 
of these peptidergic neurons. A paucity of synapses, especially 
axosomatic synapses, is characteristic of the rat (Jennes et al., 
1985; Kozlowski et al., 1980; Witkin and Silverman, 1985) but 
not the guinea pig (Silverman and Witkin, 1985). Whether the 
mouse follows the pattern of innervation seen in the rat remains 
to be determined. Although some of the synapses noted onto 
the GnRH neurons (or for that matter onto nonidentified cells 
and dendrites within the graft) may be of a local origin, others 
might originate from the host. Such host innervation of implants 
has been reported in other systems (e.g., Ebner et al., 1984; 
Harvey et al., 1982; Sotelo and Alvarado-Mallart, 1985). The 
possibility of heterologous input is strengthened by our recent 
observations that PNMT-positive fibers of the host enter the 
transplant in great abundance (E. A. Zimmerman, unpublished 
observations). Synapses that integrate the implant with the host 
CNS and that presumably also occur in grafts in female hosts 
might form part of the circuitry for the mating “induced” (stim- 
ulated) ovulations that can occur in these mice (Gibson et al., 
1984b). A detailed quantitative comparison between the syn- 
aptic input for GnRH neurons in normal mouse preoptic area 
versus that for such neurons within the transplants is necessary 
to determine if the number and kind of synapses are similar in 
each. 

Light-microscopic observations suggested that GnRH neu- 
rons followed the curving path of tanycytes of the medial basal 
hypothalamus (Silverman et al., 1985). This hypothesis is 
strengthened by our present observations. Axonal profiles at the 
boundary of the transplant and host are surrounded by glial or 
ependymal processes, and occasional fibers could be seen cours- 
ing next to tanycyte processes in the host median eminence. 
Whether these specialized ependyma and their arrangement 
within the medial basal hypothalamus are obligatory for axons 
to exit remains to be determined. Similarly, it is still unclear if, 
once leaving the boundary zone, axons always “follow” glial or 
ependymal processes and, if so, for how far toward the portal 
capillaries. 

Axon terminals do indeed end on or near the perivascular 
space of portal capillaries, proving that they find their normal 
target. We rarely observed fiber outgrowth to regions other than 
the arcuate nucleus and median eminence. However, if grafts 
are placed within the lateral ventricle, then GnRH fibers that 
exit into the host find other appropriate pathways (i.e., stria 
terminalis and fomix), though arrival at other targets (i.e., me- 
dial amygdala) has not yet been demonstrated (Kokoris et al., 
1984). As in normal animals (Goldsmith and Ganong, 1975; 
Silverman and Desnoyers, 1976), few neurosecretory terminals 
abut directly on the capillaries but rather are separated from 
them by glial processes of varying width. Whether movement 
of glial processes during times of increased release occurs in this 
system as it does in the posterior pituitary (Hatton et al., 1984) 
has not yet been studied. 
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Figure 4. All 3 micrographs are of GnRH axons at the boundary zone crossing from graft into host. In all cases the immunoreactive axon is 
surrounded by glitiependymal (E) elements. (I, x 7500; b and c, x 25,000. 
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Figure 5. a, GnRH axon in the host median eminence. The axon courses next to a tanycyte (2) for part of its length. b, A terminal abuts on a 
fenestrated capillary in the external zone of the median eminence but is separated from the perivascular space by a thin sheet of glial cytoplasm 
(g). EN, Nucleus of endothelial cells of portal capillaries; arrow indicates fenestrated capillary cytoplasm. 
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