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Abstract 

Neurons immunoreactive for the enzyme adenosine de- 
aminase (ADA) in the posterior basal hypothalamus of the rat 
have a distribution pattern similar to those immunoreactive 
for histidine decarboxylase (HDC) and are particularly nu- 
merous in the tuberal (TM), caudal (CM) and postmammillary 
caudal (PCM) hypothalamic magnocellular nuclei which har- 
bor neurons containing glutamic acid decarboxylase (GAD). 
The extent to which these enzymes coexist within neurons 
of these hypothalamic regions was examined using either 
serial sections or simultaneous immunostaining for ADA and 
HDC or GAD in the same section. Analysis of serial sections 
revealed neuronal coexistence of ADA with HDC or GAD in 
both TM and CM. In addition some neurons in CM, the only 
area examined for triple coexistence, were found to contain 
all three enzymes. In sections processed for ADA simulta- 
neously with HDC or GAD, nearly all ADA-immunoreactive 
neurons in TM, CM, and PCM as well as those scattered 
between these nuclei were found to contain HDC, and nearly 
all contained GAD. Exceptions to this, however, were small 
cells located lateral to the posterior arcuate nucleus, which 
appeared to contain ADA but not HDC, and large neurons 
located at the anterior extreme of TM, which appeared to 
contain ADA but not GAD. The relatively few ADA- compared 
with GAD-containing neural systems in brain, together with 
the presence of ADA in GAD-containing hypothalamic mag- 
nocellular neurons, which appear to have widespread projec- 
tions throughout the brain, indicate that ADA may be a con- 
venient immunohistochemical marker for anatomical investi- 
gations of these projections. In addition, the coexistence of 
ADA with HDC or GAD and the probable coexistence of all 
three enzymes in vast majority of the dispersed neuronal 
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systems constituting the posterior magnocellular nuclei in- 
dicate that these systems express multiple transmitters and 
that they may be anatomically and functionally related. 

Numerous early anatomical studies of the hypothalamus made 
reference to several groups of magnocellular neurons located in its 
posterior basal region. However, there was considerable uncertainty 
surrounding the anatomical relationships of these neurons. This was 
reflected in the diverse terminology used to describe their location 
which included nucleus intercalatus, mammillaris prelateralis, tuber- 
omammillaris, and inframammillaris (Friedemann, 1911; Krieg, 1932; 
Crouch, 1934; Papez and Aronson, 1934; Clark, 1936; Solnitzky, 
1939; Christ, 1969; Crosby and Showers, 1969; Nauta and Hay- 
maker, 1969). Recent work by Bleier et al. (1979) represents the 
first detailed morphological and cytoarchitectonic characterization of 
the magnocellular neurons which appear to correspond to those 
described by earlier authors. Bleier et al. (1979) recognized that 
these neurons had a much wider distribution in the posterior hypo- 
thalamus than previously thought and were most numerous in three 
main topographically related centers to which they assigned the now 
generally accepted names tuberal (TM), caudal (CM), and postmam- 
millary caudal (PCM) magnocellular nuclei. These nuclei are located 
dorsolateral to the third ventricle and mammillary recess (TM), 
ventrolateral at the edge of the basal hypothalamus just rostra1 to 
the mammillary nucleus (CM), and ventrolateral to the mammillary 
peduncle just lateral to the mammillary nuclei (PCM). 

The morphological resemblance of neurons in these posterior 
magnocellular cell groups to those located in the more rostra1 
supraoptic and paraventricular nuclei prompted the suggestion that 
at least TM and CM may be functionally related to hypothalamic 
neurosecretory systems (Bleier et al., 1979). However, histochemical 
studies have shown that the posteriorly located neurons do not have 
certain features common to neurons in the supraoptic or paraven- 
tricular nuclei; they do not appear to contain neuropeptides such as 
vasopressin, and oxytocin. In contrast, and as suspected by Bleier 
et al. (1979), there are substantial biochemical and anatomical 
similarities among neurons in TM, CM, and PCM as well as those in 
regions bridging these nuclei. lmmunohistochemical studies have 
shown that neurons in these regions contain histamine (Wilcox and 
Seybold, 1982; Panula et al., 1984) and the synthetic enzyme for 
this putative neurotransmitter agent, histidine decarboxylase (HDC) 
(Watanabe et al., 1983, 1984). In similar studies, Vincent et al. (1982) 
reported that, although neurons containing glutamic acid decarbox- 
ylase (GAD), the marker enzyme for GABAergic systems, are found 
widespread in the hypothalamus, they are particularly numerous in 
TM, CM and PCM. More recently, we have shown that these neuronal 
systems contain adenosine deaminase (ADA) (Nagy et al., 1984), 
the enzyme responsible for the conversion of adenosine to inosine. 
With respect to anatomical similarities, it has been shown that 

3393 



3394 Senba et al. Vol. 5, No. 12, Dec. 1985 

neurons containing either GAD, HDC, or ADA in these regions have 
widespread projections to diverse brain areas including, among 
other structures, the cortex, striatum, and amygdala (Vincent et al., 
1983; Nagy et al., 1984; Takeda et al, 1984). 

The above findings, together with the similar distribution pattern 
of neurons containing ADA, HDC, or GAD in the posterior basal 
hypothalamus (Nagy et al., 1984; Watanabe et al., 1984), suggest 
the possibility that these enzymes coexist in hypothalamic neurons. 
The presence of GAD or HDC in these neurons suggests their 
utilization of GABA or histamine, respectively, as neurotransmitters. 
Although their requirement for high levels of ADA is presently unclear, 
we have previously proposed that this enzyme may have some 
relationship to the putative neuromodulatory actions of adenosine in 
brain (Nagy et al., 1984, 1985). To investigate further the role of 
ADA and the possible involvement of multiple transmitters in poste- 
rior hypothalamic magnocellular neurons, we examined whether ADA 
coexists with GAD and/or HDC in these neurons and whether all 
three enzymes are expressed by the same neurons. 

Materials and Methods 

Antisera and Tissue Preparation 

Antisera to purified ADA from calf intestine (Daddona and Kelley, 1977), 
HDC from fetal rat liver (Taguchi et al., 1984), and GAD from mouse brain 
(Wu et al., 1973) were raised in rabbits and characterized with respect to 
speclflclties for and cross-reactlvities with their respective antigens in rats as 
previously described (Wu, 1976; Nagy et al., 1984; Taguchi et al., 1984). 

Male Sprague-Dawley rats weighing 200 to 300 gm were used in the 
present studies. Some rats were treated 24 hr before sacrifice with colchicine 
(50 pg/lOO gm of body weight) which was injected into the third ventricle 
while animals were maintained under Equithesin anesthesia and held in a 
stereotaxic apparatus. Animals were deeply anesthetized with chloral hydrate 
and perfused transcardially with 40 ml of Ice-cold 0.9% (w/v) saline containing 
0.1 M sodium phosphate buffer (pH 7.4), 0.1% (w/v) sodium nitrite, and 100 
units of heparln followed by 400 ml of an ice-cold solution containing 2.0% 
paraformaldehyde, 0.2% picric acid, and 0.1 M sodtum phosphate buffer (pH 
7.4). Whole brains were removed, post-fixed in the same fixative overnight, 
and then transferred to 0.1 M phosphate buffer containing 30% sucrose for 
another 24 or 48 hr. 

Coexistence studies 

Two different methods, both involving immunohistochemical procedures, 
were used to examine ADA, HDC, and GAD coexistence in posterior 
hypothalamic magnocellular neurons. In the first, adjacent serial sections 
were processed separately using primary antisera to different enzymes. In 
the second, individual sections were processed sequentially with primary 
antisera to two of these three enzymes. Double immunostaining was desir- 
able in order to obtain more reliable estimates of the extent of enzyme 
coexistence in the neuronal populations under investigation than that afforded 
by studies involving analysis of serial sections. Thus, the results derived from 
serial sections, although in themselves definitive, served partly as controls 
for this second method. 

Serial sections. Transverse sections of 5 pm thickness were cut on a 
cryostat and collected on gelatin-coated slides to yield two or three sets of 
serial sections. Each set consisted of two or three slides containing six to 
eight sections per slide with alternate sections being collected on separate 
slides. These sections were processed for immunohistochemistry using the 
peroxldase-antiperoxidase (PAP) method (Sternberger et al., 1970). One slide 
of sections per set was incubated with anti-ADA serum (1:500 dilution), and 
another was incubated with either anti-HDC serum (1:400 dilution) or with 
anti-GAD serum (1:500 dilution). If a third slide of sections was collected in 
a set, all three primary antisera were utlllzed, allowing analysis of up to three 
sets of eight triplets of consecutive sections. All primary secondary, and 
tertiary antisera were diluted in a solution containing 0.9% saline, 0.1 M 
sodium phosphate buffer (pH 7.4), and 0.6% Trlton X-100. Following incu- 
batlons with primary antisera for 48 hr at 4”C, the sections were washed in 
phosphate-buffered saline (PBS: 0.1 M sodium phosphate buffer and 0.9% 
saline, pH 7.4) for 45 mln at room temperature and Incubated for 45 min at 
37°C with goat anti-rabbit IgG serum (Sternberger and Myer) diluted 1:lO. 
They were then washed in PBS for 45 min, incubated for 45 min at 37°C 
with PAP (Sternberger and Myer) diluted 1 :lOO, and washed in 50 mM Tris- 
HCI buffer (pH 7.4). The sections were then reacted with 0.02% diamino- 
benzidine (DAB) and 0.005% HZOZ in Trls-HCI buffer for 10 to 20 min, 

dehydrated, coverslipped with Permount, and photographed using interfer- 
ence contrast optics. 

Analysis of enzyme coexistence in neurons was conductd with the aid of 
acetate transparencies. lmmunoreactive neurons and landmarks such as 
blood vessels and sectlon edges on photomicrographs of one set of a pair 
of adjacent sections were traced onto transparencies, and these were 
overlayed onto those of adjacent sections. Coexistence was considered 
inconclusive unless there was an exact correspondence of at least three 
immunoreactlve neurons and several landmarks on adjacent sections. This 
criterion was found to largely exclude false positives, whereas a less stringent 
one led to uncertainty with respect to the identification of corresponding 
neurons. 

Simultaneous lmmunostaining for two antigens. Utilization of indirect 
lmmunofluorescent methods with different second antibody fluorochromes 
was not possible since all three primary antisera employed in this study were 
prepared in the same species. Consequently, three other double immuno- 
staining procedures were tried: (7) immunofluorescent staining with a first 
primary antibody followed by elution and immunofluorescent staining with a 
different second primary antibody, (2) dual color immunostaining using the 
PAP method where one antigen is first revealed by the brown reaction 
product of DAB and the second by the blue reaction product of 4-chloro-I 
naphthol (CN), and (3) immunostaining for one antigen using the PAP method 
followed by immunofluorescent staining for a second antigen. These proce- 
dures have previously been described by Tramu et al. (1978), Sternberger 
and Joseph (1979), and Belln et al. (1983), respectively. 

The first two of these methods proves unsuccessful in the present system. 
In the first method, either the primary sequence antibody falled to elute 
completely, as indicated by control procedures, or the second sequence 
antibody failed to produce immunostaining, probably as a result of antigen 
denaturation. The second and third methods, as used here, both rely on the 
finding by Sternberger and Joseph (1979) that, under appropriate conditions, 
deposition of DAB reactlon product in the unlabeled antibody method 
eliminates peroxidase activity of the PAP complex and antigenicity of the 
immunoreagents involved, thereby allowing immunohistochemical reprocess- 
ing of sections for a second antigen without interference by that of the first. 
In principle, therefore, both of these methods were expected to be feasible. 
However, with respect to the second method, although both DAB and CN 
when employed alone as substrates for PAP produced reliable immunostain- 
ing, It became difficult to distinguish blue over brown reaction product when 
DAB and CN were used in the first and second sequence reactions, 
respectively. This was true even when low concentrations of primary antise- 
rum were employed in the first sequence reaction. However, neurons con- 
taining both colors were evident in some cases, as were cells containing 
only blue after processing of sections for two antigens. Finally, in the third 
method, we found, in contrast to the results of Belin et al. (1983), that the 
PAP reaction product from the first sequence reaction tended to obscure 
the second sequence immunofluorescent staining. Thus, this method may 
be generally impractical for the visualization of two different antigens having 
similar subcellular distributions. Fortunately, two of the antigens under inves- 
tigation here, namely HDC and GAD, are restricted to neuronal cytoplasm, 
whereas ADA is present in both the cytoplasm and nucleus. Therefore, 
stmultaneous immunostaining for two antigens was conducted as follows. 

Sections (15 to 20 hm) were obtained on a sliding microtome and 
processed free floating for HDC or GAD immunohistochemistry using the 
PAP method with DAB substrate as described above. Following the DAB 
reaction the sections were washed in PBS, incubated with anti-ADA serum 
for 48 hr at 4°C washed in PBS for 45 min, and incubated with fluorescein 
isothiocyanate (FITC)-conjugated sheep anti-rabbit serum (Statens Bakteriol- 
ogiska, diluted 1 :I 0) for 45 min at 37°C. Following a final wash in PBS for 45 
min, the sections were mounted onto gelatinized slides, coverslipped with 
glycerol.water (1 :l), and photographed by both brightfield and fluorescence 
microscopy for visualization of DAB reaction product or FITC in neuronal 
cytoplasm or nuclei, respectively. Control procedures included processing 
of tissues exactly as described above but with the omission of the step 
involving incubation with anti-ADA serum. 

Results 

Distribution and appearance of immunoreactive neurons 

lmmunostaining for ADA was intense in neuronal cell bodies 
including their dendrites and nuclei. ADA-immunoreactive neurons 
densely packed in the core regions of the TM, CM, and PCM were 
medium to large in size (15 to 30 pm) and round or oval in shape. 
Most, though not all, of those scattered outside these centers tended 
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to be smaller and more fusiform or triangular. A more detailed 
description of the anatomical arrangement of these hypothalamic 
ADA-containing neurons will be reported elsewhere (J. I. Nagy and 
E. Senba, manuscript in preparation). After colchicine treatment, 
there was no apparent increase in the number of ADA-immunoreac- 
tive cells although immunostaining was slightly intensified. 

lmmunostaining for HDC was found in neuronal cytoplasm and 
dendritic processes, but not in neuronal nuclei. As in the case of 
ADA-immunoreactive neurons, HDC-positive cells were medium to 
large (1.5 to 30 pm) and mostly round or oval within the posterior 
hypothalamic magnocellular nuclei (PHMN) proper, whereas outside 
these nuclei they were smaller and appeared fusiform or triangular. 
The distribution of neurons containing HDC was similar to those 
containing ADA. Interestingly, although the distribution pattern of 
HDC-immunoreactive neurons was qualitatively unaltered in animals 
pretreated with colchicine, HDC-immunostaining was substantially 
reduced such that light staining was observed only in neuronal soma 
and not in dendritic processes This result was obtained whether 
progressively higher or lower dilutions of primary antiserum were 
used. 

In the absence of colchicine pretreatment, GAD-immunoreactive 
perrkarya remained elusive although numerous punctate deposits of 
DAB reaction product, presumed to represent GAD-containing ter- 
minals, were seen in the posterior hypothalamus as well as through- 
out the brain. Colchicine pretreatment decreased punctate immuno- 
staining and concomitantly revealed GAD-containing cell bodies in 
which DAB reaction product was restricted to neuronal cytoplasm 
and appeared granular. Neurons immunoreactive for GAD were 
found widely distributed in the posterior hypothalamic area as well 
as concentrated in discrete nuclei consisting of heterogenously sized 
cells. Small- to medium-sized fusiform or triangular neurons with long 
immunostained processes (10 to 15 Frn) were scattered in the area 
surrounding the fornix and mammillothalamic tract. Considerable 
numbers of small (<IO grn) GAD-positive neurons were observed 
in the zona incerta, the supramammillary nucleus, and the periven- 
tricular area just beneath TM extending caudally to the arcuate 
nucleus, within which they were found situated medially. Medium- to 
large-sized GAD-containing (15 to 30 pm) neurons, mostly round or 
oval in shape, were observed in the TM, CM and PCM, with a 
distribution similar to those containing ADA and HDC. 

Neuronal enzyme coexistence 

Serial sections. Since neurons containing ADA, HDC, or GAD in 
the hypothalamus were most numerous within TM or CM and in 
immediately surrounding areas, investigations of the coexistence of 
these enzymes using serial sections were restricted to these nuclei. 
In photomicrographs of more than 30 pairs of adjacent sections 
through TM and CM, many neurons were found to be immunoreac- 
tive for both ADA and HDC (Fig. 1). In the core areas of these nuclei, 
particularly CM, immunoreactive cells were so closely packed and 
intensely stained that it was sometimes difficult to identify single 
neurons and, therefore, the same neuron in adjacent sections (Fig. 
1, e and f). However, in regions just peripheral to these nuclei, 
where cells were more dispersed, portions of the same neurons 
which could be positively identified to be present in adjacent sections 
were always found to be immunoreactive for both ADA and HDC. 
In addition, whenever corresponding neurons could be identified 
within the dense cluster of cells in CM, coexistence of these enzymes 
was invariably found. Examples of neurons containing both enzymes 
are shown in adjacent sections (Fig. 1) through TM (Fig. 1, a and 
b), the rostra1 part of the CM (Fig. 1, c and d), and CM (Fig. 1, e 
and f). 

Similar results were obtained in studies involving ADA and GAD 
where, again, more than 30 pairs of adjacent sections through TM 
and CM were analyzed. All immunostained neurons which could be 
identified as portions of the same neuron in adjacent sections were 
immunoreactive for both of these enzymes (Fig. 2). This was true of 

neurons dispersed in the periphery of TM and CM as well as those 
within CM. 

The presence of ADA, HDC, and GAD in individual hypothalamic 
neurons was examined in more than 20 triplets of photomicrographs 
of serial sections through CM only. In each of these triplets, an 
example of which is shown in Figure 3, several neurons were found 
to contain all three enzymes. Although immunostaining for HDC was 
reduced in these experiments by virtue of the colchicine pretreatment 
required to visualize GAD, HDC-immunoreactive neurons were still 
sufficiently recognizable to allow comparisons with GAD- and ADA- 
containing neurons in adjacent sections. 

It should be noted here that the above analysis, despite the use 
of relatively thin serial sections, tends to be biased toward revealing 
coexistence among large neurons; individual small neurons will 
appear less often in both of a pair of adjacent sections. In addition, 
the adjacent sections examined here were not counterstained since 
this would have compounded the difficulty of identifying correspond- 
rng neurons in the densely packed cell groups of TM and CM. As a 
consequence, the above results provide no information concerning 
possible lack of coexistence since we could not determine the 
frequency with which individual immunoreactive neurons appeared 
in only one of a pair of consecutive sections. Thus, in these 
experiments it was not possible to obtain a false negative result, i.e., 
an erroneous lack of coexistence, since only neurons immunoreac- 
trve for the enzymes under investigation were visualized and only 
those exhibiting enzyme coexistence were recognized as corre- 
sponding in adjacent sections. 

Simultaneous immunostaining for two enzymes. Analysis of sec- 
tions simultaneously immunostained for either HDC or GAD by the 
PAP method and for ADA by the indirect immunofluorescent method 
was best conducted microscopically prior to photography. Sections 
could be vtewed either by alternating between illumination for bright- 
field and fluorescence or by simultaneous illumination for both, with 
that of brightfield being kept relatively low. Either way neurons 
exhibiting both cytoplasmic DAB reaction product and nuclear fluo- 
rescence could be detected without difficulty. Occasionally, ADA 
immunofluorescence could be detected throughout the soma of 
neurons lightly immunostained for HDC or GAD. Conversely, nuclear 
immunofluorescence tended to be obscured in cases where neurons 
contained dense cytoplasmic DAB reaction product overlying the 
nucleus. However, although it cannot be appreciated in the black 
and white photomicrographs shown here, faint green nuclear im- 
munofluorescence could still be detected in most of these cases. 

Virtually all ADA-immunoreactive neurons in the hypothalamus 
were also immunoreactive for HDC (Fig. 4). This included large and 
small neurons in TM (Fig. 4, a and b), CM (Fig. 4, c and d), and 
PCM (Fig. 4, e and f), as well as those dispersed between and 
connecting these nuclei (Fig. 6, c and d). Similarly, virtually all 
neurons exhibiting ADA immunofluorescence in CM (Fig. 5d), PCM 
(Fig. 5f), and related regions (Fig. 6f), and nearly all of those in TM 
(Fig. 5b) were also immunostained for GAD (Figs. 5, c and e, 6e, 
and 5a, respectively). However, at the dorsal anterior extreme of TM 
where neuronal coexistence of ADA and HDC was observed, neu- 
rons were found which appeared to contain ADA (Fig. 6h) but not 
GAD (Fig. 6g). In addition, two regions were found in which ADA 
and HDC appeared to be separate. In the area flanking the posterior 
arcuate nucleus, several neurons per section exhibited immunofluo- 
rescent staining for ADA but were clearly devoid of HDC immuno- 
reactivity (not shown). In contrast, small numbers of cells weakly 
immunoreactive for HDC within the arcuate nucleus were consis- 
tently devoid of ADA immunostaining. 

In control experiments no immunofluorescent staining was ob- 
served in sections processed immunohistochemically for HDC or 
GAD by the PAP method (illustrated for HDC in Fig. 6a) followed by 
reprocessing using the immunofluorescent method but with omission 
of anti-ADA serum (Fig. 6b). Moreover, in sections sequentially 
processed for GAD, then ADA, no ADA-immunofluorescent staining 
was observed in the cytoplasm or nucleus of even lightly immuno- 
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Figure 7, Photomicrographs of serial sections demonstrating coexistence of ADA and HDC in posterior hypothalamic neurons. Adjacent sections through 
TM (a and b), the rostra1 part of CM (c and d), and the center of CM (e and f) show neurons immunoreactive for both ADA (a, c, and e) and HDC (b, d, 
and f). The arrows, which in some cases are numbered to aid identification, indicate portions of the same neuron in corresponding adjacent sections. Scale 
bars, 50 pm. 

stained GAD-containing neurons outside the hypothalamus, indicat- sorption of antiserum to this enzyme with purified ADA. Immuno- 
ing that the second sequence immunoreagents did not cross-react staining for GAD or HDC within or outside the hypothalamus was 

with those of the first which were presumably blocked by the DAB not altered by preadsorption of antiserum to these enzymes with 
reaction product. lmmunostaining for ADA was abolished by pread- ADA. That antisera to ADA, GAD, and HDC do not cross-react with 
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demonstrate the relationship of ADA-containing neurons in these 
areas to those containing GAD or HDC. Analysis of serial sections 
revealed that many neurons immunoreactive for ADA also contained 
HDC or GAD. Moreover, double immunostaining procedures showed 

Figure 2. Photomicrographs of adjacent sections showing coexistence of 
ADA (a) and GAD (b) in neurons of CM. Arrows indicate corresponding 
neurons immunoreactive for both enzymes. Scale bar, 50 pm. 

each of the other’s antigen is further indicated by: (7 ) the requirement 
of cholchicine pretreatment to visualize GAD but not the other two 
enzymes In hypothalamic neurons, (2) the failure to immunostain 
ADA- or GAD-containing structures outside the hypothalamus with 
antiserum to HDC, (3) the visualization of distinct and different fiber 
tracts with antiserum to either ADA or HDC but failure to visualize 
these same tracts with antiserum to GAD, and (4) the failure of 
antisera to GAD or HDC to produce nuclear immunostaining of 
hypothalamic neurons which clearly exhibit such staining with anti- 
serum to ADA. 

Discussion 

Although the detailed anatomy of the neuronal system constituting 
the PHMN has been largely ignored until recently, this system is 
now likely to attract, and indeed, warrants, considerable attention in 
view of its various and potentially important biochemical and anatom- 
ical features. As previously shown and confirmed here, the three’ 
major centers comprising the PHMN; namely TM, CM, and PCM, 
and the regions between’ these centers, all harbor an array of 
neurons immunoreactive for ADA, GAD, or HDC (Vincent et al., 
1982; Nagy et al., 1984; Watanabe et al., 1984). We now further 

Figure 3. Photomrcrographs of three serial sections showrng neurons 
rmmunoreacttve for ADA (a), HDC (b), and GAD (c) In CM. The numbered 
arrows Indicate portrons of the same neurons whrch appear In all three 
mrcrographs and which are rmmunoreactrve for all three enzymes. Scale bar, 
50 pm. 
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Figure 4. Slmuitaneous lmmunostalnlng for HDC (a, c, and e; bnghtfield micrographs) and ADA (b, d, and f; rmmunofluorescent micrographs) In neurons 
of PHMN Sectlons were processed first for HDC by the PAP method and then for ADA by the immunofluorescence method. Stra/ght and curved arrows 
indicate examples of individual neurons or groups of neurons, respectively, that are immunoreactive for both HDC and ADA In the same section through TM 
(a and b), CM (c and d), and PCM (e and f). Although not evident here, virtually all HDC-posltlve neurons were seen to exhibit some green (FITC) 
Immunofluorescence. V, third ventricle. Scale bars, 50 pm. 
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Figure 5. Srmultaneous rmmunostarnrng for GAD (a, c, and e) and ADA (b, d, and f) rn neurons of PHMN. Sections were processed first for GAD by the 
PAP method and then for ADA by the rmmunofluorescence method and photographed using brightfield (GAD) or fluorescence (ADA) microscopy. Arrows 
indicate examples of neurons rmmunoreactrve for both GAD and ADA in the same section through TM (a and b), CM (c and d). and PCM (e and f). Virtually 
all ADA-posrtrve neurons, rncludrng some In whtch green rmmunofluorescence IS not evident in these micrographs, were rmmunoreactive for GAD. However, 
some GAD-positive neurons were devoid of ADA-rmmunostarnrng (c, arrowheads) V, third ventricle. Scale bar, 50 pm. 
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Figure 6. Simultaneous immunostaining for ADA and HDC or GAD in sections through the posterior hypothalamus. Sections were processed first for 
either HDC or GAD by the PAP method and then for ADA by the indirect immunofluorescence method and photographed using brightfield (HDC or GAD) 
or immunofluorescence (ADA) microscopy. a and b, Micrographs of the same section showing that, after processing of tissue for HDC (a), no 
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that the neuronal coexistence of ADA with either of the two decar- 
boxylase enzymes was widespread, encompassing nearly all areas 
of the PHMN. The extent to which all three enzymes coexist in the 
same neurons is presently unclear. However, certain recent obser- 
vations may have some bearing on this point. It has been reported 
that nearly all of the large neurons in TM, CM, and PCM contain 
GAD (Vincent et al., 1983) and that nearly all of these neurons are 
immunoreactive for both GAD and HDC (Takeda et al., 1985). On 
this basis, ADA is likely to be present in substantial numbers of 
neurons containing both HDC and GAD. This is consistent with 
examples shown here of individual neurons containing all three 
enzymes. This conclusion is further supported by the diverse but 
often similar brain areas to which ADA-, GAD-, and HDC-containing 
hypothalamic neurons have projections. These include the striatum, 
cortex, and amygdala (Vincent et al., 1983; Nagy et al., 1984; 
Takeda et al., 1984). A more detailed comparison of the central 
distribution of HDC- and ADA-immunoreactive fibers indicates that 
wherever the former are found, so too are the latter. The converse, 
however, is not true since, unlike HDC-positive perikarya which are 
found only in the hypothalamus, ADA-positive neurons are present 
in several other brain regions (J. I. Nagy and E. Senba, in prepara- 
tion). 

Although the above results indicate substantial coexistence of 
ADA with HDC or GAD in PHMN, we cannot exclude the possibility 
of some lack of coexistence. A few large neurons (6 to 10 per 
section) at the extreme rostra1 pole of TM appeared to contain ADA 
but not GAD. This also appeared to be the case for some large 
neurons spanning the dorsal region between CM and the mammillary 
recess. That these results are isolated examples of false negatives 
in the double immunostaining experiments cannot be ruled out for 
two reasons; immunohistochemical methods cannot be considered 
100% reliable for revealing low levels of antigens, and in the case 
of studies involving GAD, colchicine treatment may have caused 
insufficient accumulation of this enzyme, particularly in large neuronal 
cell bodies. However, neurons containing ADA independently of 
GAD were observed in the midst of large and small neurons con- 
taining both enzymes. It may also be noteworthy that in our earlier 
studies some neurons devoid of ADA immunoreactivity (Nagy et al., 
1984) but clearly within the PHMN, could be retrogradely labeled 
from the cortex or striatum with the fluorescent tracer fast blue. With 
respect to ADA and HDC, in the attempts to examine the coexistence 
of these enzymes by using dual color immunostaining in the same 
section where HDC was first visualized using DAB followed by the 
visualization of ADA using CN, some small cells immediately lateral 
to the posterior arcuate nucleus were clearly immunostained blue 
(CN) but were devoid of brown reaction product (DAB). Small ADA- 
positive cells lacking HDC immunoreactivity were also found in similar 
locations in sections processed sequentially for HDC by the PAP 
method and for ADA by the indirect immunofluorescent method. In 
contrast, cells containing only HDC were observed in the arcuate 
nucleus. The possible significance of the biochemical heterogeneity 
observed in minor populations of neurons in PHMN, with respect to 
ADA, HDC, and GAD content, may become evident through more 
detailed studies regarding the projections of, and transmitters utilized 
by, these neurons. At present we cannot exclude that HDC-positive 
cells in the arcuate nucleus are mast cells since there is evidence 
for the presence of these in the basal hypothalamus (Roberts and 
Calcutt, 1983). 

Two issues need to be considered regarding the neurotransmitter 
nature of the neurons in PHMN: one concerns their axon terminals 
and the other their cell bodies. The anatomical findings cited above, 

together with studies showing that hypothalamic lesions reduce HDC 
activity and histamine levels in forebrain regions (Garbarg et al., 
1974, 1976) indicate that HDC is transported to, and histamine is 
synthesized in, nerve terminals of the HDC-containing ascending 
neuronal system. Similarly, inasmuch as GAD is a well established 
marker for GABA-containing neurons, it too is probably transported 
and actively involved in the production of GABA in this system. The 
failure to reduce GAD or GABA levels in, for example, the cortex 
after lesions interrupting GAD-containing projections to this region 
(Ulmar et al., 1975) is probably due, in part, to the high intrinsic 
content of cortical GABAergic elements and the small contribution 
made to this by the hypothalamocortical neurons. Thus, GABA and/ 
or histamine may be utilized as transmitters and/or co-transmitters 
in these neurons. Whether adenosine, a substance gaining some 
recognition as a possible neuromodulator in the CNS (Phillis and 
Wu, 1981) subserves such a role in these neurons, as may be 
represented by their high ADA content, is still a matter of speculation 
(Nagy et al., 1984). With respect to the cell bodies of the hypothal- 
amic magnocellular neurons, an analogy may be drawn between 
these and the neurons giving rise to the diffuse central noradrenergic, 
serotonergic, and dopaminergic projection systems. All of the neu- 
rons of these systems contain within their cell bodies the enzymes 
necessary for the synthesis of their respective transmitter; these 
perikaryal enzymes, and, in some cases, their related transmitters 
can be visualized histochemically or immunohistochemically without 
the need for colchicine pretreatment to inhibit their axoplasmic 
transport out of the cell body (Moore and Bloom, 1978, 1979). There 
is now strong evidence that dendrites of these neurons release their 
respective transmitter which then acts presynaptically on autorecep- 
tors or postsynaptically on nerve terminals (Aghajanian, 1981; Glow- 
inski and Cheramy, 1981). It is therefore conceivable that, whatever 
their true neurotransmitter nature, the hypothalamic magnocellular 
perikarya, which also give rise to diffuse projections, express en- 
zymes involved in transmitter metabolism, and in some cases con- 
tarn vesicular-like structures (Maeda et al., 1984) may also exhibit 
dendritic release of their transmitter(s). 

Other biochemical features of hypothalamic neurons distributed 
in a topographic configuration similar to those containing ADA, GAD, 
and HDC include cells that have: (1) high monoamine oxidase activity 
and projections to the cortex in rat and cat (Kitahama et al., 1984; 
Maeda et al., 1984; Tago et al., 1984); (2) immunoreactivity for 
thyrotropin-releasing hormone (Shirozu et al., 1985) and histamine 
(Panula et al., 1984); (3) the ability to take up serotonin (Char+Palay, 
1977); (4) the capacity to accumulate and decarboxylate 5-hydroxy- 
tryptophan (Sakumoto et al., 1984); and (5) high levels of binding 
sites for the ligand 3H-nitrobenzylthioinosine, a putative ligand for 
adenosine uptake sites in rat brain (Geiger et al., 1985; Nagy et al., 
1985). Whether all of these characteristics are expressed simulta- 
neously by individual hypothalamic neurons remains to be deter- 
mined. This notwithstanding, the observation that these character- 
istics are displayed by a confluence of neurons conforming to the 
system of PHMN described by Bleier et al. (1979) lends credence 
to their notion that these nuclei constitute a single functionally related 
anatomical system. 
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