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Tyrosine Hydroxylase lmmunoreactive Neurons Throughout the 
Hypothalamus Receive Glutamate Decarboxylase lmmunoreactive 
Synapses: A Double Pre-embedding lmmunocytochemical Study 
with Particulate Silver and HRP 

Anthony N. van den Pol 
Section of Neurosurgery, Yale University Medical School, New Haven. Connecticut 06510 

Silver-intensified gold (SIG) particles were used for light- and 
electron-microscopic immunocytochemical localization of neu- 
ronal antigens, and the SIG method was compared with related 
heavy-metal methods for the purpose of dual ultrastructural lo- 
calization of neurotransmitter-related antigens. SIG immuno- 
staining was combined with peroxidase immunostaining to allow 
simultaneous study of differentially labeled tyrosine hydroxy- 
lase and glutamate decarboxylase immunoreactive neurons in 
the medial hypothalamus. 

A number of electron-dense markers that might be of use in 
double immunostaining for light and electron microscopy were 
examined, either with a simple nitrocellulose dot-blot method 
or on Formvar-coated slot grids. Of these, silver-intensified 5 
nm colloidal gold was the most effective. Silver intensification 
of colloidal silver and of peroxidase reaction product also showed 
promise for combined LM and EM double-immunolabeling 
studies. Since the silver-intensification procedure used here in- 
tensifies both gold and peroxidase, in experiments involving 
double staining, the silver-intensified gold procedure should be 
used for the first antigen and nonintensified HRP for the sec- 
ond. 

Presumptive dopaminergic neurons containing the enzyme ty- 
rosine hydroxylase were located throughout the hypothalamus 
with SIG immunostaining. In the same areas where frequent 
tyrosine hydroxylase immunoreactive neurons were found, many 
axons and bouton terminals were also found with antisera 
against GABA or against the GABA-synthesizing enzyme glu- 
tamate decarboxylase. Areas containing cells immunoreactive 
for tyrosine hydroxylase and stained with SIG and axons im- 
munoreactive for glutamate decarboxylase and stained with per- 
oxidase included the periventricular area (A14), the arcuate nu- 
cleus (A12), the dorsomedial hypothalamus/zona incerta area 
(A13), the posterior hypothalamus (All), the medial paraven- 
tricular nucleus, and dorsal to the supraoptic nucleus, in addi- 
tion to the preoptic area near the third ventricle and dorsally 
adjacent to the anterior commissure. For comparison, the SIG 
procedure was also used to stain dopaminergic neurons outside 
the hypothalamus in the substantia nigra and ventral tegmental 
area. 

Double immunocytochemical staining of two different neuro- 
transmitter-related antigens allowed examination with both light 
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and electron microscopy. By virtue of a large silver shell formed 
around the colloidal gold particle and its adsorbed immuno- 
globulin or protein A, cross-reactivity of the first set of immu- 
noreagents stained with particulate silver and a second set stained 
with peroxidase could be reduced or eliminated. To test its ver- 
satility, the SIG methodology was used to stain five other pu- 
tative neurotransmitter-related antigens in the hypothalamus, 
including glutamate decarboxylase, somatostatin, prolactin, lu- 
teinizing hormone releasing hormone, and neurophysin in fro- 
zen sections or sections embedded in plastic, polyethylene gly- 
col, or paraffin. 

In all areas examined ultrastructurally, including the arcuate 
nucleus (A12), the periventricular area (A14), the medial par- 
aventricular nucleus, and the dorsomedial hypothalamus, glu- 
tamate decarboxylase immunoreactive boutons stained with per- 
oxidase were found in direct contact with tyrosine hydroxylase 
immunoreactive dendrites and perikarya stained with the silver- 
intensified gold procedure. As glutamate decarboyxlase immu- 
noreactive boutons were found in synaptic contact with tyrosine 
hydroxylase immunoreactive neurons throughout the hypothal- 
amus, the inhibitory amino acid transmitter GABA may play a 
widespread role in modulating the electrical activity of dopa- 
mine neurons. 

Cells containing immunoreactive tyrosine hydroxylase (TH), 
the rate-limiting enzyme in dopamine synthesis, are found 
throughout the hypothalamus. Previous work has suggested that 
the presence of TH in perikarya of the hypothalamus is indic- 
ative of a dopaminergic neuron. Dopamine beta-hydroxylase 
and phenylethanolamine-N-methyl transferase, the synthetic 
enzymes involved in norepinephrine and epinephrine synthesis, 
although found in axons within the hypothalamus, have not 
been found in medial hypothalamic somata or dendrites (Bjork- 
lurid et al., 1975; Fuxe, 1964; HGkfelt et al., 1974; Swanson and 
Hartman, 1975; Swanson et al., 1981; van den Pol et al., 1984). 
Dopamine neurons of the hypothalamus play an important role 
in regulation of pituitary tropins, particularly prolactin, and also 
are involved in many of the other functions of the hypothalamus 
(Brown et al., 1972; Lloyd et al., 1975; Lookingland and Moore, 
1984; MacLeod and Lehmeyer, 1974; Tilders et al., 1979; Wei- 
ner and Ganong, 1978). 

Axons that are immunoreactive for glutamate decarboxylase 
(GAD), the enzyme responsible for synthesis of the inhibitory 
amino acid neurotransmitter GABA (Wu, 1983), are found in 
many regions of the hypothalamus. The present study utilizes 
a recently developed double-staining method (van den Pol, 
1984b, 1985a) that allows examination of two differentially la- 
beled antigens at both the light-microscopic and electron-mi- 
croscopic level. The possible influence of GABA-containing 
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Table 1. Protocol for double immunostaining with SIG and HRP 

1. 
2. 
3. 
4. 
5. 
6. 
I. 
8. 
9. 

10. 
11. 

12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
21. 
28. 
29. 

30. 
31. 
32. 
33. 

Fix (4% paraformaldehyde and 0.1% glutaraldehyde) 
Sucrose infiltration (until block sinks) 
Freeze block in liquid nitrogen, thaw, freeze again 
Cut 30 pm sections on Vibratome 
TBS buffer (pH 8.2) with glycine, lysine, 1% BSA (l-l 5 hr) 
First primary antiserum: rabbit anti-TH (overnight) 
Wash in TBS (6 x 10 min) 
TBS and 1% BSA (30 min) 
Goat anti-rabbit IgG adsorbed to 5 nm gold for 2 hr (or protein 
A-adsorbed to 5 nm gold for 2 hr) 
TBS buffer (5 x 10 min) 
Rabbit anti-goat FlTC (use only on a few sections to ensure specific 
gold label is in tissue) 
Citrate buffer, or distilled water (3 x 5 min) 
Intensify with silver solution (3 min to 2 hr) 
Citrate buffer (3 x 5 min) 
TBS (3 x 5 min) 
5% Normal rabbit serum in TBS (1 hr) 
Second primary antiserum: sheep anti-rat GAD (overnight) 
TBS (6 x 10 min) 
Biotin rabbit anti-sheep IgG (45 min) 
TBS (4 x 10 min) 
Avidin-biotin-peroxidase complex (45 min) 
TBS (4 x 5 min) 
Tris (pH 7.6) 
DAB and hydrogen peroxide 
Tris (3 x 10 min) 
Phosphate buffer (2 x 10 min) 
1% Osmium tetroxide in phosphate buffer (1 hr) 
Dehydrate in ethanol and propylene oxide 
Flat embed in Epon on glass slides pretreated with liquid release 
agent 
Select area of interest with LM, photograph, remove from slide 
Re-embed in flat portion of Beem capsule 
Cut ultrathin sections 
Stain with lead citrate and uranyl acetate if required (while the SIG 
deposit is easy to see on contrasted sections, peroxidase is not; 
therefore, it is best to examine some sections without counterstaining) 

boutons on dopamine-containing cells in the medial hypothal- 
amus was studied by examining synaptic interaction between 
neurons containing the synthetic enzymes for dopamine or 
GABA. 

Double immunostaining at the ultrastructural level with two 
different electron-dense markers allows the determination of the 
neurotransmitter indentity of both the pre- and postsynaptic 
neurons. The ability to identify neurons on the basis of their 
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Figure I. Silver intensification dot blots. A, Colloidal gold of 5, 10, 
20, and 40 nm were spotted on nitrocellulose and intensified with the 
silver. Even at dilutions of colloidal gold at 1:20,000, a faint staining 
could be detected. Prior to intensification, only the first dilution, 1:20, 
was visible as a pale pink spot. B, The same silver-intensification pro- 
cedure can also be used to intensify protargol (Pr). C, Silver bound to 
protein by a thiolactone procedure (Ag-Q was slightly visible after silver 
intensification, but even in concentrated form was less visible than SIG. 
D-F, Silver intensification at the level of individual gold particles: 5 
nm colloidal gold (D), 5 nm gold intensified for 30 set (E), and 120 set 
with constant agitation Q. Bar, 180 nm. 
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Figure 2. A and B, After immunostaining with a primary antisera 
against TH of neurophysin (van den Pol, 1984), goat anti-rabbit IgG 
adsorbed to 10 nm gold was used to label the primary antisera. Since 
the gold staining was not visible with light microscopy, rabbit anti-goat 
IgG coupled to PITC was used to localize the neurons containing gold. 
Bar, 18 pm. 

putative transmitter is particularly important in an area such 
as the medial hypothalamus, where most neurons may otherwise 
be indistinguishable. In addition to having two different im- 
munocytochemical markers which can be differentiated with the 
EM, the procedures allow localization of each of the markers 
with light microscopy. 

In the present paper, a number of different electron-dense 
markers are compared. Intensification of the size, electron den- 
sity, and light visibility of many of these markers was attempted 
using deposition of silver at the site of the preexisting heavy 
metal. Based on the differential localization of their respective 
synthetic enzymes, the present paper examines GABAergic in- 
nervation of dopamine neurons throughout the medial hypo- 
thalamus and preoptic area, concentrating on the arcuate and 
paraventricular nuclei and the periventricular area. 

Figure 3. GAD immunoreactivity: HRP. Large numbers of axons and 
boutons immunoreactive for GAD and stained with peroxidase are 
found in A, the arcuate nucleus (ARC), in B, the hypothalamic peri- 

ventricular area (PERI), and C, the anterior hypothalamus (AH). Arrows 
in A indicate a number of GAD immunoreactive boutons surrounding 
an unlabeled cell body. Except where cells are clearly seen (arrows in A 
and B), or in myelinated regions, immunoreactive axons are found in 
high density throughout the neuropil of the hypothalamus. Bars, 20 pm 
(4 22 w (B), 30 w Cc). 
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Figure 4. TH immunoreactivity: Silver-intensified gold. SIG-labeled TH immunoreactive neurons (arrows) are found in the following: A, Peri- 
ventricular area (PERI), and B, preoptic area (POA). Bar for A, B, 25 pm. C, Zona-incerta area (Zr). Bar, 110 pm. D, Area dorsal to the supraoptic 
nucleus in the anterior hypothalamus (AH). Bar, 40 pm. E, Medial paraventricular nucleus (PEW) adjacent to the third ventricle (V): Silver reaction 
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Materials and Methods 

Fixation 
Albino rats, generally males, were deeply anesthetized with pentobar- 
bital (Nembutal) and perfused transcardially with 0.9% saline, followed 
by 4% paraformaldehyde and 0.1% glutaraldehyde in a 0.1 M phosphate 
buffer. The perfusion was terminated after 40 min., the brain removed, 
and the hypothalamus dissected and immersed in fixative for 3 hr. To 
promote penetration of large immunoglobulin molecules into tissue, 
hypothalamic blocks were immersed first in 10% and then 20% sucrose, 
followed by freezing in liquid nitrogen. Coronal or horizontal sections, 
30 pm, were cut on a Lancer Vibratome and subsequently washed in 
phosphate buffer. 

Peroxidase immunostaining 
To stain immunoreactive GAD axons, sections were first immersed in 
a blocking buffer containing 0.1% lysine, 0.1% glycine, 1% BSA, and 
5% normal rabbit serum for 1 hr in a TBS buffer (20 mM Tris base, 
0.9% NaCl, 0.1% BSA, pH 8.2). Sections were then incubated in sheep 
glutamate decarboxylase antiserum at a dilution of from 1: 1000 to 
1:3000 overnight. After subsequent washing in TBS, sections were in- 
cubated in a biotinylated rabbit anti-sheep immunoglobulin for 30 min, 
washed, and then incubated in an avidin-biotin-HRP complex (ABC 
method of Hsu et al., 198 1). After 30 min incubation in the ABC 
complex, sections were washed in TBS, and reacted with diaminoben- 
zidine and hydrogen peroxide. Sections intended for single immuno- 
staining were washed in phosphate buffer, osmicated, dehydrated in a 
graded series of ethanols and propylene oxide, and were then embedded 
in Epon. 

Colloidal gold immunostaining 

Preparation of colloidal gold 
Colloidal gold particles of different sizes can be made by the reduction 
of gold chloride. Larger gold particles can be made by reduction with 
sodium citrate (Frens, 1973; Horisberger and Rosset, 1977), medium- 
size particles with sodium ascorbate (Horisberger et al., 1978; Stathis 
and Fabrikanos, 1958), and the smallest particles (5 nm) with white 
phosphorus and ether (Faulk and Taylor, 197 1; Horisberger and Rosset, 
1977). A new procedure using allepo tannin has been recently described 
(Slot, 1984); in addition to being safer than the white phosphorus meth- 
od, this approach allows gold particles from 3 to 17 nm diameter to be 
made by varying the amount of tannic acid used during reduction of 
the gold chloride. 

Protein adsorption to colloidal gold 
Colloidal gold has a negative charge and will adsorb quickly to many 
proteins (Horisberger, 1979; Roman0 et al., 1974; Roth, 1982; Roth et 
al., 1978). The pH of the solutions in which the adsorption takes place 
is important, and the proper pH is determined by the p1 of the protein. 
For heterologous antisera, and for protein A, we have used a pH of 9 
in a 2 mM borax buffer adjusted to proper pH by K,CO,. Protein added 
to the gold will adsorb within a few seconds. Gold sols of different-sized 
gold particles have different colorations; the smaller gold particles have 
the general color of a dark red wine. Gold particles adsorbed to proteins 
are fairly stable, and the adsorbed protein prevents gold flocculation 
caused by addition of salt. Addition of 10% sodium chloride will cause 
unadsorbed particles to flocculate and precipitate; this can be deter- 
mined by a color change from red to purple. A simple way to determine 
the correct amount of protein needed to stabilize gold particles is by 
addition of 100 ~1 of 10% sodium chloride to 1 ml of adsorbed gold. If  
any color change is seen, either more protein must be added to stabilize 
the gold, or the protein, for a variety of reasons, may not be suitable 
for adsorption to gold. Smaller gold particles require significantly more 
protein to stabilize than large particles. Furthermore, in our hands, some 
proteins seem to adsorb better to smaller gold particles than to larger 
gold particles; for instance, cholera toxin, used for tracing of neuronal 

pathways, adsorbed poorly to 40 nm gold, but stabilized 20 nm gold 
with little problem. After the correct amount of protein that will just 
stabilize the gold is determined, 10% extra protein is added (DeMey et 
al., 198 1). BSA (Sigma, fraction V) is added to a final concentration of 
1%. If the adsorption was successful, all the colloidal gold particles will 
be stabilized by protein, but excess protein (i.e., protein A or immu- 
noglobulins) may not be adsorbed. To eliminate particle aggregates, a 
slow-speed centrifugation step is used, 5000 x g is adequate for 5 nm 
gold, and slower speeds for larger gold. To eliminate unadsorbed protein 
A or IgGs, the solution is centrifuged at high speed. For 5 nm gold, 
DeMey (1983) recommends a g,,,, of 60,000, while Slot and Geuze 
(1983) recommend a g,, of 125,000. The soft pellet is resuspended in 
1% BSA in Tris-buffered saline, and the supematant and any hard pellet 
are discarded. The speed of centrifugation is determined by the size of 
the gold particle. After two additional centrifugation steps, 0.1% sodium 
azide is added, and the solution is stored at 4°C. Samples prepared in 
this way 3 years ago were found still viable for immunocytochemistry, 
although the signal-to-noise ratio was lower than for freshly prepared 
colloidal gold. The gold solutions can be stored in a lab freezer (- 2o’C) 
if glycerol is addedto prevent freezing. 

One relatively simple way of standardizing colloidal gold solutions 
of monosize gold after adsorption to proteins is by measuring light 
absorption at 520 nm (Beckman model 24 spectrophotometer). Gold 
suspensions (1:20 of stock solution in 1% BSA) are diluted to an O.D. 
of 0.25 for 5 nm gold, and 0.5 for 20 nm gold. Commercial colloidal 
gold adsorbed to proteins varies greatly in concentration, and appro- 
priate working dilutions can be prepared after spectrophotometric anal- 
ysis (DeMey, 1983). 

Since colloidal gold adsorbed to primary antisera consistently gave 
poorer results than when adsorbed to a secondary immunoglobulin or 
protein A, a two-step immunostaining procedure was generally used for 
immunogold staining in the present sets of experiments. 

Immunostaining of tyrosine hydroxylase with 
gold particles 
Sections were incubated in one of two solutions intended to reduce 
nonspecific sticking of immunoglobulins to tissue sections. Both con- 
tained 0.1% glycine, 0.1% lysine, and BSA in a TBS buffer. Sections 
intended for use with a colloidal gold adsorbed to goat anti-rabbit im- 
munoglobulin were immersed in blocking solutions also containing 5% 
normal goat serum and 1% BSA, while sections intended for use with 
a protein A-adsorbed gold probe were put in blocking solutions con- 
taining 3% BSA with no normal serum. After incubation in rabbit anti- 
tyrosine hydroxylase antiserum overnight at a dilution of 1: 1000, sec- 
tions were washed thoroughly and put in gold adsorbed to protein A 
(Pharmacia) or to goat anti-rabbit IgG (Cappel). After 2 hr agitation at 
room temperature, sections were washed in TBS repeatedly prior to 
silver intensification. 

While gold of 20 nm and larger is visible as a faint pink coloration 
in the LM with immunostaining, this large-size gold particle penetrates 
tissue very poorly. Penetration is better with 10 nm, and best with 3- 
5 nm gold. A simple way to assess the immunostaining with gold par- 
ticles was to use a third immunoreagent conjugated to a fluorescent 
probe, either FITC or rhodamine (van den Pol, 1984a). I f  goat anti- 
rabbit IgG adsorbed to gold was used as a secondary reagent, FITC- 
conjugated rabbit, or FITC rabbit anti-goat IgG was used to localize 
the gold probe (Fig. 2). Protein A adsorbed to gold, which can bind to 
two Fc sites on IgGs, could also be detected with rabbit IgG conjugated 
to FITC. Since free goat IgG or protein A was virtually eliminated 
through several centrifugation steps after adsorption to the colloidal 
nold. the FITC coniuaate localized specificallv the aold-adsorbed nro- 
yein.’ I f  staining is no; seen with the kuorescent marker, further ultra- 
structural study may not be useful. 

Silver intensification of metals 
Silver salts have been used for years to stain or intensify heavy metals 
in the nervous system (Brunk et al., 1966; Danscher, 198 1; Haug, 1967, 
1973; Pearson and G’Neill, 1958; Pihl, 1967; Tyrer and Bell, 1974). To 

t 
product is found throughout the cytoplasm of immunoreactive neurons (arrows) but not in cellular nuclei. Bar, 30 Mm. F, SIG-labeled TH 
immunoreactive axons (arrows) in the median eminence (ME). Bar, 8 pm. G, Periventricular hypothalamus (PERI); darkly stained TH immu- 
noreactive cells labeled with SIG are found in the same area as lightly stained GAD immunoreactive axons stained with peroxidase. Bar, 15 Wm. 
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determine what parameters were optimal for intensification of colloidal 
gold particles, the use of nitrocellulose blots was invaluable. A routine 
test was devised where 2 or 5 ~1 of different concentrations of different 
size colloidal gold particles were blotted on nitrocellulose (Schleicher 
and Schuell, PH 79, 0.1 pm pore size). Samples were applied with a 
Zintrol wire nlunaer in a 5 ~1 micropipette (Drummond Scientific). 

The labeled nitrocellulosk was immersed in different silver intensi- 
fication solutions, and the intensity of gold spots and the background 
staining on paper was compared. 

The optimal intensification solution contained 1,4-benzenediol (hy- 
droquinone, Sigma H-9003) a colloidal suspension of gum acacia (gum 
arabic, Sigma G-9752) in a citrate buffer containing silver nitrate (Fisher 
S- 18 1). This solution was similar to that used by Haug (1973) for routine 
(nonimmuno) silver staining of the brain. The pH of the buffer was 
about 4. The intensification solution should be made immediately before 
use, with the silver nitrate added as the final step just before immersion 
of the sections in it. As gum arabic may take several hours to dissolve, 
we generally made large batches (1 part gum acacia, 2 parts H,O) and 
kept them frozen in 20 ml vials until needed. Some of the older papers 
(Haug, 1973) have indicated an advantage of using large pieces of acacia 
and mixing it for several days before use. We found that the commer- 
cially prepared powder (Sigma) worked sufficiently well and dissolved 
in a few hours. Silver lactate (Danscher, 198 1; Holgate et al., 1983) can 
be substituted for silver nitrate, but as it was more expensive and dis- 
solved more slowly, silver nitrate was generally used. 

The final silver-intensifying solution was similar to those described 
previously (Danscher, 198 1; Haug, 1973). Four stock solutions were 
made the day of the experiment: (1) 2 M citrate buffer (25.5 gm citric 
acid, 23.5 gm trisodium citrate, in 100 ml H,O). (2) 5.6% hydroquinone 
in H,O; 0.75% silver nitrate in H,O; and gum arabic (described above). 

To 12 ml gum acacia solution, 2 ml of citrate buffer was added and 
mixed. Then 3 ml of the hydroquinone solution was mixed in. As a 
final step, 3 ml of silver nitrate was added. As with all silver solutions, 
care should be taken to use clean glass or plastic dishes and clean tools; 
in general, metallic tools should be avoided. 

In place of a colloidal suspension of gum arabic, other substances 
were substituted, including gum tragacanth (Sigma G-85), 5% BSA, and 
Lipshaw embedding matrix. Alternatively, 4% gelatin in a 40% am- 
monium nitrate buffer (Gores et al., 1979) was also effective in gold 
intensification; to 10 ml of this buffer was added 1 ml of 0.75% silver 
nitrate and 0.5 ml of 5.6% hydroquinone. 

In addition to colloidal gold, other heavy metals bound to immu- 
noglobulins were compared in attempts to find an effective marker that 
could be used for double immunostaining. A number of metallic com- 
pounds were used, bound either to BSA or immunoglobulins. Addi- 
tionally, homocysteine thiolactone was used to increase the binding of 
gold, silver, palladium, or platinum metal salts to proteins (Shall and 
Barnard, 1969). Methyl picolinimidate (Benisek and Richards, 1968) 
and osmium and thiocarbohydrazide (Stemberger, 1979; Stemberger et 
al., 1966) were also used to increase metal deposition on proteins. 

Silver-intensified gold procedure for immunostaining 
of a single antigen 
Sections intended for the SIG reaction were stained with primary anti- 
serum against tyrosine hydroxylase (1: 1000) followed by a secondary 
ligand adsorbed to colloidal gold, as described above. Gold probes of 
5, 10, 15, 20, and 40 nm diameter were used. After 2 hr in the gold- 
adsorbed protein solution, sections were thoroughly rinsed in TBS and 
were then ready for silver intensification. After washing in 0.2 M citrate 
buffer to remove the TBS buffer, sections were placed in the silver- 
intensification solution in a 20 ml scintillation vial. Vials were wrapped 
in aluminum foil and placed on a small platform standing on springs, 
which was agitated automatically every 10 sec. Incubation times in the 
silver nitrate intensification solution were critical, varying from 3 min 
to 2 hr. Doing several repetitions of the silver-staining procedure with 
different tissue sections was helpful. Alternatively, sections could be 
inspected under dim light during the staining procedure, after which 
they could either be rinsed in buffer or incubated longer. I f  the brown 
intensification solution began to turn gray or black, sections were either 
removed and washed in buffer or were placed in freshly made silver- 
intensifying solution. The intensification step was usually run at room 
temperature; if the solution was cooled down prior to tissue incubation, 
sections could be left in the solution at 4C for several hours or, with a 
reduction in silver nitrate or hydroquinone concentrations, overnight. 

The optimal procedure for intensifying immunogold-labeled sections 

consisted of several preliminary intensifications with test sections from 
the same area of the brain the optimal time could be determined before 
all the remaining sections were stained. Optimally immunolabeled sec- 
tions with a minimum background were obtained with intensifications 
stopped before the intensifying solution turned dark. Overintensification 
occurred on the sections when they had been left in an intensifying 
solution that had darkened. Overintensified sections contained non- 
specific cellular and background darkening at the LM level and an 
increased density of nonspecific particles randomly distributed through- 
out thin sections at the ultrastructural level. After the silver-intensifi- 
cation step, sections were rinsed in either the citrate buffer or water. 
Sections could then be put back in a phosphate buffer prior to osmi- 
cation, dehydration through an ascending series of ethanols and pro- 
pylene oxide, and embedding in Epon. 

Double pre-embedding immunostaining: 
SIG and peroxidase 
Since our primary question in these studies focused on GABA inner- 
vation of dopamine neurons, the order of staining was compared. In 
one series, TH was stained with the SIG procedure above, and then 
GAD was stained with peroxidase. In another series, GAD was stained 
with peroxidase, and then TH was subsequently stained with the SIG 
procedure. The steps for double-labeling are outlined in Table 1. 

Antisera 
Previous work describing the specificity of sheep anti-GAD (Oertel et 
al., 198 la, b, Tappaz et al., 1983) and rabbit anti-GABA antisera (Hodg- 
son et al., 1985; Somogyi et al., 1985) have been published. 

As we previously reported, the TH antiserum recognized a single 
molecular weight band, specificity was further tested by precipitation 
of enzyme activity, immunoblotting, and precipitation of cell-free trans- 
lation products. Absorption of antiserum with purified TH abolished 
staining, while addition of bovine dopamine beta-hydroxylase had no 
apparent effect on immunostaining (van den Pol et al., 1984). Deletion 
of either primary antisera resulted in no staining for the homologous 
antigen. Substitution of other antisera stained neurons and axons in 
different hypothalamic regions. 

Additional controls are described in Results. 

Results 

Silver intensification of “metallic”proteins 
Dot blots of different-sized colloidal gold particles all turned 
black or gray after intensification with silver nitrate (Fig. 1, A- 
C). Attempts to obtain suitable intensification of proteins treat- 
ed with a variety of metallic salts including palladium, platinum, 
cobalt, and gold chloride did not work well compared with 
colloidal gold. The most promising of these compounds was 
protein treated with homocysteine thiolactone and silver nitrate. 
However, even this could not be intensified to the same level 
as a dilute solution of colloidal gold (Fig. 1 C), and the potential 
advantage of having a smaller-sized reagent (silver/IgG) was 
offset by its less promising intensification. A number of variants 
of silver deposition procedures have been used to localize nat- 
urally occurring or experimentally administered heavy metals. 
When gum arabic was compared with other protective colloids, 
a colloidal suspension of gum arabic gave a higher signal-to- 
noise ratio on dot blots than BSA, gum tragacanth, Lipshaw 
embedding matrix, or macrocolloidal suspension; while silver 
intensification could be achieved in the presence of any of these 
substances, the sensitivity was greatly reduced and background 
staining increased rapidly. Other colloids that might be substi- 
tuted for gum arabic are Dextran 80 (Pihl, 1967) or gelatin 
(Pearson and O’Neill, 1946). Gum arabic was found superior 
to Dextran, polyethelene glycol, and polyvinylpyrolidone by 
Brunk et al. (1968) for silver intensification. 

The ability of different-sized colloidal gold particles to pene- 
trate and stain tyrosine hydroxylase immunoreactive neurons 
in the hypothalamus and ventral tegmental/substantia nigra area 
was compared. In 30 pm Vibratome sections frozen previously 
in liquid nitrogen and intensified after immunostaining with the 
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Figure 5. TH immunoreactivity: HRP or SIG. TH immunoreactive dendrites (0) and perikarya (P) stained with peroxidase (HRP; A, c) or silver 
(SZ@ Z?, D) can be compared. In neither procedure does the reaction product stain inside mitochondria (44). The apparent staining of the outer 
membrane of the mitochondria with HRP may be an artifact of the procedure, rather than a bona fide localization of the TH antigen. NU, Nucleus; 
NL, nucleolus. Bars, 250 nm (A), 200 nm (B), 300 nm (C), and 225 nm (0). 
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Figure 6. TH immunoreactive dendrite: SIG. The labeled dendrite receives an unlabeled asymmetrical synapse (arrow) from an axon filled with 
clear vesicles and with an occasional larger, dense-core vesicle. No GAD peroxidase staining is seen in this photomicrograph. While the fixation 
is not optimal, organelles can be identified, particularly synaptic vesicles. Membrane damage, necessary for penetration of the colloidal gold and 
other immnnoreagents, is evident. In serial sections, silver particles consistently labeled this single post-synaptic dendrite. Bar, 250 nm. 

silver nitrate procedure, neuronal staining was not found with 
40 or 20 nm gold particles. Positive immunostaining was found 
with 10 and 5 nm particles, and was best with the 5 nm colloidal 
gold. The 20 nm gold particles stained TH immunoreactive 
neurons in 5 or 10 pm sections embedded in paraffin or polyeth- 
ylene glycol, which was seen as a faint pink coloration. The 5 
and 10 nm particles were not visible with light microscopy, but 
their presence could be detected with the use of a tertiary flu- 
orescent probe (Fig. 2) prior to silver intensification. 

TH and GAD immunoreactivity in the medial hypothalamus 

GAD immunoreactivity (peroxidase) 
With single-labeling experiments, axons immunoreactive with 
sheep antiserum against rat GAD were found with terminal 
boutons in all hypothalamic regions in which TH immuno- 
reactive perikarya and dendrites were found. Axons were also 
located in the same areas with rabbit antisera against GABA. 
Examples of dense GAD immunoreactivity in axons and bou- 
tons from the periventricular area, arcuate nucleus, and anterior 
hypothalamus are shown in Figure 3. Labeling with GAD or 
GABA was much greater throughout the hypothalamus than in 
thalamic areas. Without administration of axonal transport 
blocking agents like colchicine, and with the antisera dilutions 
used for double staining, GAD immunoreactive somata and 
dendrites were not generally found in the medial hypothalamus. 

TH immunoreactivity (SIG) 
TH immunoreactive neurons stained with the SIG procedure 
were found in all the same regions as TH immunoreactive cells 
stained with peroxidase (van den Pol et al., 1984) with the ABC 

method (Hsu et al., 198 1) or PAP method (Stemberger, 1979) 
including the periventricular, preoptic, zona incerta-dorsal hy- 
pothalamic regions, and the arcuate and medial paraventricular 
nuclei (Fig. 4). Without silver intensification, TH immunoreac- 
tive cells immunostained with 5 nm colloidal gold were not 
visible with light microscopy. During silver intensification, cells 
turned first yellow, then brown, and finally black, corresponding 
to an increased deposition of silver on colloidal gold particles. 

Ultrastructurally, the silver-intensified gold particles were 
found throughout the cytoplasm of perikarya, dendrites, and 
axons in the medial hypothalamus (Fig. 5, B and D) and in the 
median eminence. Unlike peroxidase reaction product, which 
sometimes seemed to stick to outer membranes of cytoplasmic 
organelles (Fig. 5, A and C), the silver particles did not seem to 
show such a localization. Silver particles were generally not 
found in large organelles such as mitochondria, nuclei, and nu- 
cleoli. Serial sections through TH immunoreactive processes 
showed SIG deposits in the same structures in all sections (Fig. 
6). The size of the silver-intensified gold particles varied, de- 
pending on the degree of silver intensification. Intensified par- 
ticles were generally too large to allow any resolution over small- 
er organelles such as endoplasmic reticulum or vesicles. 

Double labeling for GAD and TH 
Ultrastructurally, in the same thin section TH immunoreactive 
dendrites and somata were found stained with large particles of 
silver-intensified gold and GAD immunoreactive axonal bou- 
tons were revealed with electron-dense matrix typical of os- 
micated HRP reaction product (Fig. 7). GAD immunoreactive 
axons made synaptic contact with dendrites and somata with a 
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typical symmetrical-type synaptic specialization; the presyn- 
aptic GAD immunoreactive axon contained small clear vesicles 
and an occasional dense core vesicle. GAD immunoreactive 
axons, stained with peroxidase, were also found in synaptic 
contact with TH immunoreactive perikarya and dendrites stained 
with the SIG method. Since all regions of the hypothalamus 
that contained TH immunoreactive cells also had large numbers 
of GAD immunoreactive boutons, several of these areas were 
studied ultrastructurally. Somata and proximal dendrites of neu- 
rons in the arcuate nucleus were labeled with the SIG procedure; 
immunoreactive dendrites labeled with silver had the same gen- 
eral characteristics of previously described dendrites stained 
with peroxidase (van den Pol et al., 1984), and the SIG im- 
munoreactive dendritic arbor was oriented in the same general 
direction as Golgi-impregnated cells in the same part of the 
nucleus (van den Pol and Cassidy, 1982). In the periventricular 
region of the hypothalamus (A 14) and reaching into the medial 
paraventricular nucleus, TH immunoreactive cells were stained, 
and proximal dendrites in coronal sections were often situated 
parallel to the wall of the third ventricle. The TH immuno- 
reactive cells with the largest dendrites were found in the caudal 
part of the dorsomedial hypothalamus/zona incerta group, and 
immunoreactivity could be found in dendrites at considerable 
distances (> 100 Mm) from the perikaryon. In all regions ex- 
amined ultrastructurally, including the arcuate, medial para- 
ventricular, and dorsomedial nuclei and the periventricular area 
in the anterior hypothalamus, GAD immunoreactive boutons 
consistently made contact with TH immunoreactive dendrites 
and perikarya (Figs. 8 and 9). When serial section reconstruction 
was attempted on several SIG immunoreactive dendrites, per- 
oxidase immunoreactive boutons were consistently found con- 
tacting the dendrites. To increase the percentage of neural struc- 
tures labeled with GAD or TH, tissue blocks were frozen and 
thawed prior to immunocytochemical reaction. This, in addi- 
tion to the hydrogen peroxide used in the DAB reaction and 
the low pH of the silver-intensification solution, resulted in some 
deterioration of ultrastructure preservation; nonetheless, in all 
regions studied, synaptic membrane specializations could be 
found (e.g., Figs. 8, A, B, and E and 9A). Tissue that was in- 
tensified for only a short period generally showed better pres- 
ervation than tissue intensified for a longer time. 

Sections treated only with peroxidase and DAB showed no 
particulate staining indicative of the SIG reaction product. Con- 
versely, sections stained only with the SIG procedure showed 
no diffuse reaction product indicative of peroxidase labeling. 
Sections immunostained with silver-intensified colloidal gold 
and then treated with diaminobenzidine showed no diffuse DAB 
reaction product. Deletion of the primary antisera eliminated 
staining of the homologous antigen. As with fluorescent and 
peroxidase immunocytochemistry, overstaining with the SIG 
procedure resulted in a nonspecific deposition of silver particles 
throughout the tissue. 

In addition to TH, other neurotransmitter-related antigens in 
the hypothalamus have been stained with the SIG procedure; 
these include neurophysin, GAD, LHRH, somatostatin, and 
prolactin. 

Silver intensification of peroxidase reaction product 
As indicated in Table 1, when double staining with the SIG and 
ABC method, the SIG procedure should be used with the first 
primary antibody and peroxidase with the second. This order 
was necessary because the same silver nitrate intensification 
solution worked not only to increase the size of gold particles, 
but also to intensify the diaminobenzidine HRP reaction prod- 
uct. Not only did the intensifying solution cause the HRP re- 
action product to turn from a light brown to black, but on close 
inspection of TH immunoreactive neurons stained with the ABC 
method followed by silver intensification, the increased opacity 
of the reaction product was found to be caused by a granular 

Figure 7. In a section from the arcuate nucleus, a single TH immu- 
noreactive dendrite labeled with the SIG procedure is seen in the same 
thin section as two GAD immunoreactive boutons making synaptic 
contact (short arrows) with unlabeled dendrites. One unlabeled dendrite 
is also in synaptic contact with a second unlabeled axon (long arrow). 
No peroxidase label is seen in the SIG-stained dendrite, and, vice versa, 
peroxidase-stained axons are free of silver particles. Photomicrograph 
is printed light to facilitate identification of HRP and silver particles. 
Bar, 450 nm. 

precipitate, as seen both with high-magnification light micros- 
copy (Fig. 10) and electron microscopy (Fig. 10). The size and 
number of particles distributed within the HRP reaction product 
was influenced by the duration of silver intensification. In thin 
sections of the arcuate nucleus that had been stained with the 
silver-intensified HRP method, all TH immunoreactive bou- 
tons, dendrites, and somata had a granular-particulate peroxi- 
dase reaction product that could be distinguished from nonin- 
tensified HRP with both light and electron microscopy, but was 
best differentiated with ultrastructural examination. Reversal of 
the staining sequence in Table 1 may result in a consistent 
double-labeling (HRP reaction product and silver particles) in 
the immunoreactive profiles stained first; only the second an- 
tigen would have a singe1 label-in this case, the silver-inten- 
sified gold. 
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Figure 8. GAD boutons terminate on TH dendrites. A and B, Serial sections of a SIG-labeled TH immunoreactive dendrite in synaptic contact 
with a peroxidase-labeled GAD immunoreactive axon in the hypothalamic arcuate nucleus (NV). C, Close apposition of SIG-stained dendrite with 
HRP-stained axon. Note the large size of some of the silver-intensified gold particles (arrows). D and E, In the periventricular area of the 
hypothalamus, SIG-labeled TH immunoreactive dendrites are frequently found in possible synaptic contact (arrows) with HRP-labeled GAD 
immunoreactive axons. Bar, 300 nm. 

Discussion 

Immunocytochemistry 
Silver intensification of colloidal gold adsorbed either to the 
bacterial Fc receptor protein A or to immunoglobulins was used 

in combination with peroxidase for double ultrastructural im- 
munocytochemistry. Critical for double immunostaining is the 
reduction or elimination of cross-reactivity between the first 
and second series of reagents, used respectively to stain the first 
and second antigen of interest. With the silver intensification 
of the gold, as described here, the silver precipitated around the 
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colloidal gold particle would cover not only the gold, but also 
the adsorbed protein A or immunoglobulin, thereby reducing 
or eliminating further cross-reaction when the SIG procedure 
is used for the first antigen. Another critical factor in using the 
SIG procedure prior to HRP is that the silver intensification 
described here also intensifies the HRP reaction product, and 
gives it a particulate quality, recognizable both with light and 
electron microscopy. The particulate nature of the HRP after 
silver intensification cannot easily be discriminated from an 
immunoreactive profile containing both silver-intensified gold 
and peroxidase. The particulate nature of the silver-intensified 
peroxidase reaction product can itself be used as a second im- 
munolabel in conjunction with nonintensified HRP. If one is 
fortunate enough to have two primary antisera raised in different 
species, through using appropriate secondary antisera cross-ad- 
sorbed to solid-phase IgG, cross-reaction of two series of im- 
munoreagents can be eliminated. On the other hand, the pro- 
cedure used here will work with two primary antisera raised in 
the same animal, owing in part to the masking of immunore- 
agents by a silver shell around the gold, and in part to protein 
A specificity. The use of protein A adsorbed to colloidal gold 
as a secondary reagent to stain the first antigen in double im- 
munostaining can also serve to reduce cross-reactivity between 
two series of immunoreagents, because its second available Fc 
binding site can be blocked with the addition of immunoglob- 
ulins. Protein A has been used outside the nervous system for 
double labeling of two antigens with two different-size gold probes 
on thin sections (Geuze et al., 198 1; Roth, 1982). 

The SIG procedure was used in the present sets of experiments 
primarily to stain TH immunoreactive neurons; the same pro- 
tocol has also been used to stain a number of other hypothalamic 
neurotransmitter-related antigens, including somatostatin, pro- 
lactin, neurophysin, GAD, and LHRH. The silver-intensified 
gold procedure stained TH neurons in all regions of the hypo- 
thalamus in which previous studies had reported immunoreac- 
tive neurons, confirming previous reports based on fluorescence 
or peroxidase immunochemistry (Bjorklund et al., 1975; Chan- 
Palay et al., 1984; Fuxe, 1964; Swanson et al., 1981; van den 
Pol et al., 1984) and attesting to the sensitivity of the SIG 
method for light microscopy. 

The SIG/HRP double-labeling method described here is suit- 
able for the examination of two antigens located in different 
cells; the procedure may not be suitable for studies of colocal- 
ization of two antigens in the same cell. In the present study, 
in some cases, but not all, TH immunoreactive dendrites labeled 
with SIG also had a slight increase in general cytoplasmic den- 
sity, similar to that seen after the DAB reaction. This may 
represent colocalization of dopamine and GABA in the same 
neurons in the arcuate nucleus, as recently described (Everitt et 
al., 1984), or may result from some minor cross-reaction be- 
tween DAB and silver reagents. A different double-labeling pro- 
cedure combining pre-embedding peroxidase with post-embed- 
ding colloidal gold staining also can be used with primary antisera 
from the same species (van den Pol, 1983, 1984a, 1985); cross- 
reactivity is eliminated by the plastic used between the two series 
of immunostaining steps. 

GABA innervation of hypothalamic dopaminergic 
neurons 
GAD and GABA immunoreactive fibers are found throughout 
the hypothalamus, as suggested in the present study using anti- 
serum against GAD and GABA, and in previous biochemical 
or immunocytochemical studies with GAD antiserum (Tappaz 
et al., 1982, 1983; Vincent et al., 1982). In all areas containing 
TH immunoreactive neurons, GAD and GABA immunoreac- 
tive axons are numerous. TH immunoreactive neurons in the 
periventricular area (A14), arcuate nucleus (A12), and caudal 
hypothalamus (Al 1) were surrounded by axons containing GAD 

Figure 9. GAD immunoreactive axon in contact (arrows) with TH 
immunoreactive dendrite, D, in the paraventricular nucleus (A) and 
perikaryon, P (B). Symmetrical synaptic specialization in A is indicated 
at arrow. SIG reaction product seems restricted to cytoplasm and is not 
found in the nucleus (NV). Bar, 275 nm. 

immunoreactivity. In a previous report (van den Pol, 1984b, 
1985a), GAD immunoreactive boutons were also found in syn- 
aptic contact with TH immunoreactive neurons in the dorso- 
medial hypothalamus (Al 3). Similarly, in the substantia nigra, 
the origin of a massive dopamine projection to the striatum, 
dopaminergic neurons are contacted by GAD immunoreactive 
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boutons forming symmetrical synapses (van den Pol et al., 1985). 
All regions containing dopamine neurons that we have exam- 
ined also contain frequent GAD immunoreactive boutons, sug- 
gesting that direct GABA modulation may be a common feature 
of dopaminergic neurons in many areas of the brain. An ad- 
ditional question that arises is whether axons containing GAD 
immunoreactivity are selectively terminating on dopamine neu- 
rons or whether GAD immunoreactive neurons are simply so 
frequent that they terminate on many or all neurons in the areas 
where large numbers of boutons are located. In a study with 
antisera against 25 different putative neurotransmitters in the 
hypothalamus, boutons stained with GAD or GABA were the 
most widespread and appeared at the greatest density both with 
light (van den Pol and Tsujimoto, 1985) and electron (A. N. 
van den Pol, unpublished observations) microscopy. With a 
different double immunolabeling protocol of pre-embedding 
peroxidase followed by post-embedding colloidal gold, GAD 
and GABA immunoreactive boutons were found to synapse on 
neurophysin immunoreactive neurosecretory neurons of the su- 
praoptic nucleus (van den Pol, 1985b). 

The role of GABA in neuroendocrine events can be divided 
into three categories: direct modulation at the level of the pi- 
tuitary, modulation of dopamine neurons of the hypothalamus, 
and modulation of other nondopaminergic neurons that partic- 
ipate in endocrine regulation. The possibility that GABA is itself 
a pituitary tropin has been the subject of a wide range of in vivo 
and in vitro physiological studies, and is reviewed elsewhere 
(Elias et al., 1982; Ondo and Pass, 1976; Racagni et al., 1982; 
Tappaz, 1984). In brief, GABA may function as a prolactin- 
inhibiting factor via GABA receptors in the pituitary, although 
with less potency than dopamine (Enjalbert et al., 1979; Schally 
et al., 1977). Injections of GABA, GABA agonists, and GABA 
antagonists into the cerebrospinal fluid have been reported to 
influence not only prolactin, but also gonadotropins, adreno- 
corticotropin, growth hormone, and thyrotropin (Elias et al., 
1982; Racagni et al., 1982; Tappaz, 1984). The literature is too 
voluminous to review here, but it does underscore the impor- 
tance of GABA in the brain as a modulator of hormones of the 
anterior pituitary and, through the pituitary, of endocrine organs 
including the gonads, thyroid, and adrenal. 

In the present study we found a direct synaptic innervation 
of dopamine neurons in the medial hypothalamus by GABAergic 
axons, indicating an inhibitory role of GABA in the modulation 
of median eminence dopamine. The function of the GABAergic 
innervation of presumed dopamine neurons in the hypothala- 
mus can be viewed in light of the known functions of the do- 
pamine neurons themselves in this region. Some of the axons 
from neurons in the region of the arcuate nucleus terminate in 
median eminence (Bjorklund et al., 1975; Fuxe, 1964; Szenta- 
gothai et al., 1972; van den Pol and Cassidy, 1982), where 
released dopamine is carried by the portal vascular system to 
the anterior pituitary; there, dopamine serves as a neurohor- 
mone, causing inhibition of prolactin release (Lloyd et al., 1975; 
MacLeod and Lehmeyer, 1974). Transplantation ofthe pituitary 
away from dopaminergic influence causes an increase in the 

t 

secretion of prolactin. Activation of the GABA input to dopa- 
mine neurons in the arcuate nucleus may result in an increase 
in the release of pituitary prolactin. Dopaminergic neurons of 
the dorsal hypothalamus-zona incerta region may project to the 
preoptic area, and it has been suggested that they play a role in 
the modulation of gonadotropin release. Again, GABA synapses 
on these dopamine neurons would inhibit dopamine release, 
thereby counteracting the influence of dopamine here. Given 
the widespread occurrence of GABA throughout the medial 
hypothalamus and its probable involvement in many hypotha- 
lamic functions, it is not surprising that attempts to study the 
role of GABA in endocrine regulation by the hypothalamus, 
either by administration of GABA or measurement of hypo- 
thalamic GABA after experimental manipulation, have pro- 
duced complex and sometimes contradictory results. 

To conclude, dopaminergic neurons and terminals are found 
throughout the medial hypothalamus and may be involved in 
a wide variety of hypothalamic functions. The present experi- 
ment demonstrates that GAD immunoreactive axons innervate 
TH immunoreactive neurons, indicating that the inhibitory 
amino acid transmitter, GABA, plays a widespread role in the 
modulation of hypothalamic dopamine neuron activity. 
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