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Silver-Intensified Gold and Peroxidase as Dual Ultrastructural 
Immunolabels for Pre- and Postsynaptic Neurotransmitters 

Abstract. An ultrastructural immunostaining method that uses silver-intensified 
gold was combined with another procedure that uses biotin peroxidase conjugates to 
allow simultaneous identification of two neurotransmitter-related antigens in the 
central nervous system. Tyrosine hydroxylase-immunoreactive neurons labeled with 
silver-intensified gold could be differentiated at both light and electron microscopic 
levels from glutamate decarboxylase-immunoreactive neurons labeled with peroxi- 
dase. Cross reactivity of the second group of immunoreagents with the first group 
was reduced by the heavy metal silver shell formed around the colloidal gold 
immunoglobulin complex. With this dual pre-embedding method, peroxidase-stained 
axons containing the inhibitory neurotransmitter y-aminobutyric acid were found to 
synapse directly on silver-stained dopamine neurons in the rat dorsomedial hypothal- 
amus. This approach can be used in combination with a post-embedding immuno- 
cytochemical colloidal gold procedure, allowing ultrastructural identification of 
three neurotransmitter-related antigens in the same tissue section. 

The primary function of neurons may 
be considered to be one of intercellular 
electrochemical communication and in- 
formation processing, generally occur- 
ring through the release of one (or more) 
of 30 to 50 different neuroactive sub- 
stances, loosely termed neurotransmit- 
ters. The electrical response of a post- 
synaptic cell is determined both by its 

own receptors and by the type of neuro- 
transmitter released from the presynap- 
tic cell. The complexity of connections 
in the central nervous system is bewil- 
dering, particularly in nonlaminated ar- 
eas like the hypothalamus, where obvi- 
ous morphological clues to cell type may 
be absent. Studies based on immuno- 
cytochemical identification of a single 

Fig. 1. Effect of intensification on colloidal gold size. (A) Colloidal gold particles (5 nm). (B) 
Gold (5  nm) intensified for 20 minutes on a Formvar-coated slot grid. Intensification is 
influenced by the intensity of ambient light, reagent concentration, agitation, and incubation 
time in the silver solution. 

primary antiserum against a neurotrans- 
mitter-related antigen have proved use- 
ful in delineating previously unrecog- 
nized neuronal systems. The possibility 
of identifying and differentially labeling 
both the presynaptic and postsynaptic 
elements in the same histological section 
would allow a more specific character- 
ization of both the biochemistry and the 
physical circuitry in any area of the 
brain. Such an analysis of neuronal rela- 
tions must be based on ultrastructural 
confirmation of synaptic interaction. 

Three objectives may be considered in 
dual ultrastructural identification of two 
antigens. (i) The final markers must be 
readily seen and discriminated from each 
other with both light and electron mi- 
croscopy. (ii) Antibody cross-reaction 
between the series of reagents used to 
identify two different primary antiserums 
must be minimized. (iii) Both methods 
should be sensitive enough to detect low 
antigen concentrations. Pre-embedding 
immunostaining with peroxidase fol- 
lowed by post-embedding staining with 
colloidal gold has been successfully used 
for dual ultrastructural immunocyto- 
chemistry with combinations of cyto- 
plasmic antigens, such as tyrosine hy- 
droxylase (TH), the synthesizing en- 
zyme for catecholamine neurotransmit- 
ters, or glutamate decarboxylase (GAD), 
the synthesizing enzyme for the inhibi- 
tory transmitter y-aminobutyric acid 
(GABA), together with vesicular anti- 
gens such as neurophysin (1-3); as this 
pre-embeddingtpost-embedding method 
may work poorly with two cytoplasmic 
antigens, a different approach was need- 
ed for dual identification of GAD and 
TH. 

Although gold particles can be used 
without intensification for immunocyto- 
chemical staining for light microscopy 
(4), significant membrane damage must 
occur to achieve penetration of gold par- 
ticles large enough to see (20 to 40 nm); 
even then the resultant pinkish immuno- 
staining can be faint. One purpose of this 
study was to find a simple intensification 
procedure compatible with reasonable 
ultrastructural preservation. Ideally, the 
technique should work with the smallest 
gold particles available, thus reducing 
the severity of membrane damage neces- 
sary for tissue penetration. Finally, the 
procedure should be compatible with, 
yet differentiable from, other ultrastruc- 
tural immunostaining markers, particu- 
larly horseradish peroxidase, to allow for 
identification of two antigens on the 
same thin electron microspic section. 
Various methods of intensification of 
many different metals including silver, 
cobalt, osmium, and gold have been de- 
scribed (5, 6). 



A number of permutations of different 
sized colloidal gold markers adsorbed to 
a number of different protein carriers 
including protein A, immunoglobulin G 
(IgG), and biotin and intensified with 
different chemical treatments were tried. 
One method, based on classical methods 
of intensification of heavy metals (3, 
worked well (Fig. 1): After being fixed in 
4 percent paraformaldehyde and 0.05 
percent glutaraldehyde, hypothalamuses 
were cut in 30- to 50-p,m sections. An 
extensively characterized rabbit antise- 
rum against TH (7) was used at a dilution 
of 1 : 1000 overnight. After repeated 
washing, sections were immersed in tris- 
buffered saline (pH 8.2) with goat anti- 
serum to rabbit IgG adsorbed to 5-nm 
gold particles. Preparation and adsorp- 
tion of colloidal gold to proteins has been 
described (1, 4, 8). After 2 hours of 
incubation, sections were washed and 
intensified in a silver solution (5, 9). 
Initially, the colloidal gold, and later the 
newly precipitated silver, catalyzed the 
reduction of silver nitrate to metallic 
silver by hydroquinone. Between 15 
minutes and 2 hours later sections were 
washed and placed in 10 percent normal 
rabbit serum to block vacant antigen 
binding sites of the goat antiserum to 
rabbit IgG. Sections were incubated 
overnight in sheep antiserum to GAD 
(10, 1 0 ,  followed by biotinylated rabbit 
antiserum to sheep IgG, and then in an 
avidin biotinylated peroxidase complex 
(Vector) (12). After reaction with dia- 
minobenzidine and hydrogen peroxide, 
sections were osmicated and embedded 
in Epon. 

Although nonintensified sections 
stained with 5-nm colloidal gold show no 
apparent cellular staining, silver-intensi- 
fied gold particles were easily found with 
light microscopy. In addition to cells in 
the dorsomedial hypothalamus (Fig. 2A), 
TH-immunoreactive neurons labeled 
with silver-intensified gold (SIG) (13) 
were seen in the hypothalamic arcuate 
(Fig. 2B) and paraventricular nuclei, per- 
iventricular area, preoptic area, posteri- 
or hypothalamus, and in the substantia 
nigra and ventral tegmental area. De- 
pending on the degree of intensification, 
labeled cells had a mottled gray to dense 
black appearance. The background re- 
mained clear. Cell bodies, axons, and 
proximal dendrites could be found 
stained with the SIG method. With elec- 
tron microscopy the SIG label appeared 
as somewhat circular patches throughout 
the cytoplasm of labeled neuron profiles 
(Fig. 3). The original size of the 5-nm 
colloidal gold particles was increased 
greatly by the silver intensification (Fig. 
1). 

As an additional test for immunostain- 

ing specificity and versatility, and to test 
the method with other antigens, the SIG 
immunocytochemical method was used 
with primary antiserum against other pu- 
tative neurotransmitters and related sub- 
stances including somatostatin, neuro- 
physin (Fig. 2 0 ,  prolactin, and gluta- 
mate decarboxylase; in all hypothalamic 
regions examined, control immunostain- 
ing with peroxidase gave similar results 
to the SIG method. The basic SIG meth- 

NPH 

od can be used with both pre-embedd- 
ing and post-embedding immunocyto- 
cheniistry, and with colloidal gold ad- 
sorbed to immunoglobulins, biotin or av- 
idin, and protein A. 

GAD-immunoreactive boutons and 
axons labeled with peroxidase were 
found throughout the hypothalamus (I I ,  
14). With light microscopy, GAD-immu- 
noreactive boutons stained a diffuse 
brown could be seen in contact with TH- 
immunoreactive cells with a particulate 
gray or black appearance. After osmica- 
tion, the brown HRP reaction product 
darkened; depending on the degree of 
silver intensification of the gold, diffuse 
peroxidase label and particulate silver 
label could still be distinguished. At the 
ultrastructural level GAD-immunoreac- 
tive boutons were found in synaptic con- 
tact with SIG-labeled TH-immunoreac- 
tive cell bodies and dendrites 'in the 
dorsomedial hypothalamus (Fig. 3). 
GAD-immunoreactive axons also syn- 
apsed on many unlabeled somata and 
dendrites of unidentified neurotrans- 
mitter content. Synaptic contacts were 
symmetrical; presynaptic peroxidase-la- 
beled axons contained small clear vesi- 
cles, with an occasional larger dense- 
core vesicle. Peroxidase reaction prod- 
uct was found diffusely throughout the 
cytoplasm of the presynaptic GABA 
axon. Hypothalamic dopaminergic neu- 
rons may participate in a wide variety of 
functions, including direct or indirect 
regulation of pituitary hormones. The 
finding of GABA-ergic terminals in syn- 
aptic contact with dopaminergic neurons 
suggests that the inhibitory neurotrans- 
mitter GABA may reduce electrical ac- 
tivity and the release of dopamine from 
postsynaptic cells, thereby exerting the 
opposite effect of dopamine itself [for a 
review, see (31. The functional implica- 
tions of direct GABA inhibition of dopa- 
mine-containing neurons in the medial 
hypothalamus will be discussed (3). 

Colloidal gold can be used as a pre- 
embedding ultrastructural marker with- 
out intensification (I), but even large 10- 

Fig. 2. (A) Light photomicrograph of SIG- 
TH-immunoreactive neurons (arrows) in the 
dorsomedial hypothalamus from an Epon 
block. Peroxidase stained GAD-immunoreac- 
tive axons cover the field, except at the top of 
the block where thin sections have already 
been cut. (B) SIG-stained TH-immunoreac- 
tive neurons in the hypothalamic arcuate nu- 
cleus. (C) SIG-labeled neurophysin (NPH)- 
immunoreactive neurons in the paraventricu- 
lar nucleus show a similar localization and 
morphology to those cells stained with peroxi- 
dase (19). Note the absence of staining in the 
nuclear region of cells. No staining was seen 
with deletion of the primary antisera. Bar, 50 
w". 



or 20-nm dispersed particles are difficult 
to see, and therefore can escape recogni- 
tion. With appropriate intensification, 
single particles can be seen even at the 
lowest electron microscopic magnifica- 
tion ( X  1500); unlike unintensified small 
colloidal gold or ferritin, intensified gold 
can easily be recognized in Epon sec- 
tions counterstained with lead citrate 
and uranyl acetate. SIG-immunostained 
TH profiles were found deeper in tissue 
sections than peroxidase-stained GAD 
profiles; this difference may relate either 
to better penetration of the 5-nm gold 
adsorbed IgG molecule compared to per- 
oxidase reagents, or to anatomical differ- 
ences between GAD and TH immunore- 
active neurons. Under the assumption of 
one IgG per 5-nm gold particle of this 
size (15), the adsorbed IgG gold com- 
plex, which would represent the largest 
complex in the SIG immunostaining pro- 
cedure, would theoretically be on the 
order of 10 nm in diameter, smaller than 

either peroxidase-antiperoxidase, avi- 
din-biotin-peroxidase, or immunoglob- 
ulin-femtin complexes (16). The silver 
intensification procedure forms a sphere 
of heavy metal around the colloidal gold 
particle, encompassing not only the col- 
loidal gold particle, but also the primary 
rabbit TH antibody as well as the goat 
antiserum to rabbit IgG adsorbed to the 
gold particle. This heavy metal sphere 
would prevent further cross-reaction of 
the enclosed immunoglobulins with the 
second set of immunoglobulins used to 
detect the second antigen, GAD. Unad- 
sorbed goat antiserum to rabbit IgG had 
been removed by discarding the superna- 
tant after repeated centrifugations during 
preparation of the IgG-gold complex (I, 
4). The intensification procedure as out- 
lined here also works to intensify other 
metallic immunocytochemical markers, 
including colloidal silver. 

This particular combination of silver- 
intensified colloidal gold and peroxidase 

used as dual ultrastructural markers for 
pre-embedding immunocytochemical 
staining works well with two cytoplas- 
mic antigens (17). This procedure may 
also be used to identify antigens concen- 
trated in vesicles (neurophysin, somato- 
statin, and prolactin) if the vesicle mem- 
brane is made permeable with freeze- 
thawing, sonication, or detergents. Two 
neurotransmitter antigens can also be 
identified by a different method with pre- 
embedding peroxidase (or SIG) staining, 
followed by post-embedding immuno- 
gold staining (1-3); as the two double- 
staining procedures are compatible, im- 
munostaining of three antigens in the 
same thin section has been possible (Fig. 
3D), indicating that the SIG procedure 
combined with the peroxidase procedure 
is compatible with antigen retention for 
further immunocytochemical character- 
ization. Simultaneous identification of 
even more antigens might be possible 
with the use of different sizes of gold 
particles or radioactively labeled immu- 
noglobulins (18). 

ANTHONY N. VAN DEN POL 
Section of Neurosurgery, 
Yale University Medical School, 
New Haven, Connecticut 06510 Fig. 3. (A) SIG-la- - beled TH-immunore- 

active dendrite from 
the dorsomedial hy- 
pothalamus, taken 
from the block shown 
in Fig. 2A. (B and C) 
Peroxidase-immuno- 
reactive GAD termi- 
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Honnology of P-Lactoglobulin, Serum Retinol-Binding 
Protein, and Protein HC 

dialysis (6 ) .  The sequence o f  HC (7) was 
added to the alignment (Fig. 1 )  so that 
residue 1 o f  RBP corresponded with resi- 
due 2 o f  HC, and residue 1 o f  BBLG with 
residue 7 of  HC, with gaps inserted to 
optimize the homology. Although the 
number o f  identical residues between 
HC and RBP and between HC and 
BBLG were less than between RBP and 
BBLG, the pattern o f  identities provided 
evidence o f  a familial relationship. In 
comparing all three proteins, 64 posi- 

Abstract. The milk protein /3-lactoglobulin has been extensively studied but its tions were identical between one or an- 
function has not been identij?ed. A clue regarding the function of a protein can be other pair o f  proteins, while 15 positions 
obtained by discovering a genetic relationship with a protein of known function had identical residues in all three com- 
throwgh comparisons of amino acid sequence. Such comparisons revealed that P- plete sequences. A large proportion of  
lactoglobulin is similar to human serum retinol-binding protein and to another these residues were amino acids that 
human protein of unknown function known as complex-forming glycoprotein hetero- occur infrequently in proteins (4),  which 
geneous in charge (protein HC). /3-Lactoglobulins from several species have been decreases the possibility o f  a coinciden- 
found to bind retinol, while the absorption andJIuorescence properties reported for tal similarity. Comparison o f  the codons 
the unidentijied heterogeneous prosthetic group of protein HC are retinoid-like. The for the amino acids in corresponding 
role of serum retinol-binding protein in vitamin A transport in the circulation positions shows that the percentage o f  
suggests that the other two homologous proteins may function in the binding and amino acids that are identical or differ by 
transport of retinoids; P-lactoglobulin may facilitate the absorption of vitamin A one base in their codons was 62 percent 
from milk andprotein HC may mediate the excretion of retinol-derived metabo!ites. for BBLG and RBP, 62 percent for HC 

and BBLG, and 58 percent for HC and 
P-Lactoglobulin (BLG) is the major plex-forming glycoprotein heteroge- RBP. The percentages o f  identical resi- 

globular protein component o f  bovine neous in charge (protein HC) to the dues and the normalized alignment 
milk whey. It exists as an equilibrium alignment (Fig. 1 )  provided further links scores (NAS)  o f  computer aligned se- 
mixture o f  monomer (molecular weight between the sequences o f  RBP and quences (Table I ) ,  in comparison with 
o f  18,500) and dimer under physiological BLG's. Protein HC is an el-glycoprotein the corresponding scores for randomized 
conditions ( 1 ) .  BLG has only been found that was originally isolated from the sequences o f  the same composition, indi- 
in the ruminants (as the dimeric form) urine o f  patients with chronic cadmium cate a relationship between the three 
and in the pig (as the monomer). Milks poisoning (5) .  It is also found in normal proteins (4). 
from rodents, primates, and lagomorphs urine, plasma, and cerebrospinal fluid in Although there are differences be- 
are devoid o f  BLG ( 2 ) .  The milk o f  a relativelv low amounts but is present in tween the numbers o f  disulfide bonds in 
member o f  each o f  two species o f  aquatic high concentrations in the urine o f  pa- RBP, BBLG, and HC, the arrangements 
mammals, the dolphin (Tursiops trunca- tients with tubular proteinuria and in o f  these bonds based on reported data ( 1 ,  
tus) and the manatee (Trichechus muna- both blood and urine o f  patients on renal 3,  7) are consistent with the view that the 
tus), contains high concentrations (up to 
2 percent weight to volume) of  mono- 
meric BLG's. A partial sequence has 
been obtained for one dolphin BLG (Fig. 
1 ) .  While comparing the sequences o f  
this protein and bovine BLG (BBLG) to 
those of  other proteins, we observed the 
similarity o f  both BLG's to the published 
sequence (3) o f  human serum retinol- 
binding protein (RBP). The similarity 
becarne apparent when residue 1 o f  the 
BLG's was aligned with residue 6 of  
RBP ((Fig. 1 )  and three gaps were placed 
in each sequence. RBP is also longer and 
extends six residues beyond the end of  
the alignment. Dolphin BLG (in regions 
when: the sequence is known) was iden- 
tical to RBP at six sites that are not 
among the 33 residues that were identi- 
fied in BBLG and RBP. 

The: strength o f  the case for homology 
of  a pair o f  proteins can be enhanced by 
the addition o f  a third divergent homolog 
to the alignment; the probability o f  the 
similarity between all three proteins be- 
ing coincidental is very low (4). The 
addition o f  a protein known as the com- 

Fig. 1. A comparison 
HC 

RBP 

BBLG 

DLGl . . . . . . . . . . . . . . 

rum retinol-binding 

HC 

RBP 

&&LC 

DLG1 

of the sequences are 
100 110 given in the text, 

HC 

RBP apart from 
BBLG 

D L G ~  1~ K r 3  I U b H o  N F N /  m~ NML are slightly adjusted 
from that given by the 

140 160 pairwise computer 
HC alignments of se- 
R B P  quences,soas togive 
BBLG 

DLCl  ..... an 
of the four sequences. 
Boxed residues are 

170 190 identical in pairs of 
HC 
R B P  nonisologous se- 
BBLG quences. D, aspartic 
D L G ~  acid; E, glutamic 

acid; F, phenylala- 
nine; G, glycine; H,  histidine; I, isoleucine; K,  lysine; L, leucine; M ,  methionine; N ,  
asparagine; P, proline; Q, glutamine; R ,  arginine; S, serine; T, threonine; V ,  valine; W, 
tryptophan; and Y ,  tyrosine. 
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