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ABSTRACT 
The distribution of glycine- and gamma-aminobutyric acid (GABA)-like immunoreactivity 

(LI) in nerve terminals on the cell soma of motoneurons in the aldehyde-fixed cat L7 spinal cord 
was examined using postembedding immunogold histochemistry in serial ultrathin sections. 

Quantitative examination of 405 terminals on eight neurons of a-motoneuron size in the 
L7 motor nuclei from one animal was performed. A majority of the terminals (69%) were 
immunoreactive to glycine and/or GABA. These terminals contained flat or oval synaptic 
vesicles, thus classifying them as F type or as C type in one case. In no case was a type-F 
terminal unlabeled for both glycine and GABA. 

Most of the immunolabeled terminals were immunoreactive to glycine only (62.5%), 
whereas 35.4% contained both glycine- and GABA-LI. A very small number of immunolabeled 
terminals (2%) were immunoreactive to GABA only. In those terminals, where glycine- and 
GABA-LI coexisted, the gold particle density for each amino acid was only half of that seen in 
boutons containing only one of the two amino acids. 

The involvement of glycine and GABA in postsynaptic inhibition of spinal a-motoneurons 
is discussed, with particular reference to the possibility that these two inhibitory amino acids 
may be coreleased from a significant proportion of the nerve terminals impinging on the cell 
bodies. c) 1 ~ 6  Wiley-Liss, Inc. 

Indexing terms: ultrastructure, immunohistochemistry, boutun, synaptic input 

From early electrophysiological and pharmacological stud- 
ies, it seemed that pre- and postsynaptic inhibition of 
a-motoneurons in the cat spinal cord differed with respect 
to transmitter substance. Thus, Ia reciprocal postsynaptic 
inhibition and recurrent inhibition of the motoneurons 
were found to be sensitive to the glycine antagonist strych- 
nine (Curtis, 1962; Eccles, 19651, whereas primary afferent 
depolarization (PAD) and presynaptic inhibition appeared 
to involve gamma-aminobutyric acid (GABA) as a transmit- 
ter (Eccles et al., 1963). However, some exceptions to this 
general rule soon emerged. Kellerth and Szumski (1966a,b) 
demonstrated a strychnine-resistant type of postsynaptic 
inhibition that was sensitive to the GABA antagonist 
picrotoxin, and Cullheim and Kellerth (1981) showed that 

the recurrent inhibition of motoneurons, mediated by 
Renshaw cells, is diminished by antagonists to either 
glycine or GABA. There is also evidence that the last-order, 
presumably GABAergic, interneurons mediating presynap- 
tic inhibition of group I fibers have direct inhibitory connec- 
tions with motoneurons in addition to their connections to 
the aferent nerve terminals (Rudomin et al., 1987). Thus, 
there are now good reasons to believe that both glycine and 
GABA participate in the postsynaptic inhibition of cat 
spinal motoneurons. 
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Morphological support for the presence of glycine and 
GABA in nerve terminals on spinal motoneurons has been 
provided with autoradiography to study uptake sites of 
tritiated glycine and GABA (Hokfelt and Ljungdahl, 1971; 
Ljungdahl and Hokfelt, 1973) and with immunohistochem- 
istry for detection of glutamic acid decarboxylase (GAD), 
which is the biosynthetic enzyme for GABA (McLaughlin et 
al., 1975; Barber et  al., 1982). More direct morphological 
evidence for an input to the motoneuron with these two 
amino acids has been provided in recent years by the use of 
antibodies against glycine and GABA conjugated to carrier 
proteins (Magoul et al., 1987; van den Pol and Gijrcs, 1988; 
Yoshida and Tanaka, 1989; Holstege and Calkoen, 1990; 
Fyffe, 1991; Holstege, 1991; Destombes et al., 1992; Shuplia- 
kov et al., 1993). Moreover, in recent studies in our 
laboratories, evidence has been provided that there is a 
substantial degree of colocalization of these two amino 
acids in.one and the same nerve terminal (Shupliakov et al., 
1993; Ornung et al., 1994). These results have also been 
confirmed in other laboratories (Taal and Holstege, 1994). 
This raises the possibility that those types of postsynaptic 
inhibition, which seem to involve both glycine and GABA as 
transmitters, could mediate their effects by one and the 
same population of nerve cells and not by two populations 
of cells with different transmitters. In line with this possibil- 
ity, immunoreactive glycine receptors have been found in 
the cell membrane of rat motoneurons beneath GAD- 
immunoreactive axon terminals (Triller et al., 1987). 

Thus, a number of studies have now indicated that the 
distributions and effects of the inhibitory amino acids 
glycine and GABA on the spinal motoneuron should not be 
dealt with separately. We have, therefore, conducted a 
quantitative ultrastructural study on glycine- and GABA- 
immunoreactive nerve terminals impinging on the cell body 
of neurons of a-motoneuron size in the motor nucleus of the 
cat lumbar spinal cord. By postembedding immunogold 
analysis of serial ultrathin sections, we have examined the 
frequencies and fine structural characteristics of nerve 
terminals that are immunoreactive for either glycine or 
GABA or for both. 

MATERIALS AND METHODS 
Tissue preparation 

Two adult cats were deeply anesthetized with pentobarbi- 
tal (40 mg/kg). A perfusion through the descending aorta 
was made with Tyrode’s solution for 5-10 seconds, followed 
by a fixative containing 4% glutaraldehyde and 0.5% para- 
formaldehyde in 0.1 M phosphate buffered saline (PBS), pH 
7.4 (5 minutes). The lumbar spinal cords were quickly 
removed and placed in a fresh fixative for 4 hours. The 
isolated L7 segments were stored in 300 mOsm PBS (pH 
7.4) at 4°C overnight and then cut on a Vibratome (Oxford 
Lab, USA) in the transverse plane into 60-pm-thick sec- 
tions. The sections were treated with 1% Os04 in PBS for 1 
hour, dehydrated in alcohol (with the final step in 100% 
acetone for 20 minutes), and embedded in Durcupan ACM 
(Fluka, Chemie AG, Buchs, Switzerland). The embedded 
sections were inspected in the light microscope, and appro- 
priate areas of the ventral horn motor nuclei (dorsolateral 
quadrant) were trimmed out and subjected to serial ultra- 
thin sectioning with an LKB Ultrotome and mounted on 
Formvar-coated nickel slot grids. 

Postembedding immunogold staining 
of ultrathin sections 

The procedure was based on that of Somogyi and Hodg- 
son (1985) and has been described in detail elsewhere 
(Ottersen, 1987, 1989). Briefly, consecutive sections were 
etched in 1% HI04 (7 minutes) and 9% Na 104 (15 minutes) 
in double-distilled water, followed by preincubation with 
1% human serum albumin in Tris phosphate buffered 
saline (TPBS; 20 minutes), and then incubated (2 hours) 
with either anti-GABA 990 or anti-glycine 290 antiserum 
on consecutive sections. The antisera were raised against 
conjugated amino acids using the procedures of Storm- 
Mathisen et al. (19831, with only small modifications (Kols- 
ton et al., 1992). Both antisera were diluted in TPBS and 
used as follows: anti-GABA 990 (1:300) and anti-glycine 
290 (1:SOO). After a brief rinse in polyethyleneglycol (PEG; 
50 mg/lOO ml in 0.05 M TrisiHCL buffer, pH 7.4), the 
sections were exposed for 2 hours to goat anti-rabbit IgG 
coupled to colloidal gold particles (diameter-15 nm; Amer- 
sham, UK) diluted 1:20 in the PEG solution. The sections 
were counterstained with uranyl acetate and lead citrate. 
The sections were rinsed extensively between steps; after 
drying, the sections were examined and photographed in a 
Philips CM 12 electron microscope. 

Antisera characterization 
and specificity controls 

Both antisera have been characterized elsewhere (Kols- 
ton et al., 1992; Rinvik and Ottersen, 1993) and tested for 
cross reactivity using a spot test with 48 compounds (for 
details, see Kolston, 1992). The anti-GABA serum was 
absorbed with a glutaraldehyde conjugate of glutamate 
(glutamate-G; 400 pM), and the anti-glycine was absorbed 
with P-alanine-G (65 FM) and GABA-G (85 pM) prior to use 
in this study. As an additional control of specificity, in each 
experiment the tissue sections were incubated along with a 
test system of plastic-embedded amino acid conjugates. The 
test conjugates were prepared by reacting an amino acid 
(glutamate, glutamine, GABA, glycine, taurine, and aspar- 
tate) with an extract of rat brain macromolecules in the 
presence of the aldehydes used for tissue fixation. The test 
conjugate “none” was made by mixing brain macromol- 
ecules and aldehydes without adding any amino acid (for 
details, see Ottersen, 1987). As shown in Figure 1, the 
employed antisera reacted significantly with the appropri- 
ate antigen only. Finally, preabsorption of the antisera with 
either antigens (300 pM of GABA-G or glycine-G) com- 
pletely suppressed the immunolabeling of the tissue sec- 
tions. 

Electron microscopic analysis 
of immunogold-laheled material 

From series of ultrathin sections, alternately incubated 
with glycine and GABA antisera, eight cell bodies of wmoto- 
neuron size were randomly selected from one cat for 
analysis. Specimens from the other animal were only used 
for qualitative control analysis. The neurons were consid- 
ered a-motoneurons if they exceeded 45 pm in mean 
diameter in the nuclear plane and if they were apposed by 
C- and/or M-type boutons, which are believed to be unique 
bouton types for a-motoneurons (Conradi, 1969). Each cell 
body was studied in one pair of adjacent ultrathin sections 
stained for glycine and GABA, respectively, in the nuclear 
plane. 



Fig. 1. Electron micrographs show the selectivity of the antisera in 
model test sections (see also Material and Methods). Brain macromol- 
ecules were reacted with glutaraldehyde in the presence of an amino 
acid or with glutaraldehyde alone (NONE). The conjugates thus formed 
were embedded and sectioned onto grids, as described elsewhere 
(Ottersen, 1987). These ultrathin test sections were treated with GABA 

990 antiserum: diluted 1:300 (A), and glycine 290 antiserum, diluted 
1:800 (B), together with the tissue sections. Both antisera show a 
selective laheling of the corresponding conjugate. The conjugates in A 
and B are: 1, gamma-aminohutyric acid (GABA); 2, glutamate (GLU); 3, 
taurine (TAU); 4, glycine (GLY); 5, NONE; 6, aspartate (ASP); 7, 
glutamine (GLN). 
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Qualitative analysis of boutons. The boutons were 
classified into the S, F, C, and M types (Conradi, 1969) 
based on vesicle shape and fine structure of the synaptic 
coniplex directly in the microscope at x 71,000 magnifica- 
tion. In short, S-type boutons contain spherical synaptic 
vesicles, and the T subtype has spherical vesicles and dense 
postsynaptic bodies (Taxi bodies). F-type boutons contain 
flattened synaptic vesicles, and M-type boutons are large 
with spherical vesicles and are apposed by presynaptic 
P-type boutons on its convex side. C-type boutons are large, 
contain spherical synaptic vesicles, and are associated with 
a large cistern underlying the postsynaptic membrane. For 
each bouton, it was further decided whether or not it was 
immunoreactive (IR) to GABA or glycine and whether the 
bouton contained both immunoreactivities (IRs) or was 
negative for both. For both antisera, boutons were defined 
as immunopositive if the gold particle density over the 
vesicle-containing areas exceeded the gold particle density 
in the postsynaptic element by a factor of 5 or more. 

The quantitative data derives 
from the analysis of 405 synaptic boutons of eight cell 
bodies of a-motoneuron size from one animal. All quantita- 
tive measurements were performed on micrographs at a 
final magnification of ~ 1 1 , 4 0 0 ,  with a digitizing tablet 
(Summagraphicsm) and commercially available software. 
For each of the eight cells, the following parameters were 
recorded: (1) the total length of the postsynaptic mem- 
brane, (2) the total number of synaptic boutons in direct 
apposition to the membrane, and (3) the total proportion of 
cell membrane covered by synaptic boutons (percentage 
synaptic covering). 

For each bouton type, we determined (1) the number of 
boutons covering the motoneuron soma membrane, (2) the 
mean and total length of apposition (Conradi, 19691, ( 3 )  the 
proportion of the studied motoneuron soma membrane 
covered by the boutons, and (4) the packing density, i.e., the 
number of boutons per 100 km2 of cell membrane (percent- 
age synaptic covering divided by the mean area of apposi- 
tion of synaptic boutons). When assuming a circular area of 
apposition for the synaptic boutons, the mean area of 
apposition can be calculated from the formula 4 x (mean 
length of apposition)2/.rr (Conradi and Ronnevi, 1975). In 
the latter calculation, the mean length of apposition was 
obtained from the formula: combined length of apposition 
of bouton profiles divided by the number of bouton profiles 
(Conradi, 1969). 

Quantitation of immunogold labeling. Quantitative 
analysis of gold particle density was performed on a ran- 
domly selected subset of 40 axonal boutons with 10 boutons 
each from those immunopositive for (a) only GABA, (b) only 
glycine, (c) both GABA and glycine, and (d) immunonega- 
tive boutons (C- and M-type boutons excluded). These 
boutons were collected from the sample apposing the 
selected motoneurons; in addition, boutons apposing den- 
dritic profiles in the adjacent neuropil were used. Each 
bouton was identified and photographed on two adjacent 
sections incubated with the GABA and glycine antisera, 
respectively, and processed for immunogold labeling. The 
number of vesicles and the number of gold particles in the 
axoplasm of the terminal were calculated. All immunogold 
labeling over regions occupied by mitochondria1 profiles 
was excluded. Reference level of gold particle density was 
estimated for each bouton by calculating the number of gold 
particles present in the corresponding area in the adjacent 

Quantitative analysis. 

postsynaptic neuron cytoplasm. The gold particle density in 
the postsynaptic element should represent an appropriate 
reference value because it includes any unspecific labeling 
due to binding of the immunoreagents to the resin or tissue 
protein, as well as any specific labelling caused by the 
possible presence of small amounts of nontransmitter 
GABA or glycine (see Discussion). This reference value will 
also embody any regional variation in the level of unspecific 
labeling. On average, the density of gold particles was 
always somewhat higher over postsynaptic areas than over 
areas containing only resin. The following calculations were 
made: (1) the correlation between number of vesicles and 
number of gold particles in the different groups of boutons 
after subtracting the local postsynaptic labeling; (2) gold 
particle densities (number of gold particles/Fm2) for the 
different bouton categories (see above) after subtracting 
local postsynaptic labeling; and (3) the relation between 
gold particle density in the boutons and in the postsynaptic 
element. 

Statistical analysis 
Correlation analysis was performed with linear least- 

square regression and estimation of the coefficient of 
determination (r2). In the running text, mean and standard 
deviation (S.D.) have been indicated. 

RESULTS 
General observations 

In the present material, a total of 405 synaptic boutons 
apposing eight cell bodies of a-motoneuron size were stud- 
ied. The studied motoneurons were apposed not only by S- 
and F-type boutons but also by M- and C-type boutons. The 
overall values for bouton covering (53 -e 8%) and bouton 
packing density (19 * 41, i.e., number of boutons per 100 
pm2, of the motoneurons studied here are in close agree- 
ment with earlier data (e.g., Conradi, 1969; Brannstrom, 
1993), After immunohistochemical processing of adjacent 
ultrathin sections with glycine and GABA antisera, respec- 
tively, distinct single or double labeling of a large number of 
the nerve terminals was evident. The gold particles were 
accumulated over regions containing synaptic vesicles but 
were also present over mitochondria in labeled nerve 
terminals (Fig. 3A-C,F). The 280 boutons that were labeled 
could be classified into three groups, i.e., boutons immuno- 
reactive to glycine only, to GABA only, or to both glycine 
and GABA. 

Boutons immunoreactive to glycine only 
One hundred seventy-five, or 42.69’0, of the total number 

of boutons were immunoreactive to glycine only. These 
boutons covered 20.6% of the available soma membrane of 
the studied cells, and the mean value for packing density 
was 8 boutons per 100 pmZ (Table 1). 

In the subset of glycine-IR boutons subjected to quantifi- 
cation of gold particles, the density of gold particles was, on 
average, 18 times higher than that recorded for the corre- 
sponding postsynaptic region (Fig. 2). There was a signifi- 
cant positive correlation between gold particle density and 
number of vesicles in immunopositive boutons (Fig. 2). All 
boutons contained flat or oval synaptic vesicles (Fig. 3F), 
and in all cases, where it was possible to identify the 
synaptic complex, the boutons formed a symmetrical synap- 
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TABLE 1. Quantitative Data for the Irnmunoreactive Bouton Types 

Cell 1 Cell2 Cell3 Cell4 Cell5 Cell6 Cell7 Cell8 Mean S.D. 

Total membrane length 
Total covering (9%) 
Total number of boutons 
Routons immunoreactive for 

GABAonly 
Number 
3% Of all bouton proiiles 
Mean length of boutons 
Total length of boutons 
%Covering 
% Of total covering 
Packing density 

Glycine only 
Number 
% Of all bouton prufiles 
Mean length of boutons 
Total length of boutans 
W Covering 
“c Of total covering 
Packing density 

GARA and glycine 
Number 
% Of all bouton profiles 
Mean length of boutons 
‘Total length ofbuutons 
“c Covering 
% Of total covering 
Packing density 
GARA cocontaining gly (B) 
Gly wwntaining GARA (%I 

Neither CABA nor glycine. C- and M-type 
boutons excluded 

Number 
% Of all bouton profiles 
Mean length of buutons 
Total length of boutons 
B Covering 
% Of total covering 
Packing density 

C- m d  M-type boutonn negative for 
GABA and glycine 

Number 
9 Of all bouton profiles 
Mean length of boutunb 
Total length of buutons 
‘0 Covering 
%Of total covering 
Packing density 

140.7 
59.1 
50 

1 
2.0 
1.0 
1.0 
0.7 
1.2 
0.5 

22 
44.0 

1.4 
30.0 
21.3 
36.1 

9.0 

14 
28.0 

1.6 
22.5 
16.0 
27.1 
4.9 

93.3 
38.9 

10 
20.0 

1 2  
11.7 
8.3 

14.1 
4.8 

3 
6.0 
6.9 

17.8 
12.7 
21.4 
0.3 

167.2 
42.4 
5 1  

2 
3.9 
2.3 
4.5 
2.7 
6.3 
0.4 

2 1  
41.2 

1.4 
28.9 
17.3 
40.8 

7 2  

10 
19.6 

1.3 
13.2 

7.9 
18.7 
3.5 

83.3 
32.3 

18 
35.3 

1.4 
24.3 
14.5 
34.3 

6.3 

0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

170.5 
52.2 
55 

0 
0 
0 
0 
0 
0 
0 

26 
47.3 

1.4 
36.0 
21.1 
40 4 
8.7 

7 
12.7 
1.8 

12.4 
7.3 

14.0 
1.8 

100.0 
21.2 

19 
34.5 

1.3 
24 5 
14.4 
27.6 

6.8 

3 
5.5 
5.4 

16.1 
9.4 

18.1 
0.3 

176.5 
55.9 
68 

0 
0 
0 
0 
0 
0 
0 

34 
50.0 

1.4 
47.2 
26.7 
47 8 
10.9 

15 
22.1 

1.5 
22.2 
12.6 
22.5 

4.5 
100.0 
30.6 

17 
25.0 
1.1 

19.2 
10.9 
19.5 
6.7 

2 
2.9 
8.1 

10.1 
5.7 

10.3 
0.2 

143.1 
51.5 
47 

1 
2.1 
0.9 
0.9 
0.6 
1.2 
0.6 

18 
38.3 

1.4 
27.4 
19 1 
37.2 

7.2 

17 
36.2 

1.6 
27.5 
19 2 
37.3 

5.8 
94.4 
48.6 

10 
21.3 
1.3 

13.0 
9.1 

17.6 
4.2 

1 
2.1 
8.7 
6.7 
4.0 

0.1 
7.8 

167.7 
45.9 
15 

0 
0 
0 
0 
0 
0 
n 

40.0 
18 

1.7 
30.1 
18 0 
39.1 

5.0 

14 
31.1 

1.4 
19 6 
11.7 
25.4 

4.7 
100.0 
43.8 

10 
22.2 

1.1 
1U.8 
6.4 

14.0 
4.4 

3 
6.7 
5.5 

16.6 
9.8 

21.5 
0.3 

103 9 
68.6 
46 

0 
0 
0 
0 
0 
0 
0 

22 
47.8 

1.2 
26.6 
25.6 
37.3 
13.7 

11 
23.9 

I .6 
17.1 
I6 5 
24.0 

5.3 
100.0 
33.3 

10 
21.7 

1.2 
11 Y 
11 4 
16 6 
6.4 

3 
6.5 
5 2  

15.7 
15.1 
22.0 
0.4 

144.3 
47.1 
43 

2 
4.7 
1.0 
2.1 
1.4 
3.1 
1.0 

14 
32.6 

1.6 
22.8 
15.8 
33.5 
4.7 

11 
25.6 

1.5 
16.9 
11 7 
24.9 
8.9 

84.6 
44.0 

14 
32.6 

1.2 
16 5 
11 4 
24 3 
6.5 

2 
4.7 
4 8  
9.7  
6.7 

14.2 
0 2  

151.7 
52.8 
50.6 

0.8 
1 6  
0.6 
1.1 
0.7 
1.5 
0.3 

21.9 
42.6 

1.4 
31.1 
20.6 
39.0 

8.3 

12.4 
24.9 

1.5 
18.9 
12.9 
24.2 
4.3 

94.5 
36.6 

13.5 
26.6 

1.2 
16.5 
10.8 
21 0 
5.7 

2.1 
4 3  
4.7 

11.5 
7.9 

14.4 
0.2 

23.9 
8.4 
8.0 

0.9 
1.9 
0.8 
1.6 
1.0 
2.2 
0.4 

6.1 
5.8 
0.1 
7.5 
3.9 
4.3 
3.0 

3.2 
7.2 
0.1 
5.1 
4.2 
6.8 
I .2 
7.0 
8.9 

4.0 
6.5 
0.1 
5.6 
2.8 
7.2 
1.1 

1.1 
2.4 
1.9 
6.3 
4.9 
7.9 
0. 1 

tic contact with the postsynaptic membrane (Fig. 3F). They 
could therefore be classified as F-type boutons. 

Boutons immunoreactivity for GABA only 
Only 6 (1.6%) out of the studied 405 synaptic boutons 

apposing the motoneurons were immunoreactive to GABA 
only (Table 1). In these boutons, the density of gold 
particles was, on average, 28 times higher than that 
recorded for the postsynaptic region (Fig. 2). Also, the gold 
particle density correlated positively with the number of 
vesicles (Fig. 2). In these estimations, the six boutons 
apposing the cell soma of the motoneurons and an addi- 
tional four boutons apposing nearby dendritic profiles have 
been included to match the number of observations in the 
other bouton groups. 

One of the six boutons was of the C type (Fig. 4C,D). For 
none of the other five GABA-IR boutons apposing the 
motoneuron cell soma membrane could any synaptic con- 
tact with the motoneuron be identified. However, synaptic 
contacts could be observed between small GABA-IR bou- 
tons and large S- and M-type boutons apposing proximal 
dendrites and neurons of a-motoneuron size. Such GAl3A-IR 
profiles were judged to be presynaptic (P-type) boutons 
(Fig. 5; see also Conradi, 1969). Except for the single 
GABA-IR C bouton, all boutons in this group contained a 
mixture of flat and oval vesicles. Thus, these boutons could 

be classified as either P- or F-type boutons, depending on 
the postsynaptic element. 

Boutons immunoreactive 
to both GABA and glycine 

In total, 99 of the studied 405 nerve terminals (25%) were 
immunopositive for both glycine and GABA as judged by 
adjacent section analysis (Fig. 3A,C). Such terminals cov- 
ered 12% of the cell soma membrane and had a packing 
density average of 4 boutons per 100 pm2. 

The labeling density for glycine and GABA, respectively, 
in this type of nerve terminal was about 50% of that found 
in terminals immunopositive to only one amino acid (Fig. 
2). Nevertheless, the positive correlation between number 
of gold particles and number of vesicles was also evident in 
terminals containing both immunoreactivities (Fig. 2). 
However, the slope for the linear regression line was only 
about half that found for terminals immunoreactive for 
only one compound. Thus, the total labeling (glycine + 
GABAj in this type of bouton was similar to that found in 
boutons immunopositive for only one of the amino acids 
(glycine or GABA). 

In general, no clear differences in ultrastructural charac- 
teristics, such as size and shape of synaptic vesicles and fine 
structure of synaptic complexes, could be established be- 
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tween boutons with only glycine-IR and boutons immu- 
nopositive for both glycine and GABA (cf. Figs. 3A,C, and 
F). A subjective impression was that the boutons harboring 
only glycine had a larger pool of flat vesicles than those 
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containing both amino acids, which seemed to contain 
mainly oval synaptic vesicles. In summary, our material of 
glycine-, GABA- and glycineiGABA-IR nerve terminals 
displayed a fine structure, which would classify them all as 
type-F terminals according to the criteria of Conradi (1969). 

Boutons negative for GABA- and glycine-I,I 
Of the total number of boutons analyzed, 125, i.e., 31%#, 

were negative for both GABA- and glycine-like immunoreac- 
tivity (LI). These boutons covered 18.7% of the motoneuron 
soma membrane and had a packing density of 6 boutons per 
100 pm2. Although these boutons formed a rather heteroge- 
neous group with respect to their size and fine structural 
characteristics, all of them contained very low levels of gold 
particles over both synaptic vesicle areas and mitochondria 
(Fig. 3A,C,E,F). In fact, the density of gold particles was 
often even lower than that over the postsynaptic neurons 
used for estimation of background levels. To ascertain the 
immunonegative status of these boutons, the majority of 
them were identified in pairs of adjacent or nearly adjacent 
ultrathin sections incubated with the same antisera and in 
the same experiment. Moreover, the boutons negative for 
GABA- and glycine-LI were not located in any specific 
regions of the perimeter of the motoneurons or in any 
specific areas of the ultrathin sections. 

In no case of the studied sample did a type-F bouton lack 
immunoreactivity for both glycine and GABA. Thus, immu- 
nonegative boutons could be classified in four other groups 
ofboutons based on their ultrastructure. The first and most 
frequent type of bouton (n = 108) was the S type, which 
contained mainly spherical, and sometimes some oval, 
synaptic vesicles and, when possible to determine, formed 
an asymmetric synaptic contact. Sometimes, immunonega- 
tive S-type boutons disclosed postsynaptic dense bodies 
(Taxi bodies). The third group was the C-type boutons, 
which were, with one exception, immunonegative. 

The present material included one M-type bouton, which 
also was immunonegative for both glycine and GABA. On 
its convex side, the terminal was apposed by a P bouton 
containing mostly oval synaptic vesicles, with a symmetric 
synaptic complex. All P boutons analyzed (apposing thick 
dendrites in the surrounding neuropil) expressed GABA-LI 
but were negative for glycine. 

Fig. 2. A Plot shows the number of gold particles versus number of 
vesicle profiles in cross sections through boutons immunopositive for 
either GABA (solid circles and dashed line; background level sub- 
tracted. y = 5.8 t 0.73x, r = t0.84) or glycine (open circles and solid 
line; background level subtracted, y = 3.15 + 0 .63~ .  r = +0.96i. Gold 
particles over mitochondria1 profiles have been excluded (for details, see 
Material and Methods). In addition the gold particle density and 
number of vesicles for the glycinc immunoreactive (IR) houtons (solid 
squares) in thc adjacent section processed for GABA-like immunoreac- 
tivity (LI) and GABA-IR boutons (open squares) in the adjacent section 
processed for glycine-l,I have heen indicated. B: Plot shows the 
correlation between number of vesicles and number of gold particles in 
boutons immunopositive for either GARA (thick dashed line) or glycine 
(thick line) as seen in A and boutons immunopositive for both GABA 
(solid circles and thin black dashed line; y = -3.5 + 0.49x, r = 0+.82) 
andglycine(opencirclesandthinh1ackline;y = 1.0 + 0.3&,r = +0.79). 
C: Histogram illustrates the quotient. between gold particle density in 
immunopositive boutons and postsynaptic regions. Mean value was 
18.4 ? 10.0 for glycine-immunopositivc boutons (Glp) and 28.4 5 9.3 
for GABA-irnmunopositive boutons IGABA). For boutons showing immu- 
noreactivity for both glycinc and GABA, mean values were 9.2 * 1.6: for 
glycine (co-Gly) and 16.9 ? 5.3 for C A M  (co-GABAi. 
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DISCUSSION 
Methodological aspects 

The present quantitative data and illustrations of immu- 
noreactive axonal boutons impinging on a-motoneurons are 
based on labeling with two antisera (GAUA 990 and glycine 
290) raised according to a procedure similar to that of 
Storm-Mathisen et al. (1983). The reproducibility of the 
results and the rigorous specificity control for both antisera 
strongly indicate that the patterns of labeling faithfully 
represent the distribution of the particular amino acid. 

To ensure that the immunolabeling was selective under 
the present incubation conditions, the spinal cord sections 
were processed along with test sections prepared as de- 
scribed in Material and Methods and under identical condi- 
tions. The test sections showed a very specific labeling only 
in the layers containing GABA and glycine conjugates, 
respectively, whereas the other layers containing fixation 
products of structurally similar amino acids were left 
almost entirely unlabeled (Fig. 1). As GABAs major role in 
the central nervous system is that of a transmitter, the 
terminals judged as GABA immunopositive in the present 
material may in all likelihood use this amino acid for 
synaptic transmission. Similarly, the glycine-immunoposi- 
tive terminals are most probably glycinergic. Some caution 
must be exercised as glycine is involved in protein synthesis 
and in a series of metabolic reactions (Aprison and Nadi, 
1978). However, our finding that the gold particles in the 
glycine-immunopositive terminals were preferentially asso- 
ciated with the synaptic vesicle clusters supports the idea 
that this pool of glycine represents a transmitter pool 
rather than a metabolic pool. 

The data are in good agreement with earlier biochemical 
studies, which have demonstrated the presence of these 
amino acids in the ventral horn of the mammalian spinal 
cord (e.g., Graham et al., 1967; Johnston, 1968; Miyata and 
Otsuka, 1975; Berger et al., 1977). 

Fine structural characteristics 
of immunoreactive nerve terminals 

One clear result in this study was that all immunolabeled 
boutons, with one exception, fell in the type-F category 
according to the vesicle-shape criteria of Conradi (1969) for 
boutons on the spinal motoneuron. Conversely, in no case 
did any F bouton remain unlabeled by both glycine and 
GABA antisera. This clear-cut result provides strong sup- 
port, at  least at  the level of the lumbar motoneuron in the 
cat, for the suggestion that, after aldehyde fixation, synap- 
tic terminals with flattened synaptic vesicles represent 
inhibitory synapses (Uchizono, 1965; Bodian, 1966; Wal- 
berg, 1966). A certain difference in synaptic vesicle morphol- 
ogy between GABA- and glycine-IR boutons could be de- 
tected by the fact that the vesicles in the glycine-IR boutons 
were predominantly flat, whereas they were more pleomor- 
phic in the GABA-IR boutons and in boutons harboring 
both GABA and glycine. 

Whether or not nerve terminals with spherical vesicles 
contain excitatory transmitters remains to be resolved. In 
this context, it is important to consider the existence of 
neurotransmitters with modulatory functions, which are 
not easily categorized in terms of fast excitation or inhibi- 
tion. One such type of terminal on the cat spinal motoneu- 
ron, the serotoninergic terminals originating from the 
raphe nuclei in the brainstem and cocontaining several 
neuropeptides (see Arvidsson, 1991), preferentially seems 

to contact the dendritic tree and, only very occasionally, the 
cell body (Ulfkake et al., 1987). According to these criteria 
for bouton classification, this type of terminal is not as 
readily classified as F or S as are the GABA- and glycine-IR 
terminals studied here. 

Distribution of glycine- and GABA-IR 
nerve terminals 

In this report, we have shown that a large number of 
houtons covering the cell bodies of lumbar a-motoneurons 
in the cat are immunoreactive to one or both of the 
inhibitory amino acids. In fact, the large majority (68%) of 
boutons on the cell body appear to be glycine-IR, whereas 
26% ofboutons are GABA-IR. However, almost all GABA-IR 
boutons are also glycine-IR, which means that 69% of the 
somatic boutons, covering 34% of the motoneuron soma 
membrane, contain significant amounts of immunoreactiv- 
ity for any combination of inhibitory amino acids. The value 
found for glycine-IR terminals can be compared with only 
one previous study, in which motoneurons in the cat 
lumbar spinal cord were studied (Destombes et al., 1992) 
but with a preembedding peroxidase-antiperoxidase tech- 
nique. In the latter study, only about 25% of all nerve 
terminals on the somatic membrane were immunopositive 
for glycine. The discrepancy between our value and that of 
Destombes et al. (1992) may be attributed to differences in 
the sensitivity of the antisera and/or immunolabeling 
techniques. As for the quantitative data on GABA-IR 
boutons, our values are in good accordance with those 
obtained in the rat trigeminal motor nucleus (28%; Saha et 
al., 19911 and in the ventrolateral motor nucleus of the cat 
spinal cord (29%; Ramirez-Leon and Ulfhake, 1993) using 
preembedding immunohistochemistry. 

One important result in this study is the large extent of 
colocalization of glycine- and GABA-IR in the somatic 
boutons (Table 2). In fact, the large majority (94.5%) of the 
GABA-IR boutons were also immunopositive for glycine, 
and most of the boutons that were GABA-IR only could well 
represent P houtons, mediating presynaptic effects on M 
and large S boutons (Eccles et al., 1963; Conradi, 1969; 
McLaughlin et al., 1975). This means that, in the evalua- 
tion of any GABAergic effects exerted synaptically at the 
soma level of the motoneurons, one should consider the 
additional effects of glycine. A high degree of colocalization 
of GABA- and glycine-LI has been reported by T a d  and 
Holstege (1994) in the neuropil of the cat spinal motor 
nucleus. However, they found a much larger proportion of 
boutons that were immunoreactive to GABA only (25%). 
Possible explanations of this discrepancy between their 
study and ours may be the different bouton sampling 
technique and/or differences in the immunocytochemical 
sensitivityispecificity. Taal and Holstege (1994) selected 
boutons with a random location in the neuropil, which may 
well include proximal and distal dendrites, gamma-motoneu- 
rons and interneurons, as postsynaptic elements. Colocaliza- 
tion of glycine and GABA in neurons and nerve terminals 
has been reported in cerebellar Golgi cells (Ottersen et al., 
1988), the cochlear nucleus (Kolston et al., 19921, the rat 
dorsal horn (Todd and Sullivan, 1990), and in a number of 
other structures (Ottersen et al., 1994). Our present results 
cannot give any indications as to whether the two amino 
acids are harbored in one and the same synaptic vesicle or in 
two different sets of vesicles. Because biochemical data 
suggest that the carrier for uptake of glycine in isolated 
vesicles is identical, or a t  least very similar, to the one 
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Figure 3 
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responsible for GABA uptake (Christensen and Fonnum, 
1990; Burger et al., 1991), it may well be that glycine and 
GABA are stored in the same vesicle. In any case, with the 
apparently equal distribution of the two compounds in the 
colocalizing nerve terminals, a corelease may occur after 
activation of the terminal. In line with this, immunoreac- 
tive glycine receptors have been found on parts of the rat 
motoneuron membrane covered by GAD-immunoreactive 
axon terminals (Triller et al., 1987). Moreover, a colocaliza- 
tion of glycine and GABAA receptors at GABAergic synaptic 
contacts has been demonstrated in the rat  spinal cord 
(Bohlhalter et al., 1994). 

Functional implications of a somatic 
inhibitory input to the motoneuron 

Of the somatic boutons studied here. two-thirds were 
immunoreactive to an inhibitory amino acid, representing a 
profound inhibitory influence on the motoneuron. This fits 
well with previous electrophysiologica1 data, which have 
indicated a regional distribution of various types of synaptic 
input, with at  least some types of inhibitory input concen- 
trated to the soma, whereas excitatory inputs are mainly 
distributed within the dendritic tree (e.g., Rall et al., 1967; 
Burke et al., 1971). Such a design may serve to minimize 
the risk for irrelevant motoneuron activity, but it could also 
be a critical factor for the relevant activity pattern of the 
motoneuron. Thus, it has been shown that one and the 
same thalamic neuron may respond very differently to anti- 
or orthodromic or direct activation, depending on the 
membrane potential a t  the time for activation (Jahnsen and 
Llinas, 1984). Thus, at  relatively negative membrane poten- 
tials, activation produces phasic bursts of spikes, whereas 
at more positive membrane potentials, a tonic repetitive 
firing is observed. If one assumes that the same effects are 
present in the motoneuron population, fluctuations in the 
inhibitory shunting of the motoneuron cell soma may be 
important for establishing the tonic versus phasic proper- 
ties of these cells. 

Functional implications of a combined glycine 
and GABA input to the motoneuron 

If a substantial amount of the inhibitory effects on 
motoneurons is accomplished by a combined release of 

Fig. 3. Electron micrographs show two adjacent ultrathin sections 
incubated with the test sections shown in Figure 1 with antisera raised 
against GABA or glycine. A Tissue section incubated with the GABA 
antiserum shows a GABA-immunopositive F-type bouton to the left, 
with pleomorphic vesicles establishing a symmetric contact (arrow- 
head) with a cell soma ofa-motoneuron size. The S-type houton to the 
right, with mainly spherical synaptic vesicles and asymmetric synaptic 
contact (arrowhead in C), is almost devoid of gold particles. The 
GARA-immunopositive terminal is also rich in glycine-LI (C), whereas 
the S-type bouton shows immunonegativity for glycine with very few 
gold particles. B,D: A P-type bouton shows immunoreactivity for only 
GABA, with accumulation of gold particles over synaptic vesicles and 
mitochondria. The houton makes synaptic contact with a large S-type 
bouton (arrow), but no synaptic contact could be clearly visualized. 
Note the large dense cored vesicle (arrowhead). E,F: Two out of three 
synaptic boutons (1,2) illustrated show immunoreactivity for glycine 
only, whereas the terminal in the middle is immunonegative for both 
GABA and glycine. The gold particles are accumulated over synaptic 
vesicles and mitochondria, whereas the axoplasm is only weakly 
labeled. A large dense cored vesicle is indicated by an arrowhead. Insets 
in F show the symmetric synaptic contacts more clearly after that the 
grids had been tilted 45" in the electron microscope. Scale bars = 0.5 
wn. 

glycine and GABA from the same nerve terminal, then what 
are the functional implications? One hint may be given by 
the electrophysiological and pharmacological study on the 
recurrent inhibition of motoneurons by Cullheim and 
Kellerth (1981). Jn their study, strong excitation of Ren- 
shaw cells by synchronous electrical activation of a large 
number of homonymous motoneurons was followed by 
long-lasting (up to 100 ms) inhibitory postsynaptic poten- 
tials (IPSPs) in the motoneurons. The administration of 
antagonists to either glycine or GABA diminished the 
inhibition, and after combining the two drugs, the IPSPs 
were abolished. The separate effects of the two types of 
antagonist displayed a very large difference in the time 
course, however. Thus, the glycine antagonist strychnine 
had profound effects on inhibition during the initial 20-30 
ms, whereas the late phase was left virtually intact. Con- 
versely, administration of the GABA antagonist bicuculline 
had a very small influence on the early phase of the 
inhibition, but more or less abolished the late phase. 

The interpretation of these findings is complicated by the 
fact that strongly activated Renshaw cells, as in this 
experiment, do not respond with single action potentials 
but with trains of impulses, with an initially very high 
frequency (Renshaw, 1946; Eccles et al., 1954). The differ- 
ential effects of GABA and glycine during the composite 
recurrent IPSP could then be explained by a longer time 
course for the individual postsynaptic potentials induced by 
GABA, leading to a stronger temporal summation effect 
than what is seen for glycine. Such a difference between 
GABA- and glycine-evoked recurrent IPSPs in the motoneu- 
ron could be due to different locations of GABA and glycine 
synapses in the receptive domain of the motoneuron or to 
differences in transmitter release or receptor activation/ 
deactivation mechanisms at these synapses. In view of the 
very large proportion of GABA-IR boutons on the motoneu- 
ron cell body, which were also immunoreactive to glycine, it 
seems more plausible that the noted differences in time 
course can be explained by differences in transmitter 
release or receptor kinetics for GABA and glycine. Further 
insight into these possibilities may be gained by studying 
the properties of the strychnine-sensitive glycine receptor 
and the bicuculline-sensitive GAJ3AA receptor in the moto- 
neuron membrane. Strychnine-sensitive glycine receptors 
beneath GAD-IR boutons impinging on motoneurons have 
been demonstrated with immunohistochemistry (Triller et 
al., 1987). The presence of GABAA receptors in spinal 
motoneurons has been confirmed by use of in situ hybridiza- 
tion histochemistry, which has revealed particularly high 
levels of the a-2 subunit mRNA in the motoneurons 
(Persohn et al., 1991, 1992; Wisden et al., 1991). 

In contrast to what has been found in the adult cat, the 
time courses of the glycinergic and GABAergic components 
of the recurrent IPSPs in motoneurons do not seem to be 
differentiated in the isolated spinal cord in neonatal rats 
(Schneider and Fyffe, 1992). The discrepancy between 
these results and those from in vivo studies in the adult cat 
may be related to the species and/or developmental stage 
under study. 

Sources of immunoreactive nerve terminals 
Of the 50-100 x loJ nerve terminals impinging on one 

single cat lumbar a-motoneuron (Ulfhake and Cullheim, 
19881, accumulated evidence suggests that the vast major- 
ity are derived from interneurons in the spinal cord (for 
review, see Burke, 1990). This is, with all probability, even 



Fig. 4. Electron micrographs show adjacent ultrathin tissue sec- 
tions incubated with the model antigens shown in Figure 1 with 
antisera raised against GABA (A,C) and glycine (B,D). Two C boutons 
are illustrated, apposing different cell somata of a-motoneuron size. 
Note the characteristic subsynaptic cistern. A,B: A C bouton is densely 
packed with spherical synaptic vesicles and a number of large dense 
cored vesicles (thin arrows). This bouton is immunonegative for both 
GARA and glycine. C,D: A GABA-immunopositive C bouton has an 
accumulation of gold particles over small spherical synaptic vesicles and 

over mituchondria. On the adjacent section (D) incubated with the 
glycine antiserum, the C bouton is associated with very few gold 
particles compared with the number of vesicles. For comparison, note 
the glycine-immunopositive terminal (star) that is totally devoid of 
GABA-LI and the preterminal axon to the left, which is immunonega- 
tive for both GABA and glycine. Also note the large dense cored vesicle 
(thin arrow). Inset in C shows the subsynaptic cistern more clearly after 
that the grid has been tilted 33" in the electron microscope. Scale bar = 

1.0 pm. 
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Fig. 5. Electron micrographs show two adjacent ultrathin sections 
incubated with the model antigens shown in Figure 1 with antisera 
raised against glycine (A,C) and GABA (B), showing a large M bouton 
on a proximal dendritic shaft of a neuron of u-motoneuron size. The M 
bouton is apposed by three P boutons (1, 2, 3). A is a low-power 
micrograph of C, illustrating the M bouton in its full length. B,C: Two 
ofthe three GAHA-immunopositive P boutons (2 ,3 ) ,  with spherical and 
oval synaptic vesicles, make presynaptic symmetric contact ilarge 

arrowheads) with the M bouton. Even though the criteria for being 
immunopositive were not fulfilled, the glycine-LI in the P boutons is 
about twice the level of that seen in the surrounding neuropil, the 
postsynaptic M bouton, and the cell soma. Note the large dense cored 
vesicles (thin arrows), the asymmetric active zones (small arrowhead), 
and the subsynaptic Taxi bodies (double thin arrows). Scale bars = 1 
pm in A, 0.5 pm for B,C. 

further accentuated when dealing with the origin of nerve 
terminals harboring glycine and GABA, because several 
known primary afferent or descending pathways are linked 

with excitatory effects in the cord (see Burke, 1990). With 
regard to a more detailed knowledge of the origin of the 
nerve terminals with an  inhibitory function, only limited 
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TABLE 2. Ratio Between Gold Particle Density in Immunopositive 
Boutons Versus Postsynaptic Elements' 

Bouton type n Mean S.D. Maximum Minimum 

the nerve terminals that are immunoreactive to GABA 
derive only from a very discrete population of interneurons 
that are responsible for the presynaptic effects. 

Qly-IR 10 18.4 1n.n 38.7 9.0 
Colocdiaed gly-IR 101 9.2 1.6 12.0 7.2 
GABA-IR 10 28.4 9.3 43.0 i8.n 
Colocalired GAM-IR 10* 16.9 5.3 25.0 7.8 CONCLUSIONS 
'The different bouton tspes are randomly selected subsets, with 10 boutons each from 
those immunopositive for only glycine (GIy-TRJ, only QARA (GABA-IR), and hnth glycine 
and GABA (colo&ly-IR and colocGABA-IR, respectively) 
*Same boutons on adjacent sections were incubated with either glycine or GABA 
antiserum. The quotients are also illustrated with a histogram in Figure 2C 

information is available, however. The Ia interneurons 
mediating reciprocal inhibition of motoneurons in the 
dorsal part of lamina VII, and Ib interneurons activated by 
discharges from tendon organs and mediating autogenic 
inhibition and the Renshaw cells, mediating the recurrent 
inhibition of motoneurons, have been reported to be glycin- 
ergic (for reviews, see Burke, 1990; Jankowska, 1992). 
Local GABAergic interneurons w t h  an unknown location 
in the spinal cord and responsible for the presynaptic 
inhibition of motoneurons also seem to exert postsynaptic 
inhibitory effects (Rudomin, 1990). Moreover, Renshaw 
cells have been reported to exert both glycinergic and 
GABAergic effects in the motoneuron (Cullheim and Kel- 
lerth, 1981; Schneider and Fyffe, 1992). The origin of the 
GABAergic input to the motoneuron may not be restricted 
to the segmental level, however. Thus, GABAergic neurons 
with projections to the ventral spinal cord have been 
reported in the caudal medullary raphe (Millhorn et al., 
1987) and in the reticular formation (Holstege, 1991). 

The nerve terminals colocalizing glycine and GABA may 
derive in part from Renshaw cells, because there is strong 
evidence that both glycine and GABA participate in the 
recurrent inhibition of motoneurons (Cullheim and Kel- 
lerth, 1981; Schneider and Fyffe, 1992) mediated by Ren- 
shaw cells (Renshaw, 1946; Eccles et al., 1954). This is 
further supported by the finding that small to medium- 
sized cell bodies in the ventral part of lamina VII, which is 
the location for Renshaw cells (Jankowska and Lindstrom, 
1971; Lagerback and Kellerth, 1985; Fyffe, 1991) harbor 
immunoreactivity to both glyeine and GABA (Shupliakov et 
al., 1993). It should be noted, however, that Renshaw cells 
seem to project primarily to proximal dendrites of the 
motoneurons (Burke et al., 1971; Lagerback and Kellerth, 
1985; Fyffe, 1991). Thus, most of the glycine/GABA nerve 
terminals on the cell soma may have another origin. 

Nerve terminals mediating 
presynaptic inhibition 

With regard to the immunohistochemical correlation to 
the presynaptic inhibition of spinal motoneurons, 15 cases 
of the morphological correlation to presynaptic inhibition, 
i.e., an M or large S bouton apposed by one or more P 
boutons (Conradi, 19691, was encountered in the somatic 
region of the motoneurons and proximal dendrites. The 
apposed P boutons were all clearly GABA-IR, with no 
significant labeling of glycine-LI. The GABAergic nature of 
these contacts is in line with previous studies on axo-axonic 
contacts at  the level of the motoneuron (McLaughlin et al., 
1975; Barber et al., 1982; Holstege and Calkoen, 1990). 
Because very few strictly GABA-IR boutons were found on 
the motoneuron soma and because a presynaptic nature of 
these boutons could not be excluded, depending on the 
short series of ultrathin sections available, it may be that 

First, about two-thirds of the synaptic boutons covering 
the cell soma of cat lumbar a-motoneurons display high 
levels of immunoreactivity for the inhibitory amino acid 
transmitters glycine and GABA. 

Second, in the type of aldehyde-fixed material used here, 
there is a strict correlation between ultrastructural charac- 
teristics of the boutons and their content of transmitter, 
i.e., the synaptic vesicles in glyeine- and GABA-IR boutons 
are always flat or oval, whereas nonimmunoreactive bou- 
tons contain spherical vesicles. 

Third, the immunoreactive boutons can be further subdi- 
vided in one large group of boutons containing glycine-LI 
only (62.5%), one smaller group harboring both glycine-and 
GABA-LI (35.5%), and a very small group of boutons with 
only GABA-LI (2%). 

Fourth, in those terminals, where glycine- and GABA-LI 
coexist, the gold particle density for each amino acid is only 
half of that seen in boutons containing only one of the two 
amino acids. 

Fifth, the high incidence of coexistence of glycine and 
GABA in synaptic boutons on the cell soma of spinal 
motoneurons must be considered in the functional analysis 
of postsynaptic inhibition of motoneurons. 
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