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Ultrastructural Evidence for GABAergic Brain Stem Projections to 
Spinal Motoneurons in the Rat 

J. C. Holstege 

Department of Anatomy, Erasmus University Medical School, 3000 DR Rotterdam. The Netherlands 

In the present ultrastructural study in the rat, it was deter- 
mined whether GABA was present in projections descending 
from the ventromedial reticular formation of the lower brain 
stem to motoneuronal cell groups in the lumbar spinal cord. 
For this purpose, the anterograde transport of WGA-HRP was 
combined with the postembedding immunogold technique 
for GABA, with the advantage that both markers could be 
visualized simultaneously in a single terminal. 

In 4 rats, WGA-HRP was injected in the ventromedial part 
of the brain stem reticular formation at levels between the 
rostra1 inferior olive and the caudal part of the facial nucleus. 
Vibratome sections were cut from the lumbar spinal cord, 
reacted for WGA-HRP, and processed for electron micros- 
copy. Ultrathin sections containing the lateral motoneuronal 
cell groups were cut and treated following the immunogold 
technique using a polyclonal antibody directed against GABA. 
It was found that nearly 40% of the terminal profiles that 
were labeled with WGA-HRP reaction products from the ven- 
tromedial brain stem were also labeled for GABA (double 
labeled). Most of the double-labeled terminals (81%) were 
F-type (containing many flattened vesicles), 12% were 
G-type (containing many granular vesicles), and 7% were 
S-type (containing many spherical vesicles). The majority of 
the double-labeled terminals contacted proximal dendrites. 

It is argued that the descending GABAergic projection 
produces a general inhibitory effect on spinal motoneurons, 
counteracting the general facilitation produced by the se- 
rotonergic projection derived from the same brain stem area. 
The balance between the activity of the GABAergic and the 
serotonergic fibers may set the level of excitability of the 
spinal motoneurons. The presence of GABA in some of the 
WGA-HRP-labeled (presumed serotonergic) G-type termi- 
nals was interpreted to indicate partial coexistence of GABA 
and serotonin, supporting the hypothesis that these trans- 
mitters are closely related in the descending brain stem pro- 
jections to spinal motoneurons. The results further indicate 
that other transmitters are likely to play a part in this gain- 
setting system, which may be active both during sleep and 
wakefulness. 
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The reticular formation of the lower brain stem exerts strong 
excitatory and inhibitory effects on the activity of spinal mo- 
toneurons. It is generally assumed that the inhibitory effect on 
motoneurons (especially those innervating muscles of the ex- 
tremities) is relayed through interneurons in the spinal inter- 
mediate zone (for review, see Wilson and Peterson, 198 1). How- 
ever, some physiological studies have shown the existence of 
monosynaptic inhibitory connections between neurons in the 
medial lower brain stem and spinal motoneurons (Llinas and 
Terzuolo, 1964; cf. Magoun and Rhines, 1946). Anatomical 
evidence for direct brain stem projections to motoneuronal cell 
groups was given by Dahlstriim and Fuxe (1965) with the his- 
tofluorescent technique. They showed the disappearance, below 
a lesion of the cervical cord, of the serotonergic innervation, 
including the terminals in the motoneuronal cell groups, with 
a concomitant increase in the fluorescence of serotonergic cells 
in the lower brain stem. These findings implied that the direct 
brain stem projections to motoneurons, which were identified 
physiologically, were (at least in part) serotonergic. Anatomical 
tracing studies with the light microscopical (LM) anterograde 
degeneration technique, using silver impregnation, failed to 
demonstrate direct projections from the brain stem to spinal 
motoneuronal cell groups (Kuypers, 198 1). They were first shown 
by means of the LM autoradiographic tracing technique in the 
cat (Holstege et al., 1979; G. Holstege and Kuypers, 1982), 
opossum (Martin et al., 1979) and rat (Jones and Yang, 1985; 
Martin et al., 1985). The projections to motoneuronal cell groups 
were found to originate mainly in the caudal raphe nuclei, the 
adjacent ventral part of the medial reticular formation, and the 
dorsolateral pons, including the area of the locus coeruleus and 
subcoeruleus (for review, see Holstege and Kuypers, 1987b). 

An ultrastructural study in the rat (Holstege and Kuypers, 
1987a) in which the anterograde transport of jH-leucine from 
the medial reticular formation was combined with the retro- 
grade transport of HRP from the hindleg muscles, showed that 
the terminals derived from neurons in the ventral part of the 
medial reticular formation contacted HRP-labeled motoneu- 
rons in the lumbar spinal cord. The projections from the ventral 
part of the medial reticular formation as well as those from the 
raphe nuclei exhibited 3 different types of terminals: F-type 
terminals (containing many flattened vesicles), S-type terminals 
(containing mainly spherical vesicles), and G-type terminals 
(containing many granular vesicles; Holstege, 1987; Holstege 
and Kuypers, 1987a). The G-type terminals were found to be 
serotonergic and/or peptidergic (Pelletier et al., 198 1; Ulfhake 
et al., 1987; for review, see Holstege and Kuypers, 1987b), in 
agreement with the histofluorescent findings of Dahlstrom and 
Fuxe (1965), whereas the transmitters in the F- and S-type ter- 
minals remained unknown. Retrograde tracing studies com- 
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bined with immunocytochemistry showed that several of the 
descending brain stem projections were not serotonergic, but 
presumably contained other transmitters such as various pep- 
tides (Hokfelt et al., 1979; Mantyh and Hunt, 1984), AChE 
(Bowker et al., 1983; Jones et al., 1986) or GABA (Millhorn et 
al., 1987). However, until now, it could not be determined in 
which area of the spinal cord the nonserotonergic fibers actually 
terminated or which transmitter these fibers contained. 

Recently, we have combined the anterograde transport of 
WGA-HRP with the postembedding immunogold technique for 
GABA (De Zeeuw et al., 1988). This made it possible to address 
the above questions, because the 2 markers can be visualized 
simultaneously in a single terminal, revealing both its origin and 
its transmitter content. By means of this technique, it is shown 
in the present study that a substantial part of the descending 
projections from the ventromedial lower brain stem to lumbar 
motoneuronal cell groups in the rat contains GABA as a trans- 
mitter, indicating the existence of a monosynaptic inhibitory 
(Kmjevic and Schwartz, 1966) projection from the brain stem 
to spinal motoneurons. 

Materials and Methods 
Four Wistar rats (weighing approximately 300 gm) were deeply anes- 
thetized with pentobarbital(60 mg/kg), administered by intraperitoneal 
injection. WGA-HRP (5% in 0.1 ~1 saline) was injected in the ventral 
part of the medial reticular formation at levels between the caudal part 
of the facial nucleus and the rostra1 half of the inferior olive (see Fig. 
1). After the rats recovered from the operation, they did not display 
any signs of discomfort. After 3 d survival, the animals were reanesthe- 
tized with pentobarbital and perfused transcardially with 40 ml saline 
in phosphate buffer (0.1 M; pH, 7.3) immediately followed by 1 liter 5% 
glutaraldehyde in phosphate buffer (0.1 M; pH, 7.3). After perfusion, 
the brain stem and lumbar spinal cord were dissected. From the brain 
stem injection site, frozen sections were cut, incubated with diamino- 
benzidine (DAB, Graham and Kamovsky, 1966), counterstained with 
cresyl violet, and coverslipped. The 5th and 6th lumbar segments were 
cut in slabs (75 pm) on a vibratome slicer. These slabs were then reacted 
for WGA-HRP using tetramethyl benzidine (TMB) as a chromogen 
(Mesulam, 1978), and the reaction product was stabilized with DAB- 
cobalt (Lemann et al., 1985). After rinsing in phosphate buffer contain- 
ing 8% glucose, the slabs were postfixed with osmium tetroxide (1.5% 
in-phosphate buffer, pH 7.3, containing 8% glucose). They were then 
rinsed in distilled water, chemically dehydrated (Muller and Jacks, 1975), 
and flat embedded in Araldite between Teflon-coated coverslips. After 
polymerization, the flat-embedded vibratome sections were viewed in 
the light microscope. The WGA-HRP labeling in the motoneuronal cell 
groups was examined, and for each rat, the 2 sections with the highest 
amount of WGA-HRP labeling were selected. They were glued to plastic 
blocks, and semithin sections were cut and viewed in the light micro- 
scope. The blocks were then trimmed to pyramids containing the entire 
lateral motoneuronal cell group. Ultrathin sections were cut and col- 
lected on Formvar-coated nickel grids (200 mesh). These were incubated 
overnight at 4°C with a polyclonal GABA antibody (kindly provided 
by Dr. R. M. Buijs from the Netherlands Institute for Brain Research, 
Amsterdam; for specificity tests, see Seguela et al., 1984; Buijs et al., 
1987), dissolved in T&-buffered saline (0.05 M; pH, 7.6) containing 
0.1% Triton X-100 (TBST). After rinsing with TBST (pH, 8.2) the 
sections were incubated with a goat anti-rabbit antibody, labeled with 
15-nm eold narticles. and dissolved 1:25 in TBST IDH. 8.2). Then, the 
sectionswere rinsed several times, first in TBST (pH, 716 and 8.2), then 
in distilled water. After counterstaining with lead citrate and uranyl 
acetate, the ultrathin sections were examined in a Philips 300 electron 
microscope. 

From each of the 4 rats, 2 blocks were used, and from each block, 2 
sections were examined (at least 1 pm apart); that is, a total of 16 
sections, each containing the entire lateral motoneuronal cell groups, 
were examined. The sections were completely screened for WGA-HRP- 
labeled terminals, which were recognized by the presence ofTMB/DAB- 
cobalt reaction products. Other WGA-HRP-labeled structures (mainly 
axons and occasionally a dendrite or an unidentifiable structure) were 

not taken into account for the present analysis (for a discussion of these 
findings, see Holstege, 1987). Each time a WGA-HRP-labeled terminal 
was encountered, it was determined (Table 1) to which type the terminal 
belonged (for a description of the different terminal types, see Holstege 
and Kuypers, 1987a), and it was also determined whether the terminal 
carried a large number ofgold particles (i.e., whether it was GABAergic). 
This was considered to be the case if the number of gold particles 
overlying the terminal was at least 8 times the number of gold particles 
overlying nearby unlabeled structures (terminals and dendrites). In ad- 
dition, it was determined whether a synapse was present, and if so, the 
postsynaptic structure was also identified. In the 16 sections analyzed, 
a total of 505 HRP-labeled terminals were encountered. The results 
were expressed as percentages per block. These percentages were av- 
eraged, and standard deviations were calculated. If  the numbers ob- 
tained per block were too small, the percentages were calculated from 
total numbers obtained in all 16 sections. 

Results 
Light microscopic examination of the WGA-HRP injection site 
(Fig. 1) showed that the center of the injection was located in 
the ventromedial part of the lower brain stem at levels between 
the caudal part of the facial nucleus and the rostra1 part of the 
inferior olive. It included the gigantocellular reticular nucleus 
pars ventralis and pars alpha, as well as part of the paragigan- 
tocellular reticular nucleus as described by Andrezik and Beitz 
(1985). Caudally, the injection site included part of the rostra1 
inferior olive, and more rostrally, the injection site encroached 
upon the nucleus raphe magnus. Ventromedially, in the pe- 
riphery of the injection site, some reaction product was seen in 
the area of the pyramidal tract. However, no labeling was seen 
in the pyramidal tract caudal to the injection site, indicating 
that the pyramidal tract fibers had not taken up the WGA-HRP. 
This is in accordance with observations (Brodal et al., 1983) 
that WGA-HRP is not taken up by undamaged fibers. 

Light microscopic examination of the flat-embedded vibra- 
tome sections of the lumbar spinal cord showed anterograde 
WGA-HRP labeling bilaterally, with a clear ipsilateral predom- 
inance. Most labeling was seen in the motoneuronal cell groups 
in the ventral horn (see also Holstege, 1987), in the area around 
the central canal, and to a lesser extent, in the intermediate 
zone. Some labeling was also present in the deeper layers of the 
dorsal horn, and a few fibers were seen in lamina I. Several 
retrogradely labeled cells were seen on the contralateral side. 
These were present mainly in lamina X (around the central 
canal) and the adjacent parts of lamina VII and VIII, as well as 
dispersed in lamina IV, V, and VI. On the ipsilateral side, a few 
(between 1 and 4) retrogradely labeled cells were usually present. 
In these cases, the cells were located either in lamina V, medially 
in lamina VII, in lamina VIII, and occasionally, in lamina I. 
Vibratome sections with retrogradely labeled cells in the direct 
vicinity of the lateral motoneuronal cell groups were rare. These 
sections were never used for ultrastructural analysis. In the white 
matter, labeled fibers were observed on the ipsilateral side pri- 
marily in the dorsolateral funiculus and, to a lesser extent, in 
the lateral and ventral funiculi. Some scattered labeling was seen 
in the contralateral funiculi. The dorsal funiculi, including the 
area of the pyramidal tract fibers, were devoid of labeling. 

Examination of the ultrathin sections showed that several 
structures in the lateral motoneuronal cell groups were labeled 
with TMB/DAB-cobalt reaction product, indicating that they 
contained the transported WGA-HRP. Most of the labeled 
structures were terminals, myelinated and unmyelinated axons, 
and a few dendritic profiles or structures that could not be iden- 
tified. This distribution of the labeling was similar to that in a 
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Figure I. Light micrograph of WGA- 
HRP injection site in ventromedial part 
ofrat lower brain stem at level ofrostral 
inferior olive. Scale bar, 1 mm. 

previous study (Holstege, 1987). In addition to the WGA-HRP- 
labeled structures, there were several structures that carried a 
large number ofgold particles, indicating the presence of GABA. 
The labeling for GABA was confined to terminals and a few 
myelinated and unmyelinated axons, which is in agreement with 
previous findings (Holstege and Calkoen, 1990). The gold par- 
ticles appeared to be distributed randomly over the vesicles 
within the various GABA-labeled terminal profiles. However, 
mitochondria often carried a relatively large number of gold 
particles, possibly because they play a role in the synthesis of 
GABA from L-glutamate (Roberts, 1987). This may also explain 
the finding that mitochondria in profiles, which were considered 
not to be GABAergic, sometimes carried 1 or 2 gold particles. 

The analysis in the present study was focused on the WGA- 
HRP-labeled terminal profiles. Three different types of termi- 
nals were labeled (Table 1): 57% were F-type terminals, char- 
acterized by their content of mostly flattened vesicles and a few, 
generally small, spherical vesicles. They usually established 
symmetric synapses (Figs. 2, 3A, 4A). G-type terminals, char- 
acterized by the presence of a large number of dense-cored (gran- 
ular) vesicles (Fig. 3B), were labeled in 22% of the cases. These 
terminals were seldom seen to establish a synaptic contact in 
single thin sections (cf. Holstege and Kuypers, 1987a,b). If a 
synapse was present, it was generally asymmetric. S-type ter- 
minals constituted 20% of the WGA-HRP-labeled terminal pro- 
files (Fig. 4B) and were characterized by their content of many 
spherical vesicles. These terminals generally showed asymmet- 

Table 1. Quantitative analysis of the labeled terminals in the lateral 
motoneuronal cell groups of the lumbar 5th and 6th spinal segments 
after a WGA-HRP injection in the ventromedial lower brain stem and 
postembedding immunocytochemistry for GABA 

Percentage 
of all 

Type WGA-HRP- Percentage Percentage Postsynaptic 

of ter- labeled double showing structure 

minal terminals labeled synapse pD dD CS 

F 57 + 6 55 -t 6 53 * 9 72 19 9 
G 22 it 6 23 +- 10 12 67 33 - 
S 20 * 3 151k6 39 100 - - 
C 1+- - - - - 

This table indicates the percentages (&SD) of al1 WGA-HRP-labeled terminals 
that were F-, G-, S-, or C-type; the percentages of the different types of terminals 
that were double labeled for WGA-HRP and GABA; the percentages of the difkent 
types of double-labeled terminals that established a synaptic contact; and the 
percentages of their postsynaptic structures. pD, proximal dendrite; dD, distal 
dendrite; CS, cell soma. 

ric synapses with a somewhat wider synaptic cleft. On 3 occa- 
sions, a labeled C-type terminal (associated with a subsynaptic 
cistern in the postsynaptic structure) was observed (0.6%). These 
results were similar to our previous studies on the same system 
(Holstege, 1987; Holstege and Kuypers, 1987a). A further anal- 
ysis of the WGA-HRP-labeled terminals showed that 39% were 
also labeled for GABA (double labeled). When considering the 

Figure 2. Electron micrograph from L5 lateral motoneuronal cell groups, showing several terminal profiles around proximal dendrite (containing 
ribosomes). Based on the morphology of the synaptic vesicles and svnadic iunctions. the different terminals were classified as F-tvne (F: many 
flattened vesicles and a symmetric synapse) or S-type (S; many sphetkai vesicles and an asymmetric synapse). The terminal on the-left is double 
labeled with WGA-HRP reaction products, transported from the brain stem injection site (arrows) and with many gold particles (small black dots), 
indicating the presence of GABA. Arrowheads point at symmetric synapses. Note that the small F-type terminal Q with the asterisk on the side 
is strongly labeled for GABA, but does not contain WGA-HRP reaction products. Scale bar, 0.5 hrn. 

Figure 3. Electron micrographs from L5 lateral motoneuronal cell groups, showing terminal profiles double labeled with WGA-HRP reaction 
products (arrows in A) and many gold particles, indicating that terminals originated from ventromedial reticular formation and contained GABA 
as transmitter. A, A large F-type terminal profile (fl is double labeled and may display 2 (tangentially cut) synaptic junctions. B, A G-type terminal 
profile (G) containing many granular vesicles (small arrows) is double labeled. Because G-type terminals are generally considered to be serotonergic 
(see Discussion), the labeled G-type terminal may contain both GABA and serotonin. Note that there is an unlabeled F-type terminal profile (8’) 
on the right. Scale bars, 0.5 pm. 
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Figure 4. A, Electron micrograph of the L6 lateral motoneuronal cell groups showing an F-type terminal profile Q, double labeled with a large 
amount of WGA-HRP reaction products and with many gold particles, indicating that the terminal originated from the ventromedial reticular 
formation and contained GABA as a transmitter. A synaptic junction is not present. B, Electron micrograph of the L5 lateral motoneuronal cell 
groups showing a single WGA-HRP-labeled S-type terminal profile (s) on the right, indicating that the terminal is derived from the ventromedial 
lower brain stem, but it is not GABAergic, because it carries only a few gold particles. Gn the Ze$, an F-type terminal profile Q is single labeled 
with many gold particles, indicating that the terminal is GABAergic, whereas its origin is unknown. The arrowhead points at a symmetric synaptic 
junction. Scale bars, 0.5 pm. 
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different types of terminals, it was found that 55% of the WGA- 
HRP-labeled F-type terminals were double labeled. Further- 
more, 23% of the WGA-HRP-labeled G-type terminal profiles 
and 15% of the WGA-HRP-labeled S-type terminal profiles 
were double labeled. When considering only the double-labeled 
terminal profiles (Fig. 5) it was found that 81% were F-type 
(Figs. 2,3A, 4A), 12% were G-type (Fig. 3B), and 7% were S-type. 
When a double-labeled terminal was observed to establish a 
synaptic contact (Table l), it was mainly (73%) with proximal 
dendrites (identified by the presence of ribosomes) and, to a 
much lesser extent (1 S%), with distal dendrites. Synaptic con- 
tacts with cell somata were seen in 8 cases (9%), and in most of 
these cases, the size of the postsynaptic cell soma was such that 
it could be classified as an a-motoneuron (cf. Strick et al., 1976). 
Axoaxonic (presynaptic) contacts were never established by any 
of the WGA-HRP- or double-labeled terminals. 

Discussion 

The present data demonstrate that nearly 40% of the projections 
from the lower brain stem to spinal motoneuronal cell groups 
contained GABA as a transmitter. This result was obtained with 
a new technique that made it possible to demonstrate the pres- 
ence of a specific transmitter (GABA) in the terminals of an 
identified pathway. This technique was tested in our laboratory 
on afferents of the inferior olive (De Zeeuw et al., 1988). In that 
study, it was found that virtually all terminals derived from the 
cerebellar nuclei were GABAergic, while none of the terminals 
derived from the area of the nucleus of Darkschewitsch were 
labeled for GABA. These results demonstrated not only that the 
GABA labeling was not due to the presence of WGA-HRP 
reaction products, but also showed the high efficacy of the im- 
munogold technique, because percentages up to nearly 100% 
can be obtained. This implies that the 40% of double labeling 
obtained in the present study should be regarded not as an 
underestimate, but as a rather accurate figure. 

The results obtained with respect to the different types of 
WGA-HRP-labeled terminals are similar to the results obtained 
in previous studies on the same projection system using WGA- 
HRP (Holstege, 1987) or 3H-leucine (Holstege and Kuypers, 
1987a), which is not transported retrogradely. In the present 
study, it cannot be excluded that some of the labeled terminals 
belonged to collateral axons of retrogradely labeled cells that 
were observed on the ipsilateral side in the vibratome sections. 
However, their number was much too small (O-4 cells per sec- 
tion) to significantly influence the results. 

It is assumed that the GABAergic brain stem fibers contact 
spinal motoneurons and not, or much less, intemeuronal den- 
drites within the spinal motoneuronal cell groups. This as- 
sumption is based on the following considerations. First, we 
have demonstrated in a previous study (Holstege and Kuypers, 
1987a), by combining the anterograde transport of ‘H-leucine 
from neurons in the lower brain stem with the retrograde trans- 
port of HRP from the hindleg muscles, that the majority of the 
3H-leucine-labeled terminals actually contacted HRP-labeled 
motoneurons in the lumbar spinal cord. Second, it was found 
in the cat that interneurons generally have few dendrites, and 
only their distal parts are located within the motoneuronal cell 
groups (Jankowska and Lindstrom, 1972; Lagerback and Kel- 
lerth, 1985). If this would also apply to the rat, it seems most 
likely that the proximal dendrites, which are the main target of 
the GABAergic terminals, belonged to motoneurons. The find- 
ing (Holstege and Calkoen, 1990) that the motoneuronal cell 
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Figure 5. Histogram showing percentages ofall terminals, labeled with 
WGA-HRP from ventromediailower brain stem, that were GABAergic 
(left column) or non-GABAergic (right column). Within these popula- 
tions, the frequency of the F-, G- and S-types of terminals is indicated. 

groups contain very few GABAergic dendrites also indicates 
that there are few dendrites belonging to GABAergic intemeu- 
rons in the motoneuronal cell groups. Moreover, a few of the 
double-labeled terminals were found to contact large (moto- 
neuronal) somata. 

The analysis of the double-labeled terminals showed that the 
majority were F-type terminals, in agreement with preembed- 
ding immunocytochemical studies on the distribution of GABA 
in motoneuronal cell groups of the spinal cord (McLaughlin et 
al., 1975; Holstege and Calkoen, 1990) and brain stem (Takasu 
et al., 1987). The fact that not all of the WGA-HRP-labeled 
F-type terminals were labeled for GABA suggests, especially in 
view of the high sensitivity of the immunogold technique, that 
another transmitter is present in these terminals. F-type ter- 
minals in the motoneuronal cell groups have been shown to 
contain not only GABA, but also glycine (Matus and Dennison, 
197 1; Ljungdahl and Hokfelt, 1973; Van den Pol and Gores, 
1988). Therefore, glycine may also be present in the descending 
projections from the lower brain stem. Preliminary data, which 
we have recently obtained (Holstege and Bongers, 1990), indi- 
cate that this is indeed the case. The present results further 
showed that a limited number of G-type terminals were double 
labeled. Because G-type terminals in the spinal motoneuronal 
cell groups have been shown to be serotonergic and/or pepti- 
dergic (Pelletier et al., 1981; Ulthake et al., 1987), the present 
findings suggest that GABA and serotonin are colocalized in 
some of the G-type terminals derived from the lower brain stem. 
This is in agreement with studies showing colocalization of GABA 
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and serotonin in neurons of the raphe nuclei and the adjoining 
reticular formation, including those that project to the spinal 
cord (Millhorn et al., 1987). 

The anatomical findings reported here on the existence of a 
GABAergic (inhibitory) projection to spinal motoneurons are 
in agreement with the early electrophysiological findings of Ma- 
goun and Rhines (1946). They were able to evoke monosynaptic 
inhibitory potentials in spinal motoneurons from an area in the 
ventromedial part of the lower brain stem, now generally known 
as the “inhibitory center of Magoun.” Because its location in 
the lower brain stem of the cat largely coincides with the WGA- 
HRP injection of the present study, the present findings may 
provide the anatomical substrate for this inhibitory center and, 
further, show that GABA is used as an (inhibitory) transmitter. 
For the functional interpretation of this inhibitory brain stem 
projection to spinal motoneurons, it is important to note that 
the GABAergic terminals from the lower brain stem were ran- 
domly distributed over the motoneuronal cell groups, without 
a clear preference for flexor or extensor motoneuron groups (cf. 
J. C. Holstege and Kuypers, 1982). The high degree ofcollateral- 
ization in this descending brain stem system (Martin et al., 198 1; 
Huisman et al., 1984) is in agreement with its rather diffuse 
projection. Hence, it seems likely, from an anatomical point of 
view, that the descending GABAergic projection exerts a general 
inhibitory role, decreasing the excitability of the spinal moto- 
neurons. In this respect, it would counteract the role of sero- 
tonin, which in all likelihood facilitates the excitability of mo- 
toneurons (Cardona and Rudomin, 1983; Roberts et al., 1988; 
Fung and Barnes, 1989; for review, see Holstege and Kuypers, 
1987b). 

Spinal motoneurons display a bistable behavior (Hounsgaard 
et al., 1984); that is, the motoneurons can be “switched” be- 
tween 2 levels of excitability. Subsequent studies (Crone et al., 
1988; Hounsgaard et al., 1988) have shown that the higher level 
of excitability could be triggered by short-lasting excitation, 
whereas short inhibitory impulses could reset the excitability of 
the motoneurons to its “normal” level. These phenomena dis- 
appeared after spinal transection, but reappeared following in- 
travenous injection of the serotonin precursor S-hydroxytryp- 
tophan, suggesting that the presence of descending serotonergic 
afferents was essential for the occurrence of bistable behavior 
in motoneurons. Because the resetting of motoneurons to their 
normal level could be produced by short, inhibitory impulses 
elicited with medial brain stem stimulation (Crone et al., 1988) 
it may be speculated that the GABAergic projections to spinal 
motoneurons are instrumental in achieving this effect. This would 
imply that the activity in the GABAergic fibers may determine 
the effectiveness of the serotonergic projection and, as a con- 
sequence, the level of excitability of the motoneurons in the 
spinal cord. The finding of the present study, that GABA is 
located in presumed serotonergic terminals in the motoneuronal 
cell groups, and the finding (Nicoll, 1988) that, at least in hip- 
pocampus, the GABA receptor and the 5HT- 1 A receptor are 
linked to the same ion channel emphasize the intimate relation 
between serotonin and GABA in the descending projections to 
spinal motoneurons. 

The area in the lower brain stem from which the GABAergic 
fibers originate has also been implicated in the inhibition of 
motoneurons during REM sleep, a sleep phase during which 
there exists complete muscle atonia (see, e.g., Siegel, 1989). In 
this state, it is to be expected that the balance between the 
serotonergic and the GABAergic fibers is shifted to the GA- 
BAergic side with complete inactivity of the serotonergic fibers. 

Recordings from serotonergic neurons in the caudal raphe nuclei 
(Heym et al., 1982; Trulson and Trulson, 1982) indeed showed 
that these neurons are silent during active sleep and become 
increasingly active when the animal passes through the various 
states of sleep towards quiet and active waking. Recordings from 
motoneurons in unrestrained cats during sleep and wakefulness 
(Soja et al., 1987) have shown that glycine may act as the trans- 
mitter in the projections mediating muscle atonia during active 
sleep. This seems in contradiction with the present finding that 
GABA is present in the descending projections from the lower 
brain stem. However, this contradiction may be more apparent 
than real, because the present findings leave room for the pres- 
ence of glycine in the non-GABAergic F-type terminals derived 
from the lower brain stem. It may thus be hypothesized that 
the presumed glycinergic part of this system would be especially 
active during REM sleep, whereas the GABAergic system would 
be active during other states of sleep and “relaxed states” of 
wakefulness. 

The present data are the first anatomical evidence for the 
existence of a GABAergic system projecting directly from the 
ventromedial brain stem to spinal motoneurons. These projec- 
tions, which apparently terminate directly and nonselectively 
on motoneurons, may subserve a general inhibitory role, con- 
trolling the excitability of the spinal motoneurons. In addition 
to the GABA-containing fibers, there are also fibers (derived 
from the same brain stem area) that contain serotonin with 
various peptides, and possibly glycine and ACh. A further un- 
derstanding of how these various transmitters interact would 
give more insight in the regulation of motor behavior during 
sleep and wakefulness. 
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