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Abstract 

The synaptic connection between primary muscle afferents 
and dorsal spinocerebellar tract (DSCT) neurons has been 
studied in an attempt to reveal some of the mechanisms 
underlying excitatory transmission in the mammalian central 
nervous system. Previous electrophysiological experiments 
have shown that the excitatory postsynaptic potentials 
(EPSPs) evoked DSCT neurons by impulses in a single mus- 
cle afferent fluctuate in amplitude. These fluctuations occur 
between discrete amplitudes which are separated by quanta1 
increments. Two alternative hypotheses relate such a quanta1 
increment to all-or-nothing transmitter release from either (1) 
an entire synaptic bouton or (2) an individual transmitter 
release site, given that a bouton may contain multiple release 
sites. The present study was undertaken primarily to gain 
ultrastructural evidence on these proposals. Electrodes filled 
with horseradish peroxidase (HRP) were used to label single 
identified group la afferent fibers and DSCT neurons in the 
lumbar spinal cord of anesthetized cats. HRP-labeled la syn- 
aptic boutons, and the contacts formed between HRP-labeled 
la boutons and the dendrites of a DSCT neuron labeled 
intracellularly with HRP, were examined in serial sections 
under the electron microscope. Group la boutons were found 
to contain multiple synaptic specializations, as evidenced by 
pre- and postsynaptic thickenings and presynaptic clusters 
of vesicles. Careful examination of a bouton in serial sections 
revealed each specialization as a separate structure. These 
observations support the proposal that synaptic transmission 
between group I muscle afferents and DSCT neurons occurs 
with discrete all-or-nothing EPSPs associated with transmit- 
ter release sites, rather than boutons per se. 

Primary afferents from hindlimb muscle spindles and tendon 
organs make monosynaptic connections with dorsal spinocerebellar 
tract (DSCT) neurons, situated in Clarke’s column (Mann, 1973). In 
a previous study (Tracey and Walmsley, 1982, 1984) the excitatory 
postsynaptic potentials (EPSPs) evoked in DSCT neurons by im- 
pulses in a single primary muscle afferent were found to fluctuate in 
amplitude from trial to trial. These fluctuations occur between dis- 
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Crete amplitudes separated by a quanta1 increment. In an earlier 
electrophysiological/anatomical study on single group la fiber EPSPs 
evoked in cat spinal motoneurons (Redman and Walmsley, 1981, 
1983a, b), it was proposed that such a quanta1 increment is due to 
all-or-nothing transmitter release from a synaptic bouton. Light mi- 
croscopic observations on the synaptic connections between horse- 
radish peroxidase (HRP)-identified primary muscle afferents and 
DSCT neurons have revealed that these afferent boutons vary greatly 
in size, from 1 x 1 pm up to “giant” boutons of 20 X 3 pm (Tracey 
and Walmsley, 1984). Electron microscopic studies in Clarke’s 
column have revealed the presence of several types of synaptic 
contacts, including giant boutons (Szentagothai and Albert, 1955; 
Rethelyi, 1970; Saito, 1974, 1979; Houchin et al., 1983). It was 
suggested that the giant boutons contain multiple transmitter release 
sites and that synaptic transmission between group I muscle affer- 
ents and DSCT neurons occurs with the quanta1 increments under- 
lying EPSP amplitude fluctuations associated with these transmitter 
release sites (Tracey and Walmsley, 1984). 

However, until the present study, no information has been avail- 
able on the ultrastructure of identified terminals contacting DSCT 
neurons. We have employed electron microscopy to examine in 
detail the ultrastructure of group la synapses in Clarke’s column and 
the synaptic contacts between la muscle afferents and DSCT neu- 
rons, both identified by intracellular labeling with HRP. A complete 
picture of the synaptic specializations contained within each bouton 
was constructed, using serial sections. The results indicate that 
some of the la synaptic terminals on DSCT neurons contain multiple 
transmitter release sites. These observations are taken as support 
for the proposed relationship between quanta1 EPSPs and individual 
transmitter release sites rather than synaptic boutons. 

Materials and Methods 

Experiments were performed on cats weighfng 1.5 to 2.5 kg. The cats 
were anesthetfzed with sodium pentobarbftone (35 mg/kg, 1.p.) and main- 
tanned with supplementary doses (5 mg, iv.). Mean arterial pressure and 
end-tfdal COn were monitored. 

HRP labeling of axons and neurons. The followfng muscles were exposed 
in the left hindlimb: medfal gastrocnemius, lateral gastrocnemius, soleus, and 
plantarts. The tendons of these muscles were separated and cut at thefr 
insertion to allow each muscle to be Individually stretched. The cat was fixed 
in a rigid animal frame, and a laminectomy was performed from L7 to L3. 
The exposed hindlimb muscles and spfnal cord were covered with pools of 
mineral oil, maintained at 35 to 37°C by infrared heating. Bipolar stimulating 
electrodes were placed on the sciatic nerve and its branches to the exposed 
muscles. 

Glass microelectrodes containing 10% HRP in 1 M KCI were inserted into 
the dorsal columns near the junction of L3 and L4 segments of the spinal 
cord, about 200 Frn lateral to the mfdlfne. On intracellular penetration of a 
primary muscle afferent, its conduction time was recorded, allowing a 
preliminary classification into group I or group II. Ffbers were classified as 
group la if they had high dynamic sensftfvfty to passive stretch and a silent 
period during active muscle contraction. Once the afferent was identffied, 
HRP was iontophoresed into the axon for up to an hour. lontophoresis of 
HRP was continued only while the intracellular action potential was greater 
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than 10 mV. Good results were obtarned when the charge transfer was in 
the range 100 to 400 nA/mrn. 

In the same experiments, rntracellular recordtngs were made from DSCT 
neurons In Clarke’s column at the level of L3 and L4 segments of the cord. 
Antrdromrc rdentrfrcatron of DSCT neurons was performed by stimulation of 
the dissected dorsolateral fasciculus of the spinal cord at the C2 level 
(Houchrn et al., 1983; Tracey and Walmsley, 1984). The dorsal columns were 
removed for approxrmately 2 cm to avoid stimulation spreading to them. 
Electrodes, filled wrth 10% HRP in 1 M KCI, were driven into Clarke’s column 
in the sprnal cord approximately 200 to 300 pm from the mrdlrne. Only DSCT 
neurons receiving monosynaptic excitation from group I muscle afferents 
were Infected wrth HRP (10 to 30 nA for 10 to 40 min). 

Followrng a 2- to 5-hr post-infection survival time, the anrmal was perfused 
with 3% glutaraldehyde in phosphate buffer (pH 7.2). The spinal cord 
segments L3 and L4 were removed and post-fixed for about 10 hr. Para- 
sagrttal sectrons (100 pm) of these segments were cut using a Vibratome 
and reacted for HRP using dtamrnobenzrdene (DAB). 

Light microscopy. Sections were serrally mounted on gelatrn-coated slrdes 
and cleared In alcohols and xylene to enable complete reconstructron of 
DSCT neurons (See Frg. 1) by light microscopy. 

Electron muoscopy. Sections Immersed in glycerol were carefully ex- 
amrned under the light mrcroscope. Structures filled with HRP reaction 
product were readily observed, even In the nondehydrated tissue. Small 
areas (2 x 1 mm) containing stained fibers or neurons were cut from the 
sectrons and transferred to 0.1 M phosphate buffer (pH 7.4) washed, and 
left for 2 to 3 hr at 4°C. Subsequently, the tissue was post-frxed in 2% 0,04, 
stained en bloc with 2% uranyl acetate, dehydrated in alcohol, and embed- 
ded in Spurr resin. Thin sectrons (-100 nm) were cut with a dramond knife 
(Dratome) on a Reichert mrcrotome, collected on parlodron-coated slot grids, 
and examined In a Phillips 301 electron microscope. 

HRP-labeled structures were easily observed, and in the majority of cases 
starnrng was light enough not to obscure rntracellular components. Crrterra 
for rdentrfication of synapses were as follows: (1) thickening of the apposed 
cellular membranes; (2) accumulation of synaptrc vesicles close to the 
presynaptrc membrane, and (3) synaptic cleft. Sequential sections of each 
labeled structure were examined and relevant sectrons were photographed. 

The possrbrlrty that observed contacts were actually autapses rather than 
afferent contacts could be ruled out because the axons of DSCT neurons 
do not give rise to recurrent collaterals (Randrc et al., 1981; Houchin et al., 
1983; personal observation of HRP-labeled DSCT neurons). Such a possrbrlity 
does exist, for example, with spinal motoneurons. 

Results 

Results were obtained from experiments on 22 cats weighing 1.5 
to 2.5 kg. 

Light microscopy of DSCTneurons. In confirmation of earlier HRP 
studies (Houchin et al., 1983; Tracey and Walmsley, 1984) the 
dendritic trees of DSCT neurons were very profuse and extended 
over 3 mm in the rostrocaudal direction. Figure 1 shows a camera 
lucida reconstruction of a typical DSCT neuron receiving group I 
muscle afferent input. Many fine branchlets can be seen arising from 
both proximal and distal dendrites, in contrast to the DSCT neurons 
illustrated in the HRP study by Randic et al. (1981). 

Electron microscopy of contacts between la fibers and DSCT 
neurons. A previous light microscopic study (Tracey and Walmsley, 
1984) failed to observe contacts between a single HRP-labeled 
afferent fiber and intracellularly labeled DSCT neurons. We were, 
however, successful in obtaining some results in the present study. 

Staining of both DSCT neurons and la fibers was sufficient to 
allow easy recognition without obscuring ultrastructural details. (In a 
number of experiments, a cobalt enhancement of the DAB-HRP 
reaction was used (Adams, 1977, 1981) but the resulting strong 
label usually obscured the fine details of terminals in the electron 
microscope.) 

Since one of our primary interests was to investigate whether a 
srngle primary afferent bouton contained multiple synaptic speciali- 
zations, it was essential to examine serial sections of each contact. 
(Otherwise, an irregularly shaped specialization would appear as 
multiple contacts if examined only in a single section.) Eight HRP- 
labeled la boutons were examined fully in serial sections under the 
electron microscope. Figures 2 to 6 illustrate connections between 
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F/gure 2 Electron mlcrographs of the connection between an HRP-stalned la afferent and an HRP-stained DSCT neuron. An en passant connectlon 
between the la afferent and a dendrite of the DSCT neuron (arrow In A) IS shown In more detail in B. The two arrows in 6 indicate two synaptic specializations 
found at this connection. C Illustrates a contact (arrow) between a terminal la bouton and a dendrite (den.) of the DSCT neuron. 
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Figure 3. Serial sections through an HRP-labeled la bouton shown in sequential order, A to J. The la bouton made contact with two small branchlets 
(single and double arrows) which arise from a larger diameter dendrite of the HRP-labeled DSCT neuron. Details of the synaptic specializations in the la 
bouton are shown in Figure 4. 



The Journal of Neuroscience Primary Afferents and DSCT Neurons 

Figure 4. Contacts (arrows) formed by a la bouton (D), labeled with HRP (same bouton as shown in Fig. 3). Two contacts were formed with different 
HRP-labeled dendrites (den. in 5 and C), and a third contact was formed with an unlabeled structure (asterisk, in A). The approximate region in which these 
contacts were found is indicated by the lines joining the detailed photomicrographs (A, 8, and C) and the photomicrograph in D. Only the postsynaptic 
dendrite of A can be seen in the single section in D. All calibration bars are 0.5 pm. 
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Figure 6. Details of the contacts between an HRP-labeled la bouton (same bouton as shown in Fig. 5) and the HRP-labeled dendrite of a DSCT neuron. 
Synaptic specializations (arrows in A, B, and C; d, dendrite; b, bouton) were found in the regions indicated by the lines joining A, B, and C to the drawing 
shown in D. This drawing was constructed from serial sections and is drawn to the same scale as the photomontage shown in E. Calibration bar in E is 1 .O 
fim. 
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Figure 7. Contacts formed by HRP-labeled la boutons (A to D) within Clarke’s column. Synaptic specializations are indicated by arrows. Note the array 
of postsynaptic dense bodies opposite the presynaptic thickenings in C and D. 

an HRP-labeled la afferent fiber and dendrites of the same labeled 
DSCT neuron. 

The synaptic boutons were of both terminal (Fig. 2C) and en 
passant (Fig. 2, A and B) types. The bouton in Figure 2, A and B, 
IS of the en passant type and can be seen arisrng from a node of 
Ranvrer and making connection with an HRP-labeled dendrite of the 
DSCT neuron. The appearance of this synapse is similar to the 
“outpocketing” synapses observed by Uchizono (1975, e.g., Fig. 
128) In the cat spinal cord. In Figure 28, two regions of synaptic 
specialization can be seen, as evidenced by pre- and postsynaptic 
thickenings and presynaptrc clusters of vesicles. Serial examination 
revealed that these were separate specializations rather than sec- 
tions of the same specralrzatron. 

Figures 3 and 4 illustrate the connections made between another 
serially sectioned la bouton and the HRP labeled DSCT neuron. 
Figure 3 shows a sequence (A to J) of photomicrographs of the 
bouton and the contacted dendrites. It appears that two small 
diameter branches (indicated by a single and a double arrow, 
respectively) emerge from a larger dendrite. Such branchlets are 
frequently observed arising from both proximal and distal dendrites 
of intracellularly labeled (HRP) DSCT neurons (Houchin et al., 1983; 
see also Fig. 1; personal observation). The bouton itself is of the en 
passant rather than the terminal type as the (myelinated) axon is 
evident on both sides of the bouton, labeled in Figure 3, C and H. 
The la bouton formed single synaptic specializations with both of 
the HRP-labeled branchlets as shown in detail in Figure 4, B and C. 
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In addition, the bouton contacted a small unlabeled structure, shown 
in Figure 4A (asterisk). The approximate region of the bouton in 
which the contacts were found is indicated by the joining lines on 
the single section illustrated in Figure 40 (only the postsynaptic 
dendrite shown in Fig. 48 is visible in this single section). 

Another HRP-labeled la bouton contacting the HRP-labeled DSCT 
neuron is illustrated in Figures 5 and 6. Figure 5 shows a sequence 
of sections (A to H) through the la bouton. Three widely separated 
synaptic specializations were found in this bouton, and are indicated 
by arrows In Figure 5, B, D, and E. These synaptic specializations 
are shown In detail in Figure 6, A to C, which also shows a three- 
dimensional drawing which was reconstructed from serial sections 
of the bouton and the contacted dendrite. Figure 5E shows a 
photomontage of the bouton and dendrite. The la afferent can be 
seen to enter and leave the bouton, which forms an en passant 
connection with the labeled dendrite. 

Electron microscopy of la boutons in Clarke’s column. Figure 7 
illustrates synaptic specializations found in boutons arising from la 
fibers intracellularly labeled with HRP. The specializations varied in 
size for all la boutons examined from 0.3 to 1 .O Frn in diameter 
(longest axis). In two cases (Fig. 7, C and D) a regular array of 
postsynaptic dense bodies was observed, similar to those associ- 
ated with the M-bouton found on motoneurons (Conradi, 1969). All 
of the la boutons examined contained round, agranular vesicles, 
and the synaptic contacts formed were of the asymmetrical type 
(Colonnier, 1968). The size of la boutons examined varied over a 
considerable range, from 1.6 to 11.5 pm long and 0.6 to 2.1 pm 
wide. The number of synaptic specializations found in la boutons 
varied from one to four. 

Electron microscopy of a “giant” bouton in Clarke’s column. The 
light microscopic observations on la fibers in Clarke’s column indi- 
cated that these fibers give rise to “giant” terminals up to 20 pm long 
(Tracey and Walmsley, 1982, 1984). However, our limited sample of 
serially sectioned la boutons in thts study did not allow us to examine 
such large boutons. To gain further information about these giant 
boutons, we have reconstructed an unlabeled giant bouton found 
within Clarke’s column (Fig. 8) with the additional advantage that 
presynaptic elements were not obscured by the HRP-DAB reaction 
product found in the labeled boutons. 

Reconstruction from IOO-nm serial sections revealed that this 
bouton formed nine synaptic contacts with a large dendrite. The 
long axis of this dendrite was parallel to the long axis of the bouton. 
The size of the postsynaptic densities varied from 0.2 to 0.7 pm in 
diameter. 

The three largest postsynaptic densities appeared as very irregular 
shapes similar to structures observed in rat cortex (Peters and 
Kaisermann-Abramof, 1969) and dog cortex (Cohen and Siekiewitz, 
1978). A single section through such an irregularly shaped specrali- 
zation (e.g., Fig. 8A) could be misinterpreted as multiple synaptic 
specializations. Serial reconstruction is obviously necessary to re- 
solve such a problem (Fig. 8, E and F). 

Discussion 

The results from this study confirm and extend previous light and 
electron microscopic studies on the synaptic connections between 
primary afferent fibers and DSCT neurons in Clarke’s column (Re- 
thelyi, 1970; Houchin et al., 1983; Tracey and Walmsley, 1982, 
1984). 

We have studied these connections using serial electron micros- 
copy of afferents and DSCT neurons which were positively identified 
by dtrect intracellular injection of HRP. Single la afferent fibers give 
rise to a wide range of sizes of synaptic boutons In Clarke’s column. 
Results from the present study show that an individual la bouton 
may contarn multiple synaptic specializations, which was verified by 
detailed examination of serial sections. A single bouton could make 
contact with one or several postsynaptlc profiles. An example was 
Illustrated in which an HRP-labeled la bouton formed synaptic con- 
tacts with two separate dendritic branches of the same HRP-labeled 

DSCT neuron, in addition to a third contact with an unlabeled profile, 
presumably the dendrite of a neighboring neuron. In our study all la 
boutons contained agranular, spherical vesicles and formed con- 
tacts of an asymmetrical type. Several of the HRP-labeled la boutons 
exhibited a regular array of postsynaptic dense bodies, a character- 
istic feature of the M-boutons on motoneurons (Conradi, 1969). Such 
postsynaptic dense bodies have not been found, however, in elec- 
tron microscopy of HRP-identified la fiber contacts with motoneurons 
(Conradi et al., 1983; Fyffe and Light, 1984). 

A number of previous studies on synaptic transmission in the 
central nervous system have attempted to relate fluctuations in EPSP 
amplitude to transmitter release from synaptic boutons. Figure 9 
illustrates schematically two proposals which have emerged from 
these studies. Figure 9A illustrates the connection between a pre- 
synaptic fiber and a postsynaptic neuron. Two boutons, each con- 
taining a single transmitter release site, contact the neuron. Stimu- 
lation of the presynaptic fiber may result in no transmitter release 
from either release site, release from either bouton bl or b2, or 
release from both bl and b2. The resulting EPSP may fluctuate 
between the three levels indicated in Figure 9B, depending on the 
probabilities of transmitter release from bl and b2. In such a scheme 
each bouton contains only a single transmitter release site and it is 
not possible to decide whether there is a relationship between the 
fluctuations and the number of release sites or the number of 
boutons. Such a situation exists at an inhibitory synaptic connection 
on the Mauthner cell in the goldfish (Korn et al., 1981). Studies on 
the fluctuations in single group la fiber EPSPs evoked in cat spinal 
motoneurons have led to the hypothesis that each increment in an 
EPSP is the synaptic potential generated by a single bouton (Red- 
man and Walmsley, 1981, 198313). 

Studies of EPSPs evoked in DSCT neurons by impulses in single 
primary muscle afferents have revealed that these EPSPs fluctuated 
in amplitude. In general, these single fiber EPSPs fluctuate between 
discrete amplitudes separated by a quanta1 increment (Tracey and 
Walmsley, 1984). The present study has shown that a single la 
bouton contacting a DSCT neuron may contain multiple transmitter 
release sites. Such a situation is represented in Figure 9, C and D. 
Two boutons contact the postsynaptic neuron with one bouton 
containing three transmitter release sites and the other bouton 
contains only a single release site. The EPSP resulting from trans- 
mission at a bouton containing multrple release sites would be larger 
than that from a bouton containing only a single release site. I f  the 
boutons bl and b2 in Figure 9C acted as all-or-nothing release 
elements, then the fluctuations would be nonquantal, as illustrated 
in Figure 9D, excluding the dotted EPSP. However, no large incre- 
ments in EPSP amplitude fluctuations have been found (Tracey and 
Walmsley, 1984) and this possibility is considered unlikely. A more 
probable mechanism is that transmitter release sites within a single 
bouton act independently. In the illustration shown in Figure 9, C 
and D, the EPSP would fluctuate between five possible amplitude 
levels (including zero). 

There are a number of factors which complicate the scheme 
presented in Figure 9, C and D. The probability that transmitter will 
be released following arrival of an action potential in a synaptic 
bouton may be different from bouton to bouton. For example, some 
boutons may be subjected to presynaptic inhibition whereas others 
are not, and the amount of calcium entering one bouton may be 
different from another. In a bouton containing multiple transmitter 
release sites, the probability of release may not be the same for all 
release sites. Although quanta1 in nature, the fluctuation pattern of 
single la fiber EPSPs in motoneurons does not obey any standard 
statistical distribution, such as Poisson or binomial (Jack et al., 
1981). Such distributions (Poisson or binomial) would be expected 
if the probability of transmitter release were identical for all release 
sites. It seems likely, therefore, that the EPSP fluctuation pattern 
observed for single la fiber EPSPs in DSCT neurons (and probably 
motoneurons) is due to a combination of all-or-nothing transmitter 
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release from individual release sites, and that the probability of Peters, A., and I. R. Kaisermann-Abramof (1969) The small pyramidal neuron 

release may vary from release site to release site. of the rat cerebral cortex. The synapses upon dendritic spines. Z. Zell- 
forsch. Nitenos Aust. 700: 487-506. 
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