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Abstract. Sacral projections of neurones located in the C6 segment of the 
spinal cord were electrophysiologically investigated in a-chloralose 
anaesthetized cats. The cell bodies were found mainly in lamina VIII and in 
the ventromedial part of lamina VII of the C6 segment. At the thoracic level 
their axons descended in lateral funiculi, mostly on both sides and only 
exceptionally contra- or ipsilaterally. However, bilateral projection to sacral 
segments was less frequent (25 neurones). It is concluded that axons 
terminate at different levels on both sides of the spinal cord and only part of 
them project bilaterally to SllS2 segments. Conduction velocities calculated 
for all the axons varied from 38 to 80 mls and were significantly slower for 
their distal parts. Therefore it is suggested that descending axons send 
collaterals at various spinal levels. The presented data indicate the importance 
of these neurones for interlimb coordination. 
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INTRODUCTION 

It is generally assumed that the essential elements in 
the system generating complex patterns of muscle activ- 
ity - underlying spinal reflexes and locomotion - are pro- 
priospinal neurones (Sherrington 1906, Lundberg 1979, 
Grillner 1981, Berkowitz and Stein 1994b, c). These de- 
scending many segments and interconnecting cervical 
and lumbosacral enlargements deserve special attention 
because of their contribution to coordination of move- 
ments of forelimbs and hindlimbs (Jankowska et al. 
1974, English 1980, Bem et al. 1995). 

The existence of long descending propriospinal path- 
ways originating from the cervical level was first re- 
ported by Sherrington and Laslett (1903) who applied 
the method of anterograde degeneration with Marchi 
staining to demonstrate the existence of long descending 
fibres in lateral as well as ventral columns of the spinal 
cord. The same method combined with the Nauta tech- 
nique was adapted by Barilari and Kuypers (1969) to 
prove that both descending and ascending long proprios- 
pinal tracts terminate bilaterally in the spinal grey matter, 
mainly in lamina VIII and the medial part of lamina VII 
(Rexed 1954). 

Experiments with horseradish peroxidase transport 
confirmed the existence of descending, bilaterally pro- 
jecting, propriospinal pathways interconnecting spinal 
enlargements in reptiles (Kusuma and Donkelaar 1980, 
Berkowitz and Stein 1994a) and in mammals (Matsushita 
et al. 1979, Skinner et al. 1979, Yezierski et al. 1980). 
Usually attention was paid to neurones with axonal ter- 
minations in lumbar segments, while the sacral part of 
the cord was less explored. However, it has been shown 
that 60% of fibres in the white matter of the S2 segment 
in the cat are propriospinal (Chung and Coggeshall 
1988). 

The reflex activity of the limbs was investigated fol- 
lowing stimulation of nerves (Lloyd 1942, Schomburg et 
al. 1978) or the cervical spinal cord (Iwahara et al. 1991) 
and these studies brought electrophysiological evidence 
of interconnections between centres governing move- 
ments of the limbs, also in man (Sarica and Ertekin 
1985). In order to find peripheral as well as supraspinal 
input on neurones of those centres, electrical potentials 
were recorded from motoneurones of the cervical en- 
largement (Illert et al. 1977, Illert and Tanaka 1978, 
Alstenmark et al. 1984a) and from C3-C4 propriospinal 
neurones projecting to motoneurones of C6-Thl seg- 
ments, controlling the forelimb in the cat (Illert et al. 

1978, 1981, Alstenmark et al. 1984b, Alstenmark et al. 
1986). Similar techniques were applied to investigate 
neurones of C3-C5 (Alstenmarket al. 1987a, b) or CS-Th1 
segments (Skinner et al. 1979), which give rise to long 
pathways descending to thoracic or lumbar segments of 
the cord. Kostyuk et al. (1971) and Jankoaiska et al. 
(1974, 1983) found direct, monosynaptic effects of long 
descending propriospinal neurones evoked in interneur- 
ones and motoneurones controlling hindlimb muscles. 

The aim of this study was to demonstrate direct pro- 
jections of neurones of the C6 segment to the first and 
second sacral segments of the cat's spinal cord. Location 
of cell bodies, course of axons in the spinal cord and axo- 
nal conduction velocities are presented and the possible 
function of these neurones is discussed. 

METHODS 

Experiments were conducted on 12 adult cats weigh- 
ing 1,700-3,700 g. Anaesthesia induced by ketamine 
(25-40 mgkg,  i.m.) for preliminary surgical procedures 
was maintained using several doses of a-chloralose (up 
to 50 mglkg, i.v.) (Jankowska et al. 1995) throughout the 
rest of the experiment. Depth of anaesthesia was moni- 
tored by controlling withdrawal and corneal reflexes 
during the operation and diameter of pupils and blood 
pressure during recordings. The animals were immobi- 
lized with gallamine triethiodide (about 3 mgkglh) and 
artificially ventilated. Bilateral pneumothorax was made 
in all cases to reduce respiratory movements. Tempera- 
ture and systolic blood pressure were controlled and kept 
between 3 6 - 3 8 ' ~  and 90-120 mmHg, respectively. Con- 
tinuous intravenous infusion of bicarbonate solution 
(100 mM NaHC03 with 5% glucose, 1-2 mllkglh) was 
done during both preparation and recording, the bladder 
being catheterized. 

Nerves of the forelimb: ulnar (Uln), radial (Rad) and 
median (Med), were transected, dissected free and pre- 
pared for stimulation with tunnel electrodes mounted 
under the skin. The spinal cord was exposed by laminec- 
tomies at three levels: L7-S2, Th12-Th13 and C6-C7 
segments. The dura was opened in small areas at the le- 
vels of cervical and sacral segments while left intact at 
the thoracic level. Only small holes in the pia were made 
in places for introduction of recording and stimulating 
electrodes. All the exposed areas of the spinal cord were 
covered with warm (37 f 1°C) paraffin oil. 

In order to antidromically stimulate axons of investi- 
gated neurones, two bipolar silver ball-tipped electrodes 
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(with tips about 0.5 mm diameter, separated by 3 mm) 
were placed at the level of Th 13 segment, in parallel, on 
both sides of dorsolateral funiculi (dlf) and two varn- 
ished tungsten electrodes (tip diameter 3-5 pm) were in- 
serted into the spinal grey of S 1/S2 segments bilaterally, 
perpendicular to the surface, 1.1- 1.3 mm lateral from the 
midline at a depth of 2.3-2.7 mm. Single pulses of 0.2 ms 
duration, with current magnitude of 0.1 - 1.2 mA through 
the surface electrodes and of 35-200 pA through the 
tungsten electrodes, were applied at a rate of 3-5 Hz. The 
position of an electrode tip in the spinal grey matter of 
S 1/S2 segments was verified after each experiment by 
electrolytic lesion. 

Nerve branches were stimulated with single pulses of 
0.1 ms duration at frequency 3-5 Hz, with intensity ex- 
pressed in multiples of threshold for the most excitable 
fibres in a nerve (Jack 1978). 

Antidromic volleys after stimulation at Th13 or S 1/S2 
level as well as volleys from peripheral afferents were re- 
corded with a monopolar silver ball electrode placed on 
the dorsal surface of the C6 segment. Extracellular and 
intracellular recordings from neurones of C6 segment 
were made using glass micropipettes with tip diameters 
of 1.5-2.0 pm, filled with 2M potassium citrate solution. 
Sites of recordings (locations of neurones) were deter- 
mined in each case from angular position of a micropi- 
pette, distance from the midline and depth from the 
surface of the cord. 

The recognition of antidromic potential was based on 
criteria describedpreviously by Fuller and Schlag (1976) 
and Lipski (1981). They included "all or nothing" ap- 
pearance of an action potential with constant latency and 
amplitude, sharp threshold, the ability to follow high fre- 
quency of stimulation (>I50 Hz) and collision with or- 
thodromically evoked potential. 

The records were analysed from the photographs of 2-5 
superimposed sweeps from the oscilloscope screen. In 
order to compare antidromic latencies and axonal con- 
duction velocities for groups of neurones, Student's r-test 
was used. 

RESULTS 

Unilateral and bilateral projection to S l l S 2  
segments 

The sample included 42 neurones. Twenty - five could 
be antidromically activated from both ipsi- and contra- 
lateral spinal grey of S1/S2 segment. In 8 cases anti- 

dromic responses were obtained after contralateral only 
and in 9 cases after exclusively ipsilateral S 1/S2 stimu- 
lation. However, in most cases (37) antidromic action 
potentials were recorded after stimulation of both ipsi- 
and contralateral dlf at Th13 level. Four neurones were 
antidromically invaded only by contralateral and one 
only by ipsilateral stimulation. 

Figure 1 shows intracellular records from 3 different 
neurones of bilateral (A), ipsilateral (B) or contralateral 
(C) projection to S 1/S2 segments. Note that both neur- 
ones with unilateral sacral projection presented in Fig. 1 
B and C were activated antidromically from ipsilateral 
as well as contralateral Th13. 

The minimal current intensities required for stimula- 
tion of fibres at Th 13 level (0.1 - 1.2 mA) allow us to as- 
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Fig. 1. Intracellular records of antidromic action potentials 
(upper traces) from three different neurones of the C6 segment 
projecting to sacral segments bilaterally (A), ipsilaterally (B) 
or contralaterally (C) after stimulation in 4 places, as indi- 
cated. Intensities of stimuli are given above the records in mA. 
Lower traces are records from the surface of the spinal cord. 
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certain that all the investigated axons run within the lat- 

C6 era1 funiculus and most of them in its dorsal part. The 
threshold for stimulation of axon terminals in S 1/S2 spi- 
nal grey ranged from 35 to 100 yA, but in exceptional 
cases was raised up to 200 yA. The stimulus strength of 
100 pA is able to excite the largest and fastest fibres 
within an area of radius 0.5 mm (Ranck 1975, Bagshaw 
and Evans 1976). Therefore, regarding approximate 
axonal conduction velocities of investigated neurones 
and location of stimulating tungsten electrodes, it could 
be expected that only axons on the side of stimulation 
were excited. 

Location of cell bodies in C6 segment 

Distribution of neurones (established based on a 
place, angle and depth of micropipette introduction into 

I mm the spinal cord) is illustrated in Fig. 2. Cell bodies were 
found in depths from 3.13 to 5.01 mm from the surface 
of the spinal cord with microelectrode directed 4-8' 

Fig. 2. Distribution of investigated neurones within the spinal mediolaterally. They were located mainly (40 out of 42) 
grey of the C6 segment. Filled squares represent neurones of in ~~~~d~ lamina ~111 and medial and ventral parts of 
bilateral; open squares, of ipsilateral; crosses, of contralateral lamina VII, Two neurones were present in the medial 
sacral projection. part of lamina VI. 

Fig. 3. A, comparison of mean values (f SD) of axonal conduction velocities for particular groups of neurones projecting to 
S 1/S2 segments ipsilaterally (I), contralaterally (C) or bilaterally (Bi, ipsilateral branch; Bc, contralateral branch). B, mean con- 
duction velocities (& SD) for proximal (C6 - Th13) and distal (Th13 - S 1/S2) parts of axons. Ip, Id, values for ipsilateral branches 
(proximal and distal parts, respectively); Cp, Cd, values for contralateral branches (proximal and distal parts, respectively). 
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The distribution of bilaterally and unilaterally project- 
ing neurones shows discrete differences. Cells with bi- 
lateral sacral projections are dispersed in the whole 
marked region. Ipsilaterally projecting neurones seem to 
be located more dorsally and laterally - mainly in lamina 
VII, while those with contralateral projections were 
found more ventrally and medially - mainly in lamina 
VIII. 

Axonal conduction velocities 

No significant statistical differences (P>0.05) were 
found between axonal conduction velocities calculated 
after stimulation at the sacral level when comparing 
groups of neurones of ipsilateral, contralateral and bilat- 
eral projections to Sl /S2 segments (Fig. 3A). Values 
ranged from 50 to 63 d s  (57 + 5: mean + SD, n = 9) for 
neurones projecting to S 1lS2 ipsilaterally, 38-73 m/s (53 
f 12, n = 8) for cells projecting contralaterally, 4 1-74 m/s 
(59 + 9, n = 25) and 40-80 d s  (60 f 10, n = 25) for neur- 
ones with bilateral sacral projection, for ipsilateral and 
contralateral branches, respectively. 

Despite certain dispersion of values for various neur- 
ones, conduction velocities counted in one bilaterally 
projecting neurone after stimulation of its ipsilateral or 
contralateral branch were similar. In 20 out of 25 cases 
they were identical or differed by less than 10%. Com- 
parison of conduction velocities for ipsilateral and con- 
tralateral axon collaterals of one neurone confirms the 
earlier noticed fact that there are no significant differen- 
ces between these two branches. 

Figure 3B presents conduction velocities calculated 
separately for distances from C6 to Th13 and from Th13 
to S 1/S2. The mean values in a sector from the cell body 
to Th13 level were 66 + 8 m/s (n = 34) for ipsilateral and 
67 f 9 m/s (n = 33) for contralateral branches. Conduc- 
tion velocities calculated in a sector from Th13 to S 1/S2 
were 51 f 9 m/s (n = 34) and 51 + 13 m/s (n = 33), re- 
spectively. These data demonstrate a statistically signi- 
ficant (P<0.05) decrease in conduction velocities when 
comparing distal to proximal parts of descending axons. 

DISCUSSION 

Unilateral and bilateral projection to sacral 
segments 

A possibility of existence of crossed descending pro- 
priospinal pathways was at first denied (Sherrington and 

Laslett 1903), but both ipsilateral and contralateral 
course of axons of nerve cells interconnecting cervical 
and lumbosacral enlargements was later suggested in 
electrophysiological (Lloyd 1942) as well as neuroana- 
tomical research (Barilari and Kuypers 1969, Matsushita 
et al. 1979, Skinner et al. 1979). Nevertheless, because 
of methods used, those experiments didn't answer the 
question whether axons descending on both sides of the 
spinal cord are branches of the same or separate neur- 
ones. The results described in this paper have shown that 
most of the investigated neurones of C6 segment have 
axons dividing into branches descending bilaterally and 
only a few run exclusively ipsi- or contralaterally. How- 
ever, the site of axonal division has not been determined. 

The analysis presented in Results has shown that 
axons of almost all the neurones run bilaterally at the 
Th13 level but their termination in the Sl/S2 segments 
is bilateral as well as ipsilateral or contralateral only. It 
is suggested that those with axons descending bilaterally 
at the thoracic level and antidromically excited only 
from one side of the sacral spinal cord give terminal col- 
laterals at different spinal levels - in S1 or S2 segment 
on one side, whereas between S 1/S2 and Th13 on the 
other. 

Course of fibres within lateral funiculi 

Previous studies showed various locations of axons of 
propriospinal neurones. Berkowitz and Stein (1994a) 
proved that they were dispersed through the whole white 
matter of the spinal cord in reptiles. However, in mammals 
axons seem to be distributed more regularly. Sherrington 
and Laslett (1903) demonstrated that in dog they run 
mainly in the ventral as well as lateral funiculus. On the 
other hand, Barilari and Kuypers (1969) suggested that 
propriospinal axons run almost exclusively in medial 
parts of ventral funiculi and to a lesser extent in dorsal 
funiculi. Also, the experiments of English (1980) 
pointed to the latter location. In contrast, results of 
studies on isolated spinal segments in rats indicate a dif- 
fused distribution of both ascending and descending pro- 
priospinal fibres in all funiculi of the spinal cord (Chung 
and Coggeshall 1983, Chung et al. 1987). 

Axons of nerve cells presented in this study have de- 
scended bilaterally in lateral funiculi, mostly in their dor- 
sal parts (dlf). Such a location, though not ever 
coinciding with data described above, is in good agree- 
ment with resu!ts of other electrophysiological experi- 
ments that proved that long ascending (Gernandt and 
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Shinamura 1961) as well as long descending propriospi- 
nal pathways (Jankowska et al. 1974, Yamaguchi 1986, 
Bem et al. 1995) run also within the dorsolateral funiculi. 

Considering differences between data from other 
studies it seems likely that the presented neurones are 
only a part of cells projecting from C6 segment to S 1/S2 
segments. It cannot be excluded that there exist neurones 
sending their branches in ventral or dorsal funiculi. 

Location of neurones in the sixth cervical 
segment 

Results of the presented study demonstrate that most 
of investigated neurones have been encountered in lami- 
na VIII and ventromedial part of lamina VII of the spinal 
grey of C6 segment. The distribution is in agreement 
with previous neuroanatomical studies on neurones of 
cervical segments with long axons descending to lumbar and 
sacral segments (Barilari and Kuypers 1969, Matsushita et 
al. 1979, Skinner et al. 1979, Yezierski et al. 1980). It is 
worth noticing that such a location of propriospinal neur- 
ones (laminae VII and VIII) is characteristic also for 
neurones of long ascending axons (Barilari and Kuypers 
1969, Molenaar and Kuypers 1978) as well as for short 
propriospinal neurones (both ascending and descending) 
connecting neighbouring spinal segments (Rustioni et al. 
1971, Molenaar et al. 1974, Molenaar 1978, Grant et al. 
1980, Hiramatsu 1983). 

This distribution of cell bodies of investigated neur- 
ones projecting to sacral segments bilaterally and unilat- 
erally doesn't seem to be accidental. Matsushita et al. 
(1979) suggested that neurones of crossed projections to 
the lumbosacral enlargement are located more ventrally 
and medially in spinal grey matter of cervical segments 
whereas those of uncrossed projections are situated more 
dorsally and laterally. The presented results confirm 
these observations but only as concerns neurones with 
exclusively ipsilateral or contralateral projections. The 
cells with axons descending to sacral segments bi!at- 
erally have been found throughout the whole area occu- 
pied by the above groups. The significance of such a 
distribution is still unknown. However, it is likely that it 
is associated with different synaptic input on particular 
groups of neurones from periphery or supraspinal centres. 

Axonal conduction velocities 

Considerable differences between conduction veloc- 
ities of investigated axons have been observed (the mini- 

mal: 38 d s ,  the maximal: 80 d s ) .  This implies certain 
differences in the size of nerve cells and thickness of de- 
scending axons. On the other hand, regarding similar 
values of axonal conduction velocities, two branches of 
the same neurone don't seem to be essentially different 
in size. 

Conduction velocities measured in this study are simi- 
lar to those acquired previously for neurones with cell 
bodies in the cervical enlargement (C5-Thl) descending 
to lumbar segments of cat spinal cord (59 f 22 d s ,  Slunner 
et al. 1979). In a few studies higher values were obtained 
for propriospinal neurones in lateral funiculi (100 d s ,  
Jankowskaet al. 1974; 101 d s ,  Alstenmarket al. 1981). 
However, in one case the location of neurones was not 
investigated and conduction velocities were measured 
between Th3 and Thl  1 only, and in the other the results 
concerned C3-C4 propriospinal neurones and measure- 
ments were made between C7 and Th9 segments. In all, 
our results confirm previous observations that neurones 
descending many segments conduct faster than short 
propriospinal neurones connecting neighbouring spinal 
segments for which conduction velocities were 36.4- 
46.1 d s  (Kostyuk et al. 1971) and 44 d s  (Alstenmark 
et al. 1981). 

Comparison of axonal conduction velocities in rostra1 
and caudal parts (C6-Th 13 and Th 13-S 1/S2, respective- 
ly) have shown differences. Both ipsi- and contralateral 
branches have conducted significantly faster in their 
proximal sector. The slowing of conductance along the 
axon is a feature commonly observed in branching spinal 
afferents (Fu and Schomburg 1974). This suggests that 
investigated neurones can give collaterals to various spi- 
nal segments and thereby diverge more extensively than 
into two descending branches only. The fact of unilateral 
projection to sacral segments despite bilateral course at 
the thoracic level in some cases supports the above hy- 
pothesis. 

Function of descending projections from C6 to 
SlIS2 segments 

The main function of neurones presented in this paper 
seems to be coordination of movements of fore- and 
hindlimbs. This has been shown in several studies on re- 
flexes evoked in hindlimbs after stimulation of cervical 
spinal cord in decerebrate cat (Yamaguchi 1986, Iwahara 
et al. 1991) as well as in studies on motor coordination 
after spinal lesions (Bem et al. 1995). Results of these ex- 
periments have emphasized the essential role of fibres in 
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dorsolateral funiculi. To support the hypothesis that spi- 
nal centres controlling movements of forelimbs and 
hindlimbs cooperate with each other, the existence of sa- 
cral and lumbar propriospinal neurones ascending to cer- 
vical segments has been demonstrated both anatomically 
(Barilari and Kuypers 1969) and electrophysiologi- 
cally (Gernandt and Shinamura 1961, Miller et al. 
1973). Another group of experiments has brought in 
turn the evidence that at least part of long descending 
propriospinal neurones have direct, monosynaptic con- 
nections with motoneurones or interneurones in spinal 
reflex pathways (Jankowska et al. 1974, 1983). The ex- 
tensive convergence of influences from supraspinal cen- 
tres, as vestibular nuclei (Hongo et al. 1975), cerebral 
cortex, red nucleus, reticular formation (Alstenmark et 
al. 1987a,b) has also been demonstrated in propriospi- 
nal neurones. Moreover, distribution of investigated 
cells in the spinal grey - in laminae VII and VIII mainly 
- seems to be perfect for transferring information from 
forelimb afferents to centres controlling hindlimb mus- 
cles. 

The name "propriospinal" referring to investigated 
neurones has been avoided since based on the presented 
data it has been impossible to verify such a statement. To 
question whether they actually are propriospinal seems 
to be justified for there is evidence that some neurones 
located in cervical segments with axons descending 
along spinal cord give collaterals also to supraspinal 
structures. It has been electrophysiologically demon- 
strated that neurones of C3-C4 segments with direct in- 
fluence on motoneurones of forelimb muscles in the cat 
give ascending branches to the lateral reticular nucleus 
(~llert'and ~ u n d b e r ~  1978, Alstenmark et al. 198 1). Also, 
anatomical studies in rats by Verburgh and Kuypers 
(1987) show that numerous cells of C3-C8 segments 
send branches descending to lumbar and sacral segments 
as well as ascending above the spinal level. 

The possibility of giving off collaterals to supraspinal 
structures as well as to different spinal segments sug- 
gests that the information forwarded by investigated 
neurones reaches more than one centre and thereby may 
coordinate movements not only of forelimbs and hind- 
limbs but neck and trunk as well. The prevailing bilateral 
projection to SllS2 segments points to complex and 
many-sided mechanisms of cooperation of the above- 
mentioned centres. It is necessary to stress that the 
presented results relate only to a fragment of the whole 
system of neurones connecting anatomically and func- 
tionally particular segments of the spinal cord. 
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