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ABSTRACT 
The motor pools of axial muscles in Florida water snakes (Nerodia 

fasciata pictiuentris) were studied by applying horseradish peroxidase (HRP) 
to branches of spinal nerves innervating individual muscles or groups of 
muscles. Motor pools of different muscles or muscle groups were located in 
characteristic positions in both the transverse and the longitudinal extent 
of the motor column. Epaxial pools were located ventromedially in the 
column, segregated from most hypaxial ones, which were dorsolateral. The 
only exception to this general rule was the motoneurons innervating the 
levator costae muscle. Some of the motoneurons innervating this hypaxial 
muscle were located in the ventral part of the motor column, like epaxial 
motoneurons, but they were segregated longitudinally from epaxial ones. 

The arrangement of the motor pools was strikingly similar to the motor 
pools of presumptive homologous muscles in rats (Smith and Hollyday: J. 
Comp. Neurol. 220:29-43, '83), even though the locomotor mechanics in the 
two animals are very different. The similarities may reflect a comparable 
relationship between the location of motoneurons in the motor column and 
the location, in  embryonic life, of the muscles they innervate. They also 
suggest that  differences in the locomotor mechanics in the two species are 
accomplished without any dramatic reorganization of the medial motor 
column, in marked contrast to the substantial reorganization necessary to 
account for differences in  the motor columns of amniotes and anamniotes. 
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The axial musculature of vertebrates shows a remarkable 
range of anatomical variation, from the relatively simple 
myomeric musculature in many anamniotic vertebrates to 
the intricate arrangement of the many muscles present in 
limbless amniotic vertebrates. All of the different muscular 
arrangements are derivatives of a primitive myomeric or- 
ganization. One important aspect of understanding the mo- 
tor systems of vertebrates involves learning about the 
changes in the central nervous system that may have ac- 
companied the anatomical and functional reorganization of 
the musculature. 

The previous paper (Fetcho, '86) dealt with motoneurons 
innervating axial musculature in two species of aquatic 
anamniotic vertebrates with relatively undifferentiated ax- 
ial musculature. In this paper, I consider the motoneurons 

innervating axial musculature in a limbless semi-aquatic 
amniote, a snake (Nerodia fasciata pictiuentris). The snakes, 
amphisbaenids, and limbless lizards rely solely upon axial 
muscles for locomotion, and their muscles are the most 
anatomically complex of all vertebrates (Gasc, '81). In 
snakes, the muscles are arranged segmentally, but in other 
respects the musculature differs substantially from the 
primitive myomeric organization. Each spinal nerve inner- 
vates many discrete muscles that often span several body 
segments (Gasc, '81; Jayne, '82). This remarkably complex 
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musculature is dramatically different from that in anam- 
niotic vertebrates. I have used HRP to examine how the 
motor pools of this musculature are organized in the spinal 
cord and how their organization compares with the organi- 
zation of the medial motor column in other vertebrates. 

MATERIALS AND METHODS 
Florida water snakes (Nerodia fasciata pictiventris) col- 

lected from the wild were obtained commercially from The 
Shed (a reptile dealer in Miami, Florida). They were main- 
tained at room temperature in plastic boxes (330 x 250 x 
90 mm) and were fed whole smelt. Six animals were used 
for gross anatomical study, and 11 animals having snout- 
vent lengths ranging from 400 to 690 mm were used for 39 
experiments in which motoneurons were successfully filled 
by HRP applied to branches of spinal nerves. The snakes 
were anesthetized with sodium pentobarbital (30 mgkg 
body weight), and all surgical procedures, including sacri- 
fice, were performed while they were anesthetized. 

HRP-labeling experiments 
In all of the labeling experiments, HRP was applied to 

isolated proximal ends of transected branches of spinal 
nerves innervating individual axial muscles or groups of 
muscles. Nerves, rather than muscles, were labeled because 
many of the muscles are small and thin, and those from 
successive body segments often overlap extensively. Conse- 
quently, it would be very difficult to  selectively label moto- 
neurons innervating individual muscles by injecting HRP 
into the muscles. Also, problems with leakage of HRP were 
experienced in all previous studies of the motor pools of 
axial muscles in amniotes (Brink et al., '79; Richmond et 
al., '78; Smith and Hollyday, '83). Isolated nerves were 
labeled to avoid these problems. 

To label nerves, the snakes were anesthetized; a nerve 
was exposed, transected, and the proximal end was placed 
into a well made from a small piece of polyethylene tubing 
with one end sealed. A pledget of Gelfoam soaked in a 30- 
50% solution of HRP in snake Ringer's (Ridge, '71) was 
placed in the well, on the end of the nerve, and the well 
was covered with petroleum jelly. With the dosage of anes- 
thetic used, the snakes were anesthetized and immobile for 
15-20 hours. Consequently, the nerves reliably remained 
in the well with the HRP for many hours. Nerves were 
exposed to HRP for at least 10 hours; then they were re- 
moved from the well, the area was rinsed with Ringer's, 
and the opening in the skin was sutured shut. 

After 1-2 weeks survival, the snakes were anesthetized 
and perfused, first with Ringer's, and then with phosphate- 
buffered 4% glutaraldehyde. The spinal cord was exposed 
by laminectomy and fixed in situ for 1-2 hours with 4% 
glutaraldehyde. Pieces of cord containing the ventral root 
of the labeled segment and one and one-half segments on 
each side of the root were removed, fixed for an additional 
2-4 hours, and then placed in 30% sucrose in phosphate 
buffer until they were processed for HRP. 

Processing for HRP 
The spinal cords were embedded, sectioned at 40 pm, and 

processed for HRP by using the diaminobenzidine reaction, 
as described in the preceding paper. 

In control experiments, spinal cords from regions of the 
body not exposed to HRP, or from segments containing a 
nerve branch exposed to Ringer's alone, were treated for 
peroxidase. In these experiments, reaction product was as- 
sociated with those few blood cells remaining after perfu- 
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sion; however, no reaction product was associated with 
motoneurons. I conclude that the motoneurons did not have 
endogeneous peroxidase activity. 

Reconstruction of the locations of motoneurons 
The locations of motoneurons were reconstructed with the 

aid of a camera lucida by tracing successive sections of 
spinal cords onto transparent sheets of polyester. The loca- 
tions of the central canal, the midline of the cord, the 
outline of the ventral horn, and the positions of HRP-filled 
motoneurons and possible unlabeled motoneurons (rela- 
tively large cells in the ventral horn, and not containing 
reaction product) were plotted on the tracings. Summary 
sections representing the distribution of labeled cells in the 
transverse extent of the ventral horn were made by super- 
imposing a series of sections onto a representative section 
from within the series. 

RESULTS 
Musculature and innervation 

The axial muscles in snakes have been described by oth- 
ers (Mosauer, '35; AufYenberg, '61, '62; Jayne, '82; Gasc, 
'81). The details of the very complex musculature are not 
considered here. Instead, I summarize those features nec- 
essary for understanding the relationships between motor 
pools and muscles. 

The muscles and their innervation were examined by 
dissection with the aid of a dissecting microscope. Approxi- 
mately 25 different muscles are innervated by each spinal 
nerve on one side of the trunk. The musculature is not 
myomeric, but it is serially repeated. That is, the same 50 
muscles (25 on each side) are present in each body segment, 
and they form a rostrocaudal series of nearly identical 
repeated units. Their names and their abbreviations are 
listed in Table 1. I use the nomenclature provided by Gasc 
('81); where it differs from that used by Mosauer ('351, I 
have provided Mosauer's names in parentheses. A few of 
the smaller, deep muscles, whose motor nuclei were not 
mapped, are not listed in Table 1. These include the M. 
multifidus, the M. interarticularis superior partes dorsalis 
et ventralis (M. digastricus), the M. interarticularis inferior, 
the M. costovertebrocostalis, the M. tuberculocostalis, and 
the M. intertransuersarius. All of these are relatively small, 
and together they account for a small fraction (easily less 
than 10 percent) of the total volume of the axial muscu- 
lature. 

Figure 1 shows the major muscles and their innervation 
in a diagrammatic cross section through the body of a water 
snake. Dorsal and ventral roots exit from the spinal cord 
and join at  a spinal ganglion. Dorsal (DR) and ventral (VR) 
rami (Fig. 1) arise from the ganglion and run peripherally 
to innervate the muscles and the skin. The axial muscles 
in amniotes are usually divided into epaxial and hypaxial 
groups based upon whether they are innervated by branches 
of the dorsal or ventral rami of a spinal nerve, respectively 
(Romer and Parsons, '77; Northcutt, '79; Gasc, '81). I follow 
this convention below. 

The dorsal ramus innervates the three main groups of 
epaxial muscles, which lie on the dorsolateral side of the 
vertebrae and ribs (Fig. 1). They are, from dorsal to  ventral, 
the semispinalis-spinalis (ss), longissimus (11, and iliocos- 
talis (i). Three similar groups are found in most other rep- 
tiles and in mammals (Nishi, '38; Gasc, '81; Smith and 
Hollyday, '83). In snakes, these muscles attach vertebrae to 
other vertebrae or attach vertebrae to the ribs. All of these 
muscles span many body segments (for example, there are 
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TABLE 1. Nerve/Muscle Names, Abbreviations, and Number of Experiments 

Nerve branch Muscle Abbreviation experiments 

Dorsal ramus 

No. of 

Medial branch 
(M. semispinalis-M.spinalis) ss 5 

Lateral branch 2 
1 4 
1 6 

M. longissimus dorsi 
M. iliocostalis 

Medial branch VRm 5 
Ventral ramus 

M. transuersus dorsalis td 
M. obliquus internus pars dorsalis 

(M. costalis internus superior) 
oid 

Posterior portion VRmP 4 
M. transuersus uentralis tv 

M. obliquus internus pars uentralis 
(M. transuersus abdominus) 

oiv 
(M. costalis internus inferior) 
(M. obliquus abdominus internus) oai 

M. costocutaneous inferior cci 
ventral cutaneous muscles vc 

M. intercostalis externus ie 
(M. intercostalis proprius) 

M. supracostalis lateralis inferior sli 
M. intercostalis ventralis iv 

(M. intercartilaginosus) 
Anterior portion VRma 6 
M. costocutaneous superior ccs 

lateral cutaneous muscles Icm 
Lateral branch 

Posterior portion VRlp 3 
M. intercostalis quadrangularis iq 
M. supracostalis lateralis superior sls 

M. leuator costae Ic 4 
Anterior portion 

20 between the origin and insertion of the spinalis muscle, 
Jayne, '821, and those from successive segments overlap one 
another. The dorsal ramus also innervates some smaller 
deep dorsal muscles (e.g., M. multifidus, M. interarticularis 
superior partes dorsalis et ventralis), and the skin on the 
dorsolateral side of the body. 

The ventral ramus innervates both the hypaxial muscles 
associated with the ribs and the skin and intrinsic muscles 
of the skin on the ventral and ventrolateral sides of the 
body. I somewhat arbitrarily divide these muscles into three 
groups based on their positions relative to the ribs: lateral, 
intercostal, and medial. 

The lateral group lies on the external side of the ribs. It 
includes the lateral cutaneous muscles (lcm), which are 
small intrinsic muscles of the skin; the thin costocutaneous 
muscles (superior (ccs) and inferior (cci)), which connect the 
ribs to the skin; the supracostalis lateralis muscles (supe- 
rior (sls) and inferior (sli)), reasonably stout muscles that 
originate on a rib, and run caudally, crossing over the 
lateral surface of several ribs to insert on more caudal ribs; 

--km and the levator costae muscles (lc), short stout muscles that 

ccs 

. . . ie Fig. 1. Diagrammatic hemisection through the trunk of Merodia showing 
the major muscle groups and the branching pattern of the spinal nerves 
innervating them. The vertebra and rib are outlined by dotted lines, the 
muscles are outlined by solid lines, and the nerve branches are solid black. 
A simplified version of this figure, showing only the branching pattern of 
nerves, is used to indicate the nerve labeled with HRP in subsequent figures 
illustrating motor pool reconstructions. The abbreviations of muscles are 
summarized in Table 1. A few of the small deeper muscles whose motor 
pools were not mapped (see Results) are not shown in this figure. v, vertebra; 
r, rib; DR, dorsal ramus of a spinal nerve; VR, ventral ramus of a spinal 
nerve; VRl, lateral branch of V R  VRm, medial branch of VR; VRlp, poste- 
rior portion of VRI; VRma, anterior portion of VRm; VRmp, posterior por- 

OIV ...................... 

iV  
cci "- .....- VC tionofVRm. 
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originate from a vertebra and insert on the dorsal part of 
the rib articulating with the next caudal vertebra. 

The intercostal group of muscles interconnects adjacent 
ribs. It includes, from dorsal to ventral, the intercostalis 
quadrangularis (is), the intercostalis externus (ie), and the 
intercostalis ventralis (iv). 

The medial group of muscles lies on the internal side of 
the ribs. The obliquus internus muscles (pars dorsalis (oid), 
and ventralis (oiv)) lie closest to the ribs. They originate 
and insert on nonadjacent ribs, crossing the medial side of 
several ribs between those forming the origin and insertion. 
The transversus muscles (pars dorsalis (td), and ventralis 
(tv)) are very thin muscles lining the medial surface of the 
body wall just outside the peritoneum. The transversus 
dorsalis connects the ventral surface of the vertebrae to the 
ribs, while the transversus ventralis connects the ribs, via 
an aponeurosis, to the midventral skin. The obliquus ab- 
dominus internus (oai) is a thin muscle closely associated 
with the transversus ventralis. 

Cutaneous muscles (vc) connect successive ventral scales, 
and these do not easily fall into one of the three groups of 
hypaxial muscles. 

Motor pools 
General comments. The motor pools were mapped by 

applying HRP to different branches of spinal nerves (see 
Methods). Branches of the dorsal ramus were labeled by 
entering the musculature through the skin on the dorsolat- 
era1 side of the body; branches of the ventral ramus were 
labeled by opening the body cavity and approaching the 
nerves from the inside of the body wall. The numbers of 
each type of labeling experiment are listed in Table 1. All 
of the nerves were labeled distal to the origin of the visceral 
ramus from the spinal nerve, to avoid filling preganglionic 
autonomic cells. Branches of spinal nerves entered nearby 
muscles, without extending many segments rostrally or 
caudally. Usually only a single branch of a spinal nerve 
from one body segment entered each muscle. This suggests 
that each muscle receives its innervation from a single 
spinal nerve, though some recent, more detailed, observa- 
tions indicate that muscles may be innervated by more 
than one spinal nerve in regions where adjacent muscles 
contact one another (Lichtman et al., '85). Another possible 
exception to a strictly segmental innervation is the nerve 
supply of the iliocostalis muscle. The nerves innervating 
these muscles in adjacent segments joined one another to 
form a plexus, and branches arising from the plexus en- 
tered individual muscles. Iliocostalis motoneurons were 
filled by labeling a nerve proximal to its entry into the 
plexus. 

My anatomical observations and previous observations 
by others (Mosauer, '35; Jayne, '82) indicated that over 
much of the body of snakes the musculature consists of a 
series of nearly identical repeated segments. There are 
approximately 125 segments along the trunk of Nerodia 
fasciatu pictiuentris; the exact number varies from animal 
to animal, ranging from 121 to 131 (Wright and Wright, 
'57). The motoneurons filled from a spinal nerve in one of 
these segments were always located less than one segment 
rostral or caudal to the place where the nerve exposed to 
HRP exited from the spinal cord. This narrow longitudinal 
distribution of cells filled from one spinal nerve, and the 
segmental arrangement of muscles made it feasible to label 
a number of nerves from different segments in a single 
animal; consequently, only a relatively small number of 
animals were killed. 

When nerves from more than one body segment were 
labeled in an  individual animal, two segments were skipped 
between each labeled nerve. With this spacing, the moto- 
neurons labeled in different segments did not overlap along 
the rostrocaudal axis of the cord; therefore, HRP-filled mo- 
toneurons were easily and unambiguously associated with 
a particular labeled nerve. The branches of spinal nerves 
labeled in this study were located along the main portion 
of the trunk, from approximately segment 50 to segment 80. 

In preliminary experiments, there were no contralateral 
labeled cells in the cords from animals in which nerves 
were exposed to HRP on only one side of the body. There- 
fore, in some animals nerves on both sides of the body were 
exposed to HRP, and in these, the labeled motoneurons 
were unambiguously associated with the ipsilateral labeled 
nerve. 

General features of the spinal cord and motoneu- 
molls. Figure 2D shows one-half of a counterstained trans- 
verse section through the spinal cord of Nerodia. Asterisks 
outline the gray matter that forms well-defined dorsal and 
ventral horns in the central portion of the cord. The moto- 
neurons, shown in Figures 2C and 3, were multipolar cells 
located in the ventral part of the ventral horn. Many of 
their dendrites extended laterally from the soma to the 
lateral edge of the ventral horn. Once there, they ran dor- 
sally along the border between the ventral horn and the 
white matter, toward HRP-filled muscle afferents (Fig. 2A). 
Dendritic processes radiated laterally from the edge of the 
ventral horn well into the white matter (Fig. 2A,C). Some 
dendrites from motoneurons in the medial part of the ven- 
tral horn crossed to the contralateral side of the cord ven- 
tral to the central canal. 

Motor pools of muscles innervated by the dorsal ra- 
nus. HRP was applied to the nerves innervating the three 
main groups of dorsal muscles (semispinalis-spinalis, lon- 
gissimus, iliocostalis) supplied by the dorsal ramus. Figures 
3A and B show examples, in transverse sections, of moto- 
neurons filled from the nerves innervating the semi- 
spinalis and iliocostalis muscles, respectively. Figure 4 
shows representative reconstructions of the motor pools of 
all three groups. All of the motor pools were located in the 
ventromedial portion of the ventral horn. The semispinalis- 
spinalis motoneurons occupied the medial edge of the ven- 
tral horn (Figs. 3A, 4A), and some of their dendrites crossed 
to the contralateral side of the cord ventral to the central 
canal (Fig. 3A). The motor pools of the longissimus and 
iliocostalis muscles occupied the ventral edge of the ventral 
horn, just lateral to the semispinalis-spinalis pool (Figs. 3B, 
4B,C). Although the locations of the iliocostalis and longis- 
simus pools shown in Figure 4 differ slightly, these differ- 

Fig. 2. The gross morphology of the cord and the distribution of afferents. 
All sections are cross sections, with a star placed in the central canal. A. A 
hemisection through a region where a dorsal root containing HRP-filled 
afferents enters the spinal cord. HRP was applied to the medial branch of 
the ventral ramus, which innervates both muscles and skin. The dorsal root 
afferents form two bundles within the cord (solid arrows). Open arrows 
indicate the dendrites of motoneurons. Bar = 100 pm. B. A higher-magnifi- 
cation view of the top portion of panel A to show the afferents (arrows) 
ramifying in the dorsal and central portions of the dorsal horn. Bar = 50 
pm. C. A cross section rostral to the piace where labeled axons in a dorsal 
root entered the spinal cord. The medial branch of the ventral ramus was 
labeled with HRP. The two groups of afferents (solid arrows) run longitudi- 
nally and are cut in cross section. Open arrows point to a group of HRP- 
filled motoneurons located ventrally. Bar = 100 pm. D. Selective labeling 
of axons in only the ventrolateral group of afferents (arrows) by HRP applied 
to a nerve branch innervating only muscle. Asterisks outline the gray 
matter. dh, dorsal horn; vh, ventral horn. Bar = 100 pm. 
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Fig. 3. HRP-filled motoneurons in the ventral horn of Nerodia. Cross 
sections of the spinal cord showing motoneurons in different regions of the 
ventral horn filled by HRP applied to branches of the dorsal ramus in A, 
semispinalis-spinalis and B, iliocostalis, or branches of the ventral ramus 
in C, posterior portion of the medial branch of the ventral ramus and D, 
anterior portion of the medial branch of the ventral ramus. A star is located 

within the central canal, and asterisks outline the ventral portion of the 
ventral horn. The motoneurons labeled from the dorsal ramus (A and B) are 
located ventromedially in the ventral horn; those labeled from the ventral 
ramus C,D) are located dorsolaterally. Dendrites of some semispinalis- 
spinalis motoneurons (arrow in A) cross to the contralateral side of the 
spinal cord. The bar in A = 50 W r n  and also applies to B, C, and D. 

ences were not consistently present; the two usually 
overlapped, sometimes nearly completely. 

The longitudinal distributions of the three motor pools 
overlapped (Fig. 4Al,Bl,Cl). All were located rostral to the 
labeled ventral root and extended from the root over ap- 
proximately halfway to the next root. 

Motor pools of muscles innervated by the ventral ra- 
mas. The ventral ramus has two major branches-a me- 
dial and a lateral one. The medial branch (VRm) innervates 
muscles in all three hypaxial groups (lateral, intercostal, 
and medial) associated with both the dorsal and ventral 
portions of the ribs (Fig. 1, Table 1). When the entire medial 
branch was exposed to HRP, motoneurons throughout the 
dorsolateral portion of the ventral horn were filled. Moto- 
neurons from one of these experiments are shown in Figure 

3C, and a representative reconstruction is shown in Figure 
5 .  The labeled motoneurons were distributed from the cen- 
tral region of the ventral horn, dorsolaterally to its lateral 
edge. They were located both rostral and caudal to the root 
containing the labeled branch, but the majority were al- 
ways rostral to it (Fig. 5, bottom). Most of the more caudal 
ones were located centrally in the ventral horn (see the 
upper summary section in Fig. 5). 

The medial branch breaks up into anterior and posterior 
portions. The posterior subdivision (VRmp) innervates mus- 
cles on the ventral portion of the ribs in all three layers of 
hypaxial muscles (Fig. 1). Motoneurons filled from this 
branch are shown in Figure 3C, and their distribution in 
one representative experiment is reconstructed in Figure 
6A and Al .  They had the same transverse and longitudinal 
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Fig. 4. Summary of the distribution of HRP-filled motoneurons in the 
ventral horn from representative experiments in which HRP was applied to 
branches of the dorsal ramus of a spinal nerve. A, B, and C show the 
distribution, within the transverse extent of the ventral horn, of motoneu- 
rons innervating the semispinalis-spinalis, longissimus, and iliocostalis 
muscles. The central canal is indicated by a circle and the extent of the 
ventral horn is indicated by a solid line. The positions of labeled motoneu- 
rons are shown by solid black dots. Below each reconstruction is a simplified 
version of the spinal nerve branching pattern shown in Figure 1. On this, 
the nerve branch labeled with HRP in each experiment is indicated by a 
solid black line; the other, unlabeled branches, are shown as  dotted lines. 
The histograms at  the bottom of the figure (Al, B l ,  C l )  show the longitudi- 

nal distributions in the cord of the labeled cells from the experiments 
reconstructed in A, B, and C. The triangles indicate the places where 
successive spinal nerves exit from the cord. The spinal nerve containing the 
labeled nerve branch in each experiment is marked with an asterisk. Each 
bin on the histograms represents the number of labeled cells in a distance 
of 80 pm along the longitudinal axis of the cord. No corrections for shrink- 
age or estimating the number of cells were applied because the primary 
concern was the location of the labeled cells relative to the labeled root, not 
the exact number of filled cells. The distance between spinal nerves in 
different experiments varies because of variability in the size of animals. 
All subsequent figures showing reconstructions of motor pools are organized 
like this one, except where noted. 

distribution in the cord as those labeled from the entire 
medial branch of the ventral ramus. 

The anterior subdivision of the medial branch of the ven- 
tral ramus (VRma) innervates muscles located on the lat- 
era1 side of the ribs (Fig. 1). The motoneurons filled from 

VRma were confined to the central part of the ventral horn 
and were evenly distributed rostra1 and caudal to the ven- 
tral root (Figs. 3D, 6B,B1). 

The lateral branch of the ventral ramus (VRI) innervates 
dorsal hypaxial muscles in both the lateral and intercostal 
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Fig. 5. The distribution of HRP-filled motoneurons after applying HRP 
to the medial branch of the ventral ramus of a spinal nerve. The conventions 
are similar to those for Figure 4, except, because of the large number of 
labeled cells, two summary transverse sections are shown. To produce these 
drawings, the number of sections between the most rostra1 and the most 
caudal labeled cells in the spinal cord was divided in half. Cells from the 

rostra1 half of the sections are plotted in the bottom summary section, while 
cells from the caudal half of the sections are plotted in the top summary 
section. The location of the split between rostra1 and caudal sections is 
indicated by a n  open arrow on the histogram showing the longitudinal 
distribution of the labeled cells. Each bin in the histogram represents a 
longitudinal distance of 80 pm. 
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Fig. 6.  The distribution of HRP-filled motoneurons after applying HRP 
to A, the posterior portion of the medial branch of the ventral ramus and B, 
the anterior portion of the medial branch of the ventral ramus. The muscles 
innervated by these branches are summarized in Table 1. The conventions 

used in this figure are like those in Figure 5. Each bin in histogram A1 
represents a longitudinal distance of 80 pm. Each bin in histogram B1 
represents 120 Qm. 

groups (Fig. 1). Its posterior branch, the VRlp, innervates 
the intercostalis quadrangularis (iq) and the supracostalis 
lateralis superior (sls). The motoneurons filled from the 
VRlp were located in the ventral portion of the central part 
of the ventral horn (Fig. 7A). They were slightly ventral to 
the motoneurons filled from the VRma and were sur- 
rounded on the medial and ventral sides by motoneurons 
innervating epaxial muscles. The motoneurons were dis- 
tributed near the ventral root, both rostral and caudal to it 
(Fig. 7A1). 

A branch from the VR1 innervates the levator costae 
muscle. A representative reconstruction of the levator cos- 
tae motor pool is shown in Figure 7B. The most ventral 
motoneurons in the pool were located in the ventral part of 
the motor column, in a transverse position corresponding 
to the location of the longissimus and iliocostalis motor 
pools; however, levator costae motoneurons were consis- 
tently caudal to the labeled root p ig .  7B1) and the longis- 

simus and iliocostalis pools were rostral to it (Fig. 4B1,Cl). 
These were the only motoneurons of a muscle innervated 
by the ventral ramus that were located in transverse posi- 
tions usually occupied by motor pools of epaxial muscles. 
Other levator costae motoneurons were in more central 
regions in  the ventral horn. 

Summary of the motor pools. The motoneurons inner- 
vating axial muscles were located in the ventral part of the 
ventral horn. They were always near the root in which 
their axons exited from the cord; most were confined to 
roughly half of a segment rostral or caudal to it. Motor 
pools of individual muscles, or groups of muscles innervated 
by a common branch of a spinal nerve, were confined to 
reasonably discrete, characteristic locations in both the 
transverse and longitudinal extent of the motor column. 
Epaxial motor pools occupied the ventromedial part of the 
motor column and were spatially segregated from hypaxial 
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Fig. 7. The distribution of HRP-filled motoneurons after applying HRP to A, the posterior portion of the lateral 
branch of the ventral ramus and B, the nerve innervating the levator costae muscle. The conventions are like 
those in Figure 4. Each bin in both histograms represents a longitudinal distance of 120 pm. 

pools that were dorsolateral. The only exception to this 
general rule was the motoneurons innervating the levator 
costae muscle. Some of these were located in the ventral 
part of the column like epaxial motoneurons, but they were 
segregated longitudinally from epaxial ones. 

Afferents 
In the course of mapping the motor pools of muscles, 

processes entering the spinal cord in the dorsal root were 

also filled with reaction product. I call these processes affer- 
ents below. Their organization warrants some attention in 
the context of this study because of the relationship ob- 
served between one population of af€erents and the den- 
drites of motoneurons. 

Two very discrete groups of afferents were filled when- 
ever HRP was applied to a branch of a spinal nerve that 
innervated both muscles and skin. Figure 2A shows them 
in a transverse section through the region where they enter 
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the cord. A dorsomedial group, indicated by the uppermost 
arrow, entered the cord above the dorsal horn, and a portion 
of these ramified in the dorsal part of the dorsal horn in 
regions roughly corresponding to laminae I, 11,111, and IV 
identified by Kusuma and colleagues ('79) in Python. Fine 
branches of these processes within the dorsal horn are in- 
dicated by the upper arrow in the more highly magnified 
view shown in Figure 2B. These afferents, in this case filled 
from a branch of the ventral ramus, occupy the dorsomedial 
part of the dorsal horn; they are absent in the region ven- 
trolateral to the tip of the upper arrow in Figure 2B. When 
HRP was applied to branches of the dorsal ramus of a spinal 
nerve, the labeled afferents in this dorsal group occupied 
the ventrolateral regions of the dorsal horn (not shown) not 
occupied by labeled afferents in Figure 2B. I conclude that 
the afferents in the dorsal and ventral rami project into 
different parts of the dorsal horn; the projection from the 
ventral ramus lies medial to the one from the dorsal ramus. 

A ventrolateral bundle of afferents (lowermost solid ar- 
row in Fig. ZA), which was always well separated from the 
dorsal group, extended deep into the cord to a region adja- 
cent to the central gray matter. There, some processes from 
this bundle entered the central gray (laminae V and VI of 
Kusuma et  al., '79) (Fig. 2B), and others ran ventrally along 
the lateral edge of the gray matter and intermingled with 
the dendritic processes of motoneurons (open arrows in 
Fig. 2A). 

In transverse sections rostra1 or caudal to labeled dorsal 
roots the two groups of afferents were cut in cross section, 
as shown in Figure 2C. When these were traced in serial 
sections, they extended longitudinally, both rostrally and 
caudally, in the cord. Some processes exited from these 
bundles and entered the laminae occupied by afferents 
closer to the root. In summary, the two bundles of afferents 
ran longitudinally; processes exited from them and termi- 
nated in the dorsal and central gray in columns parallel to 
the bundles. 

When nerves innervating only muscle (and not any skin) 
were exposed to HRP, HRP-filled afferents were only found 
in the ventrolateral group of afferents, as in Figure 2D. 
Therefore, muscle afferents travel only in the ventrolateral 
group. 

DISCUSSION 
Afferents 

Kusuma and colleagues (Kusuma, '79; Kusuma et al., 
'79) stained degenerating nerve fibers after transecting dor- 
sal roots in Python and identified two distinct groups of 
afferents projecting to the dorsal and ventral portions of 
the cord. I have confirmed their observations in Nerodia 
with HRP and have in addition shown that muscle affer- 
ents travel only in the ventrolateral group. 

Muscle and cutaneous afferents project to different re- 
gions of the gray matter in the spinal cord of some amphib- 
ians (Jhaveri and Frank, '83) and mammals (reviewed by 
Smith '83). In both, the cutaneous afferents project into the 
dorsal part of the dorsal horn, while muscle afferents pro- 
ject ventrally to regions near the dendrites or somata of 
motoneurons. My observations show a similar pattern in 
snakes. Muscles afferents travel only in a discrete bundle 
that projects ventrally and forms synaptic boutons in re- 
gions also occupied by the dendrites of motoneurons. Al- 
though there are no physiological studies of the connections 
of muscle afferents and motoneurons in snakes, the close 
anatomical association of the two suggests that muscle 
afferents form monosynaptic connections onto motoneurons. 
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Afferents entering the dorsal horn in Nerodia were only 
filled when nerves containing cutaneous branches were 
exposed to HRP. Therefore, it is likely that the afferents 
entering the dorsal horn are cutaneous afferents. I have not 
filled exclusively cutaneous nerves with HRP and therefore 
cannot rule out the possibility that some cutaneous affer- 
ents also project into the ventrolateral group. 

In conclusion, afferents carrying different types of sen- 
sory information project to different regions in the spinal 
cords of reptiles as well as amphibians and mammals. 

Motor pools 
The few previous studies of the motoneurons innervating 

axial muscles in amniotes dealt with mammals (Richmond 
et al., '78; Brink et al., '79; Brichta and Peterson, '82; Smith 
and Hollyday, '83). Most of these were concerned only with 
neck muscles (Richmond et al., '78; Brichta and Peterson, 
'82) or with a small subset of the axial muscles (Brink et 
al., '79). The most comprehensive study in any amniote is a 
study of the thoracic motor pools in rats (Smith and Holly- 
day, '83). The organization of the motor pools of axial mus- 
cles in the Florida water snake is strikingly similar to their 
organization in rats; below, I compare the two. 

The motor pools of different axial muscles in snakes and 
rats usually occupy separate, characteristic, locations in the 
ventral horn. Smith and Hollyday ('83) studied their distri- 
bution in the transverse but not the longitudinal extent of 
the motor column. However, they supposed that motor pools 
might also be segregated from one another longitudinally. 
I have confirmed their supposition. In snakes, the motor 
pools occupy characteristic locations in both the transverse 
and longitudinal extent of the motor column. In some cases 
(levator costaeflongissimus-iliocostalis) motoneurons inner- 
vating different muscles occupied overlapping positions in 
the transverse extent of the motor column but were distrib- 
uted differently along its rostrocaudal axis. 

In both snakes and rats, epaxial motor pools are segre- 
gated from hypaxial ones. Epaxial pools are located ventro- 
medially in the ventral horn, while hypaxial ones are 
dorsolateral (except for the levator costae motoneurons in 
snakes, discussed below). Sprague ('51) used chromatolysis 
to study the motoneurons projecting into the dorsal (epax- 
ial) and ventral (hypaxial) rami of spinal nerves in rhesus 
monkeys. He found a similar segregation of motoneurons 
of dorsal and ventral rami in the lumbar and sacral regions, 
but they overlapped extensively in the thoracic region. 
However, even in thoracic areas the motoneurons project- 
ing into the dorsal ramus were concentrated ventromedi- 
ally in the column, and those projecting into the ventral 
ramus were largely dorsolateral. The overlap between the 
two was probably a result of the relatively poor resolution 
of the method of chromatolysis. 

The three major groups of epaxial muscles are present in 
most reptiles and mammals, and in snakes and rats their 
motor pools occupy nearly identical locations in the ventral 
horn. In both, the motoneurons innervating the semispin- 
alis-spinalis muscles are located along the ventromedial 
edge of the ventral horn, medial to the longissimus and 
iliocostalis motor pools, which occupy overlapping positions 
along its ventrolateral edge (Smith and Hollyday, '83). 

Snakes have many more individual hypaxial muscles 
than rats, and the homologies of the muscles in the two 
groups are unclear. Nevertheless, there are some obvious 
similarities in the hypaxial motor pools in the two. The 
motor pools of the lateral (superficial) hypaxial muscles in 
snakes are located in the central portion of the ventral 
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horn, like those of the superficial hypaxial muscles (exter- 
nal oblique, external intercostal) in rats. Gasc ('81) sug- 
gested that the lateral hypaxial muscles in snakes 
represented homologues of the external oblique and exter- 
nal intercostal muscles in other reptiles and mammals; the 
similarities in their motor pools are consistent with that 
conclusion. In rats, the motoneurons located in the extreme 
dorsolateral part of the motor column innervate hypaxial 
muscles on the medial side of the ribs (Smith and Hollyday, 
'83). I have not selectively filled motoneurons innervating 
medial hypaxial muscles in snakes. However, motoneurons 
in the dorsolateral part of the column were only filled when 
the branches of spinal nerves exposed to HRP innervated 
muscles in the group medial to the ribs. Therefore, it is 
likely that the motor pools of medial muscles also occupy 
comparable positions in rats and snakes. 

The levator costae muscles in snakes and rats are mor- 
phologically similar, but in rats they are innervated by the 
dorsal ramus, while in snakes they are innervated by the 
ventral ramus. In spite of the difference in innervation, 
some of the motoneurons of the levator costae muscle in 
snakes are located in the ventral portion of the ventral 
horn, like those in the levator costae pool of rats. These are 
the only motoneurons of a muscle innervated by the ventral 
ramus in snakes that were in the ventromedial part of the 
motor column, in a region that otherwise only contained 
dorsal ramus motoneurons. Other levator costae motoneu- 
rons are located in more dorsolateral positions, character- 
istic of other ventral ramus motoneurons. If the levator 
costae muscles in snakes and rats are homologous, as the 
similarities in their morphology and motor pools suggest, 
then the peripheral pathway taken by the axons innervat- 
ing the muscles has changed. 

Smith and Hollyday ('83) proposed that there is a topo- 
graphic relationship between the position of motoneurons 
in the medial motor column, and the location, in embryonic 
life, of the axial muscles they innervate in the rat. Moto- 
neurons innervating muscles derived from the dorsal part 
of the myotome are located ventromedially in the column, 
while motor pools of muscles derived from ventral myotome 
are located dorsolaterally. Furthermore, muscles derived 
from adjacent positions within the dorsal or ventral subdi- 
visions of the myotome have motor pools in adjacent posi- 
tions in the motor column. For example, semispinalis- 
spinalis motor pools are next to longissimus and iliocostalis 
pools, and these muscles are derived from adjacent posi- 
tions in the dorsal myotome. The embryonic origins of axial 
muscles in snakes are unknown, but the remarkable simi- 
larities in the motor pools of presumed homologous muscles 
in adult snakes and rats suggest that there is a topographic 
relationship between motoneurons and muscle during de- 
velopment in snakes that is very similar to the relationship 
present in rats. 

The similarities in the motor pools of a terrestrial am- 
niotic vertebrate with limbs (rat) and a limbless semi- 
aquatic amniote (Florida water snake) are especially inter- 
esting because of what they imply about the evolution of 
the motor systems among amniotes. Snakes and rats move 
in very different ways. Snakes must rely exclusively upon 
axial muscles for locomotion, and they have developed a 
variety of kinematically different forms of locomotion, most 
of which depend on large lateral undulations of the body 
(Gray, '68). In contrast, the limbs play a primary role in the 
locomotion of rats (Cohen and Gans, '75); axial muscles are 
involved, but only secondarily so. There are differences in 
the details of the arrangement of axial muscles in the two 

animals (Gasc, %1), and they are probably in part a reflec- 
tion of the differing roles of the muscles in locomotion. 
However, even though the details of the arrangements of 
muscles differ, and the roles of the muscles in locomotion 
are likely to be very different, the arrangements of the 
motor pools in the two animals are strikingly similar. The 
central and peripheral changes in the motor systems that 
underly the differences in the locomotor mechanics in the 
two seem to have occurred without any concomitant exten- 
sive reorganization of the motor pools (see Graf and Baker 
('85) for a similar argument dealing with the oculomotor 
system of flounders). 

Although the similarities in the motor columns of snakes 
and rats may reflect a reasonably conservative evolution of 
the medial motor column among amniotes, there is some 
evidence for a rather substantial reorganization of the mo- 
tor column during the evolution of vertebrates. The medial 
motor columns in snakes and rats differ substantially from 
the motor columns in those anamniotic vertebrates that 
have been studied (van Raamsdonk et al., '83; Fetcho, '86). 
In most anamniotes, the axial musculature of adults re- 
tains the primitive myomeric structure evident only in the 
embryos of amniotes. However, there is little evidence in 
the adult of the topographic relationship between motoneu- 
rons and muscle one would expect if their motor columns 
were organized like those in rats and snakes. The motoneu- 
rons innervating epaxial muscle are not segregated from 
those innervating hypaxial muscle; there is no simple rela- 
tionship between the position of a motoneuron in the motor 
column and the position of the muscle it innervates in the 
dorsoventral extent of the myomeres. Instead, features of 
the organization of the motor column are related to the 
functional subdivision of their myomeres into superficial 
red and deep white portions (van Raamsdonk et al., '83; 
Fetcho, '86). These two very different arrangements of mo- 
toneurons in different vertebrates require a major evolu- 
tionary reorganization of the motor column. This reorgani- 
zation seems to have accompanied the more exten- 
sive anatomical and functional differentiation of the myoto- 
ma1 musculature in the amniotes and may have been 
important for the central control of the many individual 
muscles arising from the myotomes. 
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