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ABSTRACT

Four forelimbs of 3 platypuses and 3 forelimbs of 2 echidnas were examined to study the precise form of the
brachial plexus and to clarify the structural characteristics of the brachial plexus in phylogeny. The spinal
components contributing to the plexus (C4-T2) and the formation patterns of the 3 trunks of the plexus
were the same as those generally observed in mammals. In the cranial half of the brachial plexus from C4, 5
and 6 in monotremes, division into the ventral bundle (lateral cord) and dorsal bundle (axillary nerve) is
clear, as in other mammals. However, for monotremes, in the caudal half of the plexus from C7 and T1
(+T2) and the nerves arising from the caudal plexus there is no definite division into the ventral and dorsal
bundles, which distribute to the flexor and extensor parts of the forelimbs, respectively. The lower trunk of
the monotreme brachial plexus forms a cord which contains both ventral and dorsal components. This
characteristic diverges from the generally accepted idea that the tetrapod limb plexus is divided clearly into 2
layers: a dorsal layer for extensors and a ventral layer for flexors of the limb. Considering the incomplete
dorsoventral division of forelimb nerves in some reptiles and urodeles, the caudal half of the monotreme
brachial plexus has characteristics in common with those of lower tetrapods.

Key words: Monotremes; peripheral nervous system.

INTRODUCTION

The importance of the upper limbs in human life is
very evident and the nerves distributed to the upper
limbs are of considerable medical and surgical
importance. The practical treatment of upper limb
nerve injury such as brachial plexus trauma requires
appropriate knowledge about segmental motor in-
nervation and the precise course of individual nerves.
Many clinical studies have been undertaken using
electrical stimulation of exposed nerves during op-
eration and electromyography to record the muscles
activated (Brodal, 1969; Dyck et al. 1988).

Some anatomical studies have reported that rami-
fication of the upper limb nerves has a regular pattern
(Yamada, 1986; Homma & Sakai, 1991). The com-
plexity of the brachial plexus has attracted many
observers. To clarify the basic structure of its complex
pattern, many anatomists have traced nerve bundles

and have studied its segmental components
(Schumacher, 1908; Kerr, 1918; Chiba, 1984) or the
branching patterns (Kodama et al. 1987; Koizumi,
1989; Koizumi & Sakai, 1995) of the plexus. Ad-
ditionally, the stratified structure of the plexus has
been reported to have a close relationship with the
dorsoventral arrangement of limb muscles (Bolk,
1902; Kato & Sato, 1984) and the fundamental
pattern of the plexus strata has been studied.

By observing the brachial plexuses of monotremes
(platypus and echidna), we have obtained informative
new results concerning the phylogeny of the brachial
plexus. Monotremes are known to be unique mam-
mals and to display reptile-like characteristics.
Although the brachial plexus of monotremes has also
been examined by other authors (Westling, 1889;
Manners-Smith, 1894; McKay, 1894; Howell, 1937),
the stratified structure of the brachial plexus has not
been discussed. The purpose of this study is to
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Fig. 1. Two examples of a brachial plexus: (a) in the right forelimb of a platypus (UQ102d) and (/) in the right forelimb of an echidna
(UQO002d). Ax, axillary nerve; Axl, axillary artery; cbr, nerve to coracobrachialis muscle; C3-8, 3rd-8th cervical nerves; Fc, caudal cord
(caudal fascicle); Fl, lateral cord (lateral fascicle); Intercost, intercostal nerve; lat dor, latissimus dorsi muscle; M, median nerve; Mc,
musculocutaneous nerve; p, nerve to pectoralis muscle; pan, panniculus carnosus muscle; pect, pectoral muscle; Phr, phrenic nerve; R, radial
nerve; Sc, supracoracoid nerve; subscap, subscapularis muscle; suprasp, supraspinatus muscle; st-epc -+ cost-cor, sternoepicoracoid and
costocoracoid muscles; ter maj, teres major muscle; ter min, teres minor muscle; T 1-2: 1st-2nd thoracic nerves; Ti, lower (inferior) trunk;

Tm, middle trunk; Ts, superior (upper) trunk; U, ulnar nerve.

elucidate the morphological characteristics of the
brachial plexus in monotremes, and to discuss its
stratified structure.

MATERIALS AND METHODS

Four forelimbs from 3 platypuses (Ornithorhynchus
anatinus) and 3 from 2 echidnas (Tachyglossus
aculeatus) were examined. All 3 platypuses were
female and both echidnas were believed to be female.
All specimens were from the Department of Zoology,
University of Queensland, Australia, where they were
preserved in a frozen state. After thawing, the
specimens were fixed initially by formalin (10 %) and
alcohol (50 %) later. The observations were obtained
as follows. After peeling off the skin, the specimens
were dissected to expose the brachial plexus. Each
spinal root contributing to the plexus, the axillary
artery/vein, and the muscles surrounding the shoulder
region were separated from the body. The nerve fibre

composition of the plexuses of the arm specimens
were carefully observed under a stereomicroscope
after stripping off the epineurium, and the peri-
neurium if necessary.

RESULTS
Spinal segments contributing to the brachial plexus

The brachial plexuses of the monotremes observed in
the present study were formed by the ventral rami of
the lower 5 cervical nerves (C4-8) and the 1st thoracic
nerve (T1). In forelimbs of 2 platypuses (specimen
nos 101s, 102s) and both forelimbs of an echidna
(002d,s), a fine branch from the ventral ramus of the
2nd thoracic nerve (T2) also joined the plexus (Figs 1,
2, 4). Observation by tracing nerve fascicles es-
tablished that C4 constituted not only the phrenic
nerve and the branches to the sternoepicoracoid and
costocoracoid muscles, but also the supracoracoid
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Platypus UQ102s

Fig. 2. Drawing of the brachial plexus and shoulder muscles in the left forelimb of a platypus seen from the anteromedial aspect. Each spinal
root contributing to the plexus, the axillary artery and the origins of the pectoral and latissimus dorsi muscles are separated from the body.
Note that the ulnar and radial nerves are not divided in the upper forelimb region. For abbreviations, see Figure 1.

and axillary nerves. The nerve fibres from T2 were
confirmed to join the plexus together with T1. The
3rd cervical nerve (C3) did not contribute to the
plexus, but only to the phrenic nerve and the branches
to the sternoepicoracoid and costocoracoid muscles.
In one forelimb of an echidna (001d), a fine
communicating branch between the roots of C3 and

C5 was observed. The distribution of nerve fibres in
this communication was not established.

Construction of the brachial plexus

In the brachial plexus of the platypus, 3 trunks were
identified, as in man (Figs 1-3). C4 and 5 joined just



450 M. Koizumi and T. Sakai

% cutaneous branch
%k st-epc+cost-cor
® ter maj
W subscap

pan

Platypus UQ102d

Fig. 3. Illustration of the brachial plexus in the right forelimb of the
same platypus as in Figure 1a. T2 does not join the plexus in this
case. The caudal cord formed by C7+8+T1 contains both ventral
(ulner nerve) and dorsal (radial nerve) nerve components. For
abbreviations, see Figure 1.

after they emerged from the intervertebral foramina
to form the common stem. Distally, this common
stem and C6 formed an upper trunk, which was very
short as it split into dorsal and ventral divisions
immediately after formation. The middle trunk com-
prised only C7. The lower trunk comprised C8
together with T1 (+2).

In both forelimbs of one echidna (002d,s) (Fig. 4),
on the hand, the common stem of C4+5 and the
stem of C6 were separated into dorsal and ventral
divisions. The dorsal and ventral divisions of both
stems joined to form the dorsal and ventral common
cords, respectively. These common cords, together,
can be termed the upper trunk, although an upper
trunk was, strictly speaking, not found in these cases.
The other echidna (001d) (Fig. 5) had the same upper
trunk form as that in the platypus.

Although the formation of the upper trunk differed
in appearance between the platypus and the echidna,
analysis by stripping off the epineurium revealed that
the pattern of the dorsoventral division of the upper
trunk in the platypus was similar to that of the
echidna (Figs 6, 7). In both species, the common stem
of C4+ 5 and the stem of C6 formed common ventral
and dorsal cords after splitting into dorsal and ventral
divisions.

The dorsal division of the upper trunk (C4+5+6)
in all cases passed in a dorsal direction between the

subscapular and teres major muscles, giving off
branches to both muscles and then forming the
axillary nerve (Figs 2, 4). The axillary nerve supplied
the deltoid and teres minor muscles and the dorsal
surface of the upper limb. Before passing between
those 2 muscles, a fine communicating twig between
the dorsal division of the upper trunk (axillary nerve)
and the middle trunk was observed dorsal to the
axillary artery (© in Figs 6, 7). This branch is further
mentioned later.

The middle trunk divided into several branches.
One was the communicating branch with the axillary
nerve. Secondly, a ventral branch of the middle trunk
joined the ventral cord of the upper trunk to form the
lateral cord. The remaining 2 (platypus 101s, 102d,s;
echidna 002d) or single (platypus 103s; echidna 001d,
002s) branch(es) from the middle trunk joined the
lower trunk. Fascicular tracing analysis showed that
the branch from the middle trunk to the lower trunk
contained 2 kinds of cords; one was from the ventral
side of the middle trunk (v-type branch; ® in Figs 6,
7) and the other from the dorsal side (d-type branch;
® in Figs 6, 7). The v-type branch carried many nerve
fibres to the panniculus carnosus muscle. Some fibres
in the v-type branch were included in the nerves to the
forelimb. The d-type branch, arising from the lower
trunk in a single branch or several bundles, had no
relation with the panniculus carnosus. After giving off
nerves to the latissimus dorsi, the d-type branch
communicated with a branch from the lower trunk to
form the radial and ulnar nerves.

In the connecting branch between the middle trunk
and the axillary nerve (mentioned above; © in Figs 6,
7), 2 streams of nerve fibres were observed. One ran
from the middle trunk to the axillary nerve and the
other from the axillary nerve to the d-type branch
mentioned above.

The lower trunk formed a caudal cord receiving the
branches from the middle trunk. In the platypus (Fig.
6), the caudal cord divided into the ulnar and radial
nerves near the medial epicondyle of the humerus.
The median nerve mainly originated from the lateral
cord. Near the elbow, a fine communicating branch
was observed running from the ulnar nerve to the
median nerve. This branch contained the fibres from
C8 to T1(+2). A further analysis of nerve fascicles
revealed that the fibres of the ulnar and radial nerves
were intimately mingled during the course in the
upper arm. We could not separate one from the other.

In the echidna (Fig. 7) some branches from the
caudal cord ran along the medial side of the upper
arm and exchanged fibres with each other. At the
distal part of the upper arm, they formed 2 main
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Echidna UQ002d

Fig. 4. Drawing of the brachial plexus and shoulder muscles in the right arm of the same echidna as in Figure 1. The insertion of the
sternoepicoracoid and costocoracoid muscles are indicated in the latticed area. The formation pattern of the median, ulnar and radial nerves
is different from that of the platypus. At the distal end of the forelimb, the radial nerve can be distinguished from the common stem of the
median and ulnar nerves. The median and ulnar nerves can be identified a little more distally. For abbreviations, see Figure 1.

branches. One was the radial nerve. The other branch
gave off the cutaneous and muscular branches to the
panniculus carnosus and joined the lateral cord to
form a bundle, which bifurcated into the median and
ulnar nerves. In all echidna limbs, the ulnar nerve
received a fine communication from the radial nerve
at the elbow. A tracing analysis of nerve fascicles
revealed that each of the median and ulnar nerves had
nerve fibres from both the lateral and caudal cords.

DISCUSSION
Characteristics of the brachial plexus in monotremes

The brachial plexuses of monotremes are shown
schematically in Figure 8. The constant contribution
of C4 to T1, and the frequent contribution of T2 into
the plexus indicate that the range of segmental
components of the plexus in monotremes is within the

variation of that in mammals generally (Miller, 1934;
Harris, 1939). This agrees with the descriptions of
previous studies (Westling, 1889; Manners-Smith,
1894; McKay, 1894; Miller, 1934; Howell, 1937,
Harris, 1939). With respect to the formation patterns
of the upper, middle and lower trunks of the plexus,
there are no essential differences between monotremes
and man.

The most conspicuous characteristic of the brachial
plexuses of monotremes is that there is an obvious
difference in the formation patterns of the cords
between the cranial and caudal segments of the
plexus. In the cranial half of the brachial plexus from
C4+5+6 in monotremes, division into ventral and
dorsal bundles is clear, as in mammals generally. In
monotremes, the ventral bundle made by a union of
the ventral divisions of the upper and middle trunks
gives rise to the musculocutaneous and median
nerves, and is homologous with the lateral cord in the
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Fig. 5. Illustration of the brachial plexus in the right arm of another
echidna. T2 does not join the plexus in this case. For abbreviations,
see Figure 1.

Platypus UQ102s pan

Fig. 6. Fascicle tracing analysis of the brachial plexus and its nerves
for the same specimen as shown in Figure 2. Ventral view in the
region of the axilla and upper forelimb to the elbow. In the upper
forelimb, the nerve fibres of the ulnar and radial nerves are
intimately mingled, even after the removal of the epineurium. The
nerve bundles marked with@, ® and © are mentioned in the text. For
abbreviations, see Figure 1.

brachial plexus of humans. The dorsal bundle, made
by the dorsal divisions of the upper and middle
trunks, forms the axillary nerve.

On the other hand, in the caudal half of the plexus
from C7+8+TI(+2) in monotremes, there is no
definite division into the ventral and dorsal bundles
which distribute to the flexor and extensor parts of the
upper limbs, respectively. In other words, the lower
trunk of the monotreme brachial plexus has no
definite division into ventral and dorsal bundles, and
forms a cord containing both ventral and dorsal
components. Howell (1937) described this cord as
caudal mixed cords. The medial and posterior cords
observed in man are not found in monotremes.

Miller (1934) found that the bundle derived from
the lower trunk of the brachial plexus in monotremes
had no dorsal (extensor) components. However, his
identification of the peripheral nerves from the plexus
was incorrect because he confused the axillary nerve
with the radial nerve. The present observation clearly
shows that the bundle from the lower trunk of the
plexus in monotremes contains both ventral and
dorsal components of nerve fibres, and gave off the
branches to the panniculus carnosus muscle, and
ulnar and radial nerves.

Furthermore, in monotremes, the nerves originating
from the caudal cord exchange nerve fascicles with
each other until reaching the elbow. In the platypus,
after the removal of epineurium, the fibres of the ulnar
(for flexors) and radial (for extensors) nerves are
mingled intimately until reaching the distal end of the
upper arm, where the 2 nerves are obviously dis-
tinguished. This fact means that isolation of the radial
nerve from the flexor nerves already in the proximal
part of the upper arm, as observed in man, is not a
constant occurrence in phylogeny. It should be noted
that, in monotremes, the radial nerve takes a different
course in the upper arm than in man, running along
the medial side of the upper arm together with the
median and ulnar nerves.

Dorsoventral division of the brachial plexus in
tetrapods

Are the forelimb nerves in tetrapods arranged dorso-
ventrally in a stratified pattern in the brachial plexus?
This problem has been studied since the last century.
Firbringer identified 4 layers in the brachial plexus
(Gaupp, 1899) and Bolk (1902) identified 5 layers.
Some recent authors have traced nerve fascicles in the
plexus and clarified the stratified relationship among
each forelimb nerve (Kodama et al. 1987; Koizumi,
1989; Koizumi & Sakai, 1995). Most textbooks of
human anatomy indicate the dorsoventral division as
2 layers instead of more at the proximal part of the
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Fig. 7. Fascicle tracing analysis of the brachial plexus and its nerves for the same specimen as shown in Figure 4. Ventral view in the region
of the axilla and upper forelimb to the elbow. In the upper forelimb the median, ulnar and radial nerves exchange nerve fibres with each
other. The nerve bundles marked with ®, ® and © are mentioned in the text. For abbreviations, see Figure 1.
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Fig. 8. Schematic diagrams showing the formation patterns of the brachial plexus and its main nerves from the root of each spinal component
to the elbow. Ventral view. Of the plexus and nerves, dorsal (extensor) components are shown in black, ventral (flexor) in white, and mixed
components in grey. In man, the upper, middle and lower trunks of the brachial plexus are divided dorsoventrally into 2 layers. However,
in monotremes (2 examples at left), the dorsoventral division does not occur in the caudal half of the plexus until reaching the distal upper
forelimb, where an extensor nerve (radial nerve) is obviously identified. For abbreviations, see Figure 1.
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brachial plexus (Schaeffer, 1953; Woodburne &
Burkel, 1988; Williams et al. 1985). The division of
tetrapod limb plexus into a dorsal layer for the
extensor muscles and a ventral layer for the flexor
muscles has been generally accepted as a basic pattern
in phylogeny (Paterson, 1887; Ballard, 1964 ; Starck,
1982). The present study reveals that monotremes
keep this basic feature of tetrapods in the cranial half
of the brachial plexus. In this point, our findings
support the generally accepted idea about the dorso-
ventral division of the plexus.

On the other hand, the findings observed in the
caudal half of the monotreme brachial plexus arouse
doubt about the generally accepted idea of dorso-
ventral division. The analysis by tracing nerve
fascicles in the plexus reveals that the dorsal and
ventral nerve components cannot be separated from
each other in the caudal cords, and that they are
mixed intimately in the common epineurium. Further,
Straus (1941) and Haines (1939) reported findings
showing that the dorsoventral division of the limb
plexus was not complete in primitive tetrapods.
According to them, some extensor antebrachial
muscles were supplied by the flexor nerve in some
urodeles and some reptiles. Harris (1939) illustrated
the brachial plexuses of urodeles and some reptiles, in
which the dorsoventral division was obscure. These
facts suggest that incomplete dorsoventral (extensor—
flexor) division of the forelimb nerves occurs not only
in the caudal half of the plexus of monotremes, but is
also commonly observed in lower tetrapods.

The present findings indicated that the brachial
plexuses of monotremes have 2 different features.
Those are the mammal-like feature in the cranial half,
and the feature common to lower tetrapods in the
caudal half. Recently, the limb posture and locomotor
patterns of monotremes are reported to have features
characteristic of the locomotively generalised therians
(Jenkins, 1970; Prodmore, 1985), whereas the skele-
tons of monotremes retain many reptilian features
(Mckay, 1894; Howell, 1937). The relation between
the features of the brachial plexus and any other
features of monotremes such as locomotor pattern
requires further study.
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