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Abstract
Background: Brachial plexus injury (BPI) occurs when the brachial plexus is compressed, stretched, or
avulsed. Although rodents are commonly used to study BPI, these models poorly mimic human BPI due
to the discrepancy in size. The objective of this study was to compare the brachial plexus between
human and Wisconsin Miniature SwineTM (WMSTM), which are approximately the weight of an average
human (68–91 kg), to determine if swine would be a suitable model for studying BPI mechanisms and
treatments.

Methods: To analyze the gross anatomy, WMS brachial plexi were dissected both anteriorly and
posteriorly. For histological analysis, sections from various nerves of human and WMS brachial plexi
were �xed in 2.5% glutaraldehyde and then myelinated axons were labeled using 2% osmium tetroxide
before being counter-stained with Masson’s Trichrome.

Results: Gross anatomy revealed that the separation into 3 trunks and 3 cords is signi�cantly less
developed in the swine than in human. In swine, it takes the form of upper, middle, and lower systems
with ventral and dorsal components. Histological results showed that despite the similarity in body size
between the miniature swine model and humans, there was some discrepancy in nerve size and the
number of the myelinated axons. The WMS had signi�cantly fewer myelinated axons than humans in
median (p = 0.0009), ulnar (p = 0.0001), and musculocutaneous nerves (p = 0.0451). The higher number
of myelinated axons in these nerves for humans is expected, because there is a high demand of �ne
motor function in the human hand, with more motor units. Due to the stronger shoulder girdle muscles in
WMS, the WMS suprascapular nerves were larger than in human.

Conclusion: Overall, the WMS brachial plexus is similar in size and origin to human making them an
excellent model to study BPI. Future studies analyzing the effects of BPI in WMS should be conducted.

Background
The brachial plexus is a network of nerves formed by the ventral rami of the four lower cervical nerves
(C5, C6, C7, C8) and the �rst thoracic nerve (T1), with some variability amongst different species. Brachial
plexus injury (BPI) is a nerve injury de�ned by loss of function in one or both upper limbs resulting from
partial or complete denervation of muscles. A BPI may occur when this network of nerves is compressed,
stretched, or, in more serious cases, avulsed. Approximately 1.2% of multi-trauma patients suffer from
some form of BPI, and the majority of these injuries are caused by high velocity tra�c collisions [1]. Adult
patients with BPI are, on average, young men between the ages of 25 and 29 and go on to suffer
socioeconomic disadvantages, physical disabilities, and a decreased quality of life [2–4].

BPI can restrict upper limb function in a variety of ways. Injury to C5-C6 nerves causes loss of elbow
�exion, shoulder abduction, and external rotation. De�cits in movements of the �ngers and wrist indicate
involvement of C7 and C8 spinal nerves [5]. Sensory and motor de�cits are accompanied by neuropathic
pain in up to 95% of BPIs and can be extremely debilitating [6, 7]. Secondary signaling cascades,
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including in�ammation, oxidative stress, blood-spinal cord barrier destruction, and scar formation, further
exacerbate the injury and negatively impact recovery [8–11].

Treatment for BPI has been unsatisfactory due to the complexity of the injury and the lack of speci�c
treatments [12]. Brachial plexus avulsion (BPA) is a preganglionic lesion and is the most severe form of
BPI; it is extremely di�cult to treat [13]. Current treatment methods of BPI include distal nerve transfers,
brachial plexus exploration, nerve grafting from residual nerves, free muscle transfers, and tendon
transfers [14]. Despite recent advances in nerve repair techniques, the prognosis of BPA, especially
panplexus injuries, is generally poor [5, 14].

Highly translatable animal models are required to recapitulate the anatomy and complex
pathophysiology associated with BPI. Rats and mice are the most-often studied animal model and
represent a majority of scienti�c literature[15]. These models are low cost, have well-established analysis
methods, and have easily manageable husbandry. However, these studies fail to produce satisfactory
results in human clinical trials, likely due to differences in size, physiological responses, and anatomy
[16]. A lack of comparative studies on descending neural pathways, differences in segmental injury
distribution, and di�culty estimating international treatment standards also contribute to the failure of
clinical trials [17, 18]. These limitations may be more easily overcome with a better intermediary animal
model. Larger animals such as swine have shown to be a valuable translational resource for modeling
more complex pathophysiology. Similarities in body size, physiological responses, and anatomical
dimensions to humans make swine an excellent translational model [19]. Conventional breeds of pigs
typically reach 100 kg by 4 months of age and 249–306 kg at full maturity and are impractical for use in
long-term studies. In contrast, the Wisconsin Miniature Swine™ (WMS™) range from 25–50 kg at
4 months of age and 68–91 kg at full maturity, approximating the weight of an average human, and can
be maintained at adult human size for years [18]. The low cost, short gestation interval, and high
availability of swine are also advantages over the non-human primate models that are traditionally more
costly. Swine share ten times the number of orthologous gene families with humans compared to rodent
models and have an analogous in�ammatory marker pro�le post-injury [20, 21]. Similarities between
swine and humans in dietary structure, kidney function, respiratory rates, and social behaviors further
advance their suitablility as a medical animal model [22]. Swine have more recently been used for
translational research in cardiology, diabetes, traumatic brain injury, and spinal cord injury [23–26]. The
purpose of this study is to perform an in-depth anatomical comparison of the brachial plexus between
humans and WMS to determine suitability as a model for BPI treatment research.

Methods

Swine dissection
Four male WMS (weight = 76.8 kg ± 1.22 kg; age = 502 ± 1 days) bred and maintained at the Swine
Research and Teaching Center (SRTC; University of Wisconsin-Madison) were euthanized and six brachial
plexuses were dissected. Euthanasia started with sedation using TELAZOL® / xylazine, anesthesia with
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iso�urane, then intracardiac administration of saturated potassium chloride solution. These were
exposed both anteriorly and posteriorly. Anterior exposure was done through an axillary incision. After
cutting the pectoral muscles, the forelimb was abducted for full exposure of the brachial plexus. Posterior
exposure was performed through a cervicothoracic laminectomy and resection of the paraspinal
muscles.

Histological analysis
Median, ulnar, musculocutaneous, and suprascapular nerves were harvested from three WMS. For
comparison, median, ulnar, and musculocutaneous nerves were obtained from three fresh human
cadavers, and a suprascapular nerve was taken from a formalin-�xed cadaver (Table 1). Since post-
processing steps can cause the tissue to shrink[27], we made sure all �xation and processing steps were
consistent for both WMS nerves and fresh human nerves. For �xation, all nerve segments were
submerged in 0.1 M PBS, containing 2.5% glutaraldehyde, for a minimum of 24 hours. To view
myelinated axons, 1 mm nerve segments were rinsed twice in 1X PBS, placed in 2% osmium tetroxide in
1X PBS for 2 hours, dehydrated in ethanol, and para�n-embedded [28]. The para�n-embedded segments
were then sectioned transversely 5 µm thick and placed on glass slides. The sections were counter-
stained with Masson’s Trichrome (Sigma) and cover-slipped with Permount. Two slides from each nerve
segment were not counterstained and left with only the osmium tetroxide �xation for counting myelinated
axons.

All sections were imaged under the same parameters at 20X on a Keyence BZ-9000. An assessment of
the myelinated axons was conducted using the Keyence BZ-II Analyzer software. The same threshold for
all images was used, the axons were �lled, and the total area of each myelinated axon was recorded. Only
myelinated axons larger than 1 µm in diameter were analyzed. Nerve cross-sectional area was measured
using ImageJ.

Statistics
Statistical analyses were performed using the unpaired, two-tailed Student’s T-Test in Prism 6 (GraphPad
Software, San Diego, CA). Differences were considered signi�cant at p < 0.05. Quantitative data are
presented as mean ± standard error of the mean (SEM).

Results

Gross anatomy
The WMS skeleton does not have a clavicle. The spinous processes of C3-C6 are short and C7 is longer,
but T1 is considerably longer and is a very important landmark. One unique feature of the cervical
vertebrae is the presence of a ventral branch of the transverse process that covers the most proximal part
of the brachial plexus anteriorly. Distal to the dorsal root ganglion, the spinal nerves divide into ventral
and dorsal rami that exit the spinal canal through separate foramina. The brachial plexus is formed by
the ventral rami of C6-C8 with variable contribution from C5, T1, and occasionally T2. The separation into
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3 trunks and 3 cords is signi�cantly less developed in the WMS. There are upper, middle, and lower
systems with ventral and dorsal components (Figs. 1 & 2). The upper system predominantly arises from
C6 with some contribution from C5 and goes primarily to the suprascapular nerve. The middle system is
mainly C7 and supplies the axillary nerve. The lower system is predominantly C8 with some contribution
from T1 and is the main supply to the distal forelimb through the median and ulnar nerves as its ventral
components, as well as the radial nerve as its dorsal component. An interesting �nding is that the 3
systems are tightly interconnected with side branches, making it extremely di�cult to decide on the exact
spinal level contribution to each nerve. Numerous pectoral nerves arise proximally to supply the robust
pectoral muscles. The suprascapular nerve has the largest diameter while the musculocutaneous nerve
has the smallest. The latter has dual origin, typically from C7 and C8.

Histology
The median nerves were not signi�cantly different in size between the WMS and human (WMS = 10.29 ± 
0.94mm2, Human = 9.99 ± 0.59mm2, p = 0.7986). The WMS median nerves had signi�cantly fewer
myelinated axons than human median nerves (WMS = 19,625 ± 1561, Human = 34,798 ± 747, p = 0.0009),
and the axons were not signi�cantly different in size (WMS = 51.97 ± 0.47µm2, Human = 43.66 ± 6.31µm2,
p = 0.2598) (Fig. 3).

The WMS ulnar nerves were signi�cantly larger than human ulnar nerves (WMS = 7.24 ± 0.11mm2,
Human = 6.61 ± 0.13mm2, p = 0.0190). Although the WMS ulnar nerves had signi�cantly fewer myelinated
axons than human ulnar nerves (WMS = 16,725 ± 521, Human = 24,633 ± 117, p = 0.0001), the axons in
WMS ulnar nerves were signi�cantly larger (WMS = 43.15 ± 1.45µm2, Human = 34.04 ± 2.76µm2, p = 
0.0429) (Fig. 4).

The musculocutaneous nerves were not signi�cantly different in size between the WMS and human
(WMS = 2.66 ± 0.17mm2, Human = 1.99 ± 0.39mm2, p = 0.1958). The WMS musculocutaneous nerves had
signi�cantly fewer myelinated axons than human musculocutaneous nerves (WMS = 2237 ± 159, Human 
= 4936 ± 924, p = 0.0451), and the axons in WMS musculocutaneous nerves were also signi�cantly larger
(WMS = 69.17 ± 2.55µm2, Human = 25.08 ± 0.75µm2, p < 0.0001) (Fig. 5).

The suprascapular nerves appeared much larger in WMS than in humans (WMS = 13.77 ± 0.19mm2,
Human = 7.68mm2). The WMS suprascapular nerves had more myelinated axons than human
suprascapular nerves (WMS = 10,060 ± 1228, Human = 8270), and the axons in WMS suprascapular
nerves were larger (WMS = 68.62 ± 5.72µm2, Human = 24.65µm2) (Fig. 6).

Discussion
The present study focuses on the WMS model and its applicability for researching BPI. Overall, this study
demonstrates that the WMS brachial plexus closely resembles the human brachial plexus in comparison
to other non-primate vertebrate models [29]. The similarities can be appreciated through previous
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research with swine model post-avulsion injury retaining more similarities to human models in terms of
motor neuron death compared to small animal models [30, 31]. The differences in physiological
responses between these models may be due to species-speci�c responses or age differences [5]. The
lack of clinically-relevant therapies in rodent models despite their widespread use has resulted in more
studies shifting their focus towards larger animal models. Miniture swine are comparable to humans
from an anatomical, physiological, and pathophysiological perspective, making them an ideal model for
BPI studies [32].

In general, our anatomical results for the brachial plexus in WMS were consistent with previous �ndings
in domestic pigs and wild boar [33, 34]. The WMS ulnar nerve resulted from the union of C7, C8, and T1
(Fig. 2). Although, the WMS ulnar nerve was slightly larger than human ulnar nerves, the WMS ulnar nerve
had fewer myelinated axons that were, on average, larger than those in human ulnar nerves (Fig. 4). The
WMS median nerve also resulted from the union of C7, C8, and T1 (Fig. 2). The WMS median nerve was
similar in size to the human median nerve; the fascicles, however, appeared smaller with signi�cantly
fewer myelinated axons in the WMS median nerve (Fig. 3). The WMS musculocutanous nerve originated
from C7 and C8 (Fig. 2). Similar to other nerves, the WMS musculocutanous nerve had fewer myelinated
axons that were signi�cantly larger than what was observed in the human musculocutanous nerves
(Fig. 5). The more numerous myelinated axons in the human ulnar and median nerves are likely due to
the demand of �ne motor functions in the human hand, requiring more motor units. Large, spaced-out
axons in the WMS nerves may be explained by the larger muscles they innervate, which are needed for
�ght-or-�ight responses [35]. Due to limited access, we were only able to obtain one suprascapular nerve
from a formalin-�xed human cadaver rather than a fresh specimen, so no statistics were run for the
histological analysis of this nerve. The WMS suprascapular nerve originated from C5 and C6 (Fig. 2). The
WMS suprascapular nerve was much larger and contained larger axons than the human suprascapular
nerve (Fig. 6). These large suprascapular nerves with numerous large axons in the WMS are probably a
function of their larger and stronger girdle muscles, possibly correlating with the swine’s greater reliance
on this region for mechanical support during movement.

The age discrepancy and underlying conditions of the fresh human cadavers are limitations of this study
(Table 1). It is di�cult to obtain fresh human samples that are uniform with regards to sex, weight, and
age, and not complicated by differences in lifestyle, nutrition, occupation, etc. In this study, the swine were
all male of similar age and weight whereas the humans varied in sex, age, and weight. Interestingly,
despite these differences, the current observations were consistent across all three human subjects.

Table 1
Fresh Human Cadavers

Sex Age Underlying Conditions

Male 57 Hepatitis C

Female 61 Neuropathy

Male 34 None
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In terms of modeling the average human, the conventional pig breed would be approximately 3-month-
old. This creates problems because pigs do not reach sexual maturity until 6 months of age and are
rapidly growing. Moreover, the conventional breeds are not pratical for long term studies, because the
rapid rate of growth and remodeling would produce abnormal healing and poorly model nerve healing in
human. The WMS attain an average human size at full maturity and maintain it for years.

Conclusions
Although there are differences between WMS brachial plexus and the human brachial plexus, they are
close in size with similar composition and origin overall, making them a suitable animal model for BPI. In
order to better determine if WMS would be an ideal model for researching BPI treatments, future studies
should be conducted to investigate the pathological mechanisms and clinical effects of BPI in WMS.
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Figure 1

A. Anterior exposure of the swine right brachial plexus. The swine model lacks the presence of a clavicle.
The separation into 3 trunks and 3 cords is signi�cantly less developed in the swine. There is rather upper
(C6), middle (C7), and lower (C8) systems with ventral and dorsal components. B. Left human brachial
plexus, anterior view, the clavicle has been removed. UT = upper trunk, MT = middle trunk, LT = lower
trunk, S = suprascapular, PC = posterior cord, LC = lateral cord, MC = medial cord, MCu =
musculocutaneous, M = median, U = ulnar, A = axillary artery.
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Figure 2

A. Diagrammatic representation of the swine brachial plexus. Pec = pectoral. Copyright AH. Published
with permission. B. Diagram of the human brachial plexus. DS = dorsal scapular, Lt = long thoracic, UT =
upper trunk, MT = middle trunk, LT = lower trunk, SC = subclavius, S = suprascapular, PC = posterior cord,
LC = lateral cord, MC = medial cord, U&L Ssc = upper and lower subscapular, TD = thoracodorsal, Ax:
axillary, R = radial, LP = lateral pectoral, MCu = musculocutaneous, M = median, U = ulnar, MP = medial
pectoral, MBC = medial brachial cutaneous, MABC = medial antebrachial cutaneous. Reproduced from.
Hanna: The SPA arrangement of the branches of the upper trunk of the brachial plexus: a correction of a
long-standing misconception and a new diagram of the brachial plexus. J Neurosurg 125:350-354, 2016.
Copyright Amgad Hanna. Published with permission. Note that the arrangement into trunks and cords is
not as obvious in the swine, there are rather upper, middle, and lower systems.
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Figure 3

Histological analyses of the median nerve. Myelinated axons were analyzed on transverse sections of
WMS median nerve (A) and compared to transverse sections of human median nerve (B). Although there
were signi�cantly fewer myelinated axons in the WMS median nerve, the cross-sectional area of the WMS
median nerve was not signi�cantly different from human nerves, and the axon size was not signi�cantly
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different (C). Scale bars: 500 µm on whole nerve images and 50 µm on higher magni�cation images; *p <
0.05 (Student’s T-Test); error bars represent ± SEM; n = 3.

Figure 4

Histological analyses of the ulnar nerve. Myelinated axons were analyzed on transverse sections of WMS
ulnar nerve (A) and compared to transverse sections of human ulnar nerve (B). The cross-sectional area
of the WMS ulnar nerve was signi�cantly larger than human ulnar nerves. Although there were
signi�cantly fewer myelinated axons in the WMS ulnar nerve, the axons in WMS ulnar nerves were



Page 17/19

signi�cantly larger than in human ulnar nerves (C). Scale bars: 500 µm on whole nerve images and 50 µm
on higher magni�cation images; *p < 0.05,***p < 0.001 (Student’s T-Test); error bars represent ± SEM; n =
3.

Figure 5

Histological analyses of the musculocutaneous nerve. Myelinated axons were analyzed on transverse
sections of WMS musculocutaneous nerve (A) and compared to transverse sections of human
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musculocutaneous nerve (B). The cross-sectional area of the WMS musculocutaneous nerve was not
signi�cantly different than human musculocutaneous nerves. Although there were signi�cantly fewer
myelinated axons in the WMS musculocutaneous nerve, the axons in WMS musculocutaneous nerves
were signi�cantly larger than in human musculocutaneous nerves (C). Scale bars: 500 µm on whole nerve
images and 50 µm on higher magni�cation images; *p < 0.05,***p < 0.001 (Student’s T-Test); error bars
represent ± SEM; n = 3.

Figure 6
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Histological analyses of the suprascapular nerve. Myelinated axons were analyzed on a transverse
section of WMS suprascapular nerve (A) and compared to transverse sections of human suprascapular
nerve (B). The total nerve cross-sectional area, number of myelinated axons and size of axons were
quanti�ed (C). Scale bars: 500 µm on whole nerve images and 50 µm on higher magni�cation images;
error bars represent ± SEM; WMS n = 3, human cadaver n = 1.


