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Abstract
Neonatal brachial plexus avulsion injury (BPAI) commonly occurs

as a consequence of birth trauma and can result in lifetime morbidity;

however, little is known regarding the evolving neuropathological

processes it induces. In particular, mechanical forces during BPAI

can concomittantly damage the spinal cord and may contribute to out-

come. Here, we describe the functional and neuropathological out-

come following BPAI, with or without spinal cord injury, in a novel

pediatric animal model. Twenty-eight-day-old piglets underwent uni-

lateral C5–C7 BPAI with and without limited myelotomy. Following

avulsion, all animals demonstrated right forelimb monoparesis. Injury

extending into the spinal cord conferred greater motor deficit, includ-

ing long tract signs. Consistent with clinical observations, avulsion

with myelotomy resulted in more severe neuropathological changes

with greater motor neuron death, progressive axonopathy, and

persistent glial activation. These data demonstrate neuropatho-

logical features of BPAI associated with poor functional out-

come. Interestingly, in contrast to adult small animal models of

BPAI, a degree of motor neuron survival was observed, even fol-

lowing severe injury in this neonatal model. If this is also the

case in human neonatal BPAI, repair may permit functional

restoration. This model also provides a clinically relevant

platform for exploring the complex postavulsion neuropathologi-

cal responses that may inform therapeutic strategies.
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INTRODUCTION
Neonatal brachial plexus injury (BPI) from severe birth

trauma results in paralysis and/or loss of sensation in the af-
fected limb in approximately 0.4 to 2.6 per 1000 live births
in the United States, with a cumulative incidence of 0.15%
(1–4). Remarkably, most infants fully recover within 3 to 6
months, suggesting that some integrity of the nerve structure
remains and allows damaged axons to recover or regenerate.
However, for the remaining 18% to 50% of cases, the dam-
age causes persistent functional impairment, most likely due
to nerve root avulsion. These injuries are accompanied by a
variety of physical and psychological challenges for affected
children during development (4, 5).

Nerve root avulsion is the most severe BPI at any age
(6), and spontaneous recovery is generally not possible due
to complete disconnection of the nerve structure and accom-
panying axons from the spinal cord (7). In neonates with
BPI, the most common injury affects the upper trunk (85%),
including both the C5 and C6 roots, and, less frequently, the
C7 root (8). This type of lesion represents both a CNS and
PNS injury because spinal motor neurons undergo degenera-
tion due to deafferentation while peripheral axons rapidly de-
generate once they are disconnected from the cell body (9).
This disconnection causes immediate and permanent paraly-
sis of the targeted muscles along with sensory dysfunction in
the corresponding dermatomes.

The mechanical process of avulsing the nerve root also
commonly causes direct damage to the spinal cord. Indeed,
signal changes in the spinal cord are found with MRI in up to
20% of adult patients after avulsion injury (10–13); these have
been noted to include hemorrhage, scarring, edema, and
posttraumatic syrinx (14, 15). Surprisingly, while there is
some indication of spinal cord damage in neonates with nerve
root avulsion (16), there has been little characterization of the

From the Department of Neurosurgery (ZAS, VEJ, WS, ELZ, MTW, ANM,
DHS), Penn Center for Brain Injury and Repair (ZAS, VEJ, WS, MTW,
ANM, DHS), Department of Biostatistics and Epidemiology (RX),
Perelman School of Medicine, University of Pennsylvania, Philadelphia,
Pennsylvania; Department of Neuropathology, Queen Elizabeth University
Hospital, Glasgow, UK (WS); Division of Neurosurgery, The Children’s
Hospital of Philadelphia, Philadelphia, Pennsylvania (GGH).

Send correspondence to: Douglas H. Smith, MD, The Robert F. Groff
Professor of Neurosurgery, Vice Chairman for Research and Education,
Department of Neurosurgery, Director of Penn Center for Brain Injury
and Repair, 105 Hayden Hall, 3320 Smith Walk, University of
Pennsylvania, Philadelphia, PA19104. E-mail: smithdou@mail.med.
upenn.edu

This study was supported by National Institutes of Health grants NS056202,
NS038104, NS092389, The American Association of Neurological
Surgeons David Kline Award (ZA), and The Neurosurgical Research and
Education Foundation Fellowship Grant (ZA). NHS Research Scotland
Career Research Fellowship (WS).

The authors have no duality or conflicts of interest to declare.

69VC 2015 American Association of Neuropathologists, Inc. All rights reserved.

J Neuropathol Exp Neurol
Vol. 75, No. 1, January 2016, pp. 69–85
doi: 10.1093/jnen/nlv002

Deleted Text: magnetic resonance imaging (
Deleted Text: )
Deleted Text: -
http://www.oxfordjournals.org/


clinical and neuropathological consequences or whether this
influences the extent of survival of motor neurons. In addition,
while a variety of experimental models for adult brachial
plexus avulsion injury have been developed in multiple spe-
cies (9, 17–38), there are few pediatric models and none that
utilize large animal species to enhance clinical relevance (35,
39–41).

Here, we investigated the behavioral and neuropatho-
logical changes associated with brachial plexus avulsion in-
jury in a pediatric swine model. We also characterized these
changes in the setting of severe avulsion injury associated
with spinal cord injury to describe the range of CNS and
PNS sequelae resulting from BPI in neonates.

MATERIALS AND METHODS

Animals and Surgical Procedures
All surgical procedures were approved by the University

of Pennsylvania Institutional Animal Care and Use Committee.
The University of Pennsylvania is an Association for
Assessment and Accreditation of Laboratory Animal Care-ac-
credited institution. Due to anticipated high mortality during
surgery and recovery for neonatal and nonweened piglets, we
selected 28-day-old male Yorkshire piglets (8–10 kg; Archer
Farms, Darlington, MD). Three groups of animals were evalu-
ated; avulsion alone (n¼ 2), avulsion with myelotomy (n¼ 3),
and naı̈ve (n¼ 2) for a total n¼ 7. Notably, the considerable
effort necessary to perform the large animal model precluded
having a large n/group. Nonetheless, in consultation with the
biostatistician on the project, it was determined that the study
was sufficiently powered as described in the “Results” section.

Prior to surgery, animals were fasted with free access
to water for 12 hours. Anesthesia was induced via intramus-
cular injection of midazolam (0.5–0.6 mg/kg) and ketamine
(10–15 mg/kg) followed by inhaled isofluorane (4%, 70%
N2O and 30% O2) via snout mask. Endotracheal intubation
was performed using a 4.5-mm endotracheal tube and main-
tenance of anesthesia achieved via inhaled isofluorane (2%,
70% N2O and 30% O2). Intravenous access was obtained via
cannulation of the ear vein, and normal saline (40 cc/hour)
was administered for hydration throughout the procedure.
Glycopyrolate (0.01–0.02 mg/kg) was administered subcuta-
neously to reduce airway secretions and enrofloxacin (5 mg/
kg) was administered as a perioperative antibiotic within
30 minutes of incision.

In a surgical operating room, the animals (n¼ 5) were
positioned prone and the dorsal neck prepped in a sterile fash-
ion. Bupivacaine (1–2 mg/kg) was injected along the midline
dorsal line of incision. A midline dorsal incision from the occi-
put to the upper thoracic level was made and the paravertebral
muscles were dissected from the spinous processes to expose
the spinal vertebrae. The C5, C6, and C7 posterior spinal ele-
ments were identified by counting discrete vertebrae in a cau-
dal to cranial direction using the first thoracic vertebra as a
landmark. A C5–C7 laminectomy was performed followed by
a right paramedian durotomy to expose the dorsal and ventral
rootlets of the C5–C7 spinal levels. These rootlets were then
mechanically avulsed in a rostral to caudal direction at each

level using a fine micronerve hook under operating micro-
scope magnification. Specifically, avulsion was performed in
the form of a peripheral intradural rupture, as described (42);
the injury occurring just distal to the surface of the cord,
thereby leaving small stumps of variable sized rootlets
approximately 1 mm in length, attached to the spinal cord.

In 3 of the animals with nerve root avulsion, we immedi-
ately afterward induced direct damage to the spinal cord ven-
tral horn white matter to mimic the most severe nerve root
avulsion in humans. A 1- to 2-mm ventrolateral myelotomy
was created using a fine micronerve hook at the same 3 levels
(Fig. 1). The nerve rootlets on the left side were left unaltered.
Following avulsion, hemostasis was achieved and the site was
copiously irrigated with normal saline solution. The dura, mus-
cle, and skin layers were closed using a combination of absorb-
able sutures. Animals were extubated and recovered from
anesthesia. Prophylactic analgesia was provided in the form of
subcutaneously administered sustained-release buprenorphine
(0.12 mg/kg) on postoperative day 0, as well as daily meloxi-
cam (0.4–0.6 mg/kg) until postoperative day 3.

Clinical Assessment
Postoperatively, animals were clinically assessed in an

open field for right and left forelimb and hindlimb muscle
bulk, tone, and motor function on a weekly basis. A scoring
system was devised to quantify motor function, as modified
from standard clinical motor assessment. For forelimb motor
function, animals were scored as demonstrating 1) flaccid
forelimb, nonweight bearing, 2) spontaneous movement of
forelimb with some weakness, nonweight bearing, 3) sponta-
neous movement of forelimb with little weakness, weight
bearing, or 4) normal forelimb motor function. Motor function
for the hindlimbs was scored similarly as 1) severe weakness
of hindlimbs, nonweight bearing, 2) spastic hindlimbs with
some weakness, weight bearing but abnormal gait, 3) spastic
hindlimbs with little to no weakness, weight bearing, or 4)
normal hindlimb function.

Animal Perfusion and Tissue Handling
Six weeks following surgery, the 5 animals with BPI

and an additional 2 naı̈ve animals were anesthetized with in-
tramuscular injection of midazolam (0.5–0.6 mg/kg) and ke-
tamine (10–15 mg/kg) and subsequent mask ventilation with
5% isofluorane, 70% nitrous oxide (N2O), and 30% O2.

Both the left and right biceps muscles were biopsied and
dissected for postfixation in either 10% neutral buffered for-
malin (NBF) for 48 hours followed by processing to paraffin,
or rapid freezing in liquid nitrogen-chilled isopentane for sub-
sequent storage at –80

�
C. Next, animals underwent thoracot-

omy and transcardial perfusion with a 0.9%-heparinized saline
flush followed by 10 liters of 10% NBF. The cervical spinal
vertebrae and associated soft tissues were harvested en bloc
and postfixed in 10% NBF for 48 hours to minimize handling
artifact. The spinal cord and associated roots were then dis-
sected and re-immersed in 10% NBF for a further 7 days be-
fore being blocked in the axial plane midway between the
rootlets for each spinal level. Tissue was processed to paraffin
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using standard techniques using a Shandon Hypercenter XP
tissue processor (Thermo Fisher Scientific, Waltham, MA), on
a 62-hour cycle (43). Tissue was then embedded in paraffin
wax. The relevant cord levels were sectioned in their entirety
at a thickness of 10lm. Sets of serial sections at the desired in-
tervals were then selected for staining as described below. For
the BPI animals, C5–C7 were examined by all of the following
techniques. For the naı̈ve animals, only C5 and C6 were exam-
ined due to technical limitations.

Hematoxylin and Eosin Staining
Standard hematoxylin and eosin (H&E) stains were per-

formed on paraffin-embedded spinal cord sections 800 mm
apart. Slides were deparaffinized in xylene and rehydrated to
water followed by immersion for 10 minutes in Mayer’s hema-
toxylin (Sigma, St Louis, MO). After rinsing and subsequent
immersion in 1.5% aqueous lithium carbonate solution for
1 minute, slides were again rinsed and further immersed in
25% aqueous Shandon Eosin Y solution (Thermo Fisher
Scientific, Waltham, MA) for 5 minutes. Differentiation was
achieved using 95% ethanol followed by dehydration. Sections
were cleared in xylenes and coverslipped with CytosealTM 60
(Thermo Fisher Scientific, Waltham, MA).

Immunohistochemical Labeling
Paraffin-embedded sections were deparaffinized in xylene

and rehydrated to water through a series of graded alcohols.
Endogenous peroxidase activity was quenched by immersion in
3% aqueous hydrogen peroxide for 15 minutes. Antigen re-
trieval was then achieved by immersing slides in preboiled 0.1

M Tris EDTA (Sigma, St. Louis, MO) and heating within a
pressurized microwave cooker for 8 minutes. Slides were
blocked for 30 minutes in 1% normal horse or goat serum
(Vector Laboratories, Burlingame, CA) in optimax buffer
(Biogenex, Fremont, CA). Primary antibodies were then ap-
plied and allowed to incubate overnight at 4 �C. Goat anti-
choline acetyltransferase (ChAT) (1:400; Millipore,
Billerica, MA) was used to detect the presence of motor neu-
rons; mouse anti-b-amyloid precursor protein (bAPP) (1:90
K, 22C11 clone; Millipore) was used to evaluate axonal de-
generation (44–46); mouse anti-neurofilament (NF200)
(1:3K; Sigma-Aldrich, St. Louis, MO) was used to detect
axons; rabbit anti-calcitonin gene-related peptide (CGRP)
(1:20K; Sigma-Aldrich) was used to detect sensory neurons;
rabbit anti-Iba-1 (1:10K; Wako Chemicals Inc., Richmond,
VA) was used to evaluate microglial activity; mouse anti-
glial fibrillary acidic protein (GFAP) (1:40K; Millipore) was
used to detect astrocytes; and Ab246 (1:9K; courtesy of Dr.
Robert Siman, Univ. of Pennsylvania), specific for the cas-
pase-derived fragment of a-spectrin, was used to assess apo-
ptosis (47–49). After rinsing in PBS, the appropriate
biotinylated secondary antibodies were applied to all sections
for 30 minutes. Specifically, for bAPP, NF200, CGRP, Iba-1,
and GFAP staining, slides received anti-mouse IgG/rabbit
IgG from the Vectastain Universal Elite kit; Vector
Laboratories) as per the manufacturer’s instructions (Vector
Laboratories). For ChAT staining, slides received horse anti
goat IgG at 1:200 (Vector Laboratories). All sections were
then incubated with an ABC (avidin-biotin complex) for
30 minutes as per manufacturer’s instructions (Vector Labo-
ratories) at room temperature. Visualization was achieved by
applying the DAB (3, 3’-diaminobenzidine) peroxidase

FIGURE 1. Experimental model of neonatal brachial plexus injury. (A) Schematic showing the axial section of the spinal cord
C5–C7 from the surgeon’s point of view where the dorsal rootlets and dorsal horns are superficial and the ventral roots and
ventral horns are deep. The red dotted line represents the site of avulsion. (B) Intraoperative photograph of the surgical
approach.
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substrate kit. The slides were counterstained with Mayer’s
hematoxylin and dehydrated in a series of graded alcohols (2
x 2 minutes in 95% ethanol followed by 2 x 2 minutes in
100% ethanol). Tissue was cleared in xylenes and cover-
slipped with Cytoseal 60.

Luxol Fast Blue/Cresyl Violet
Following standard dewaxing and rehydration, paraf-

fin-embedded spinal cord sections 400 mm apart were im-
mersed for 4 hours in Luxol fast blue (LFB) solution in 95%
ethanol (Solvent Blue 38, Sigma, St Louis, MO) at 60 �C.
Sections were differentiated using serial immersion in 2%
aqueous lithium carbonate and 70% ethanol. After rinsing,
sections were immersed in 0.1% aqueous Cresyl violet (CV)
solution (Merck, Kenilworth, NJ) for 5 minutes at 60 �C.
After rinsing, sections were differentiated, dehydrated in a
series of graded alcohols as above, cleared in xylenes and
coverslipped with Cytoseal 60.

Adenosine Triphosphatase Staining of Skeletal
Muscle Tissue

Adenosine triphosphatase (ATPase) staining at pH 9.4
was performed on cryostat sections of fresh frozen muscle
tissue from both the right and left biceps using an established
protocol (50). Briefly, 10-mm-thick frozen sections from both
the right and left biceps were sectioned on a cryostat and
mounted on superfrost plus slides. Slides were agitated in a
rinse solution (18 mM calcium chloride in 100 mM Tris buf-
fer, pH 7.8) for 1 minute followed by preincubation in an al-
kaline solution (18 mM calcium chloride in 100 mM Sigma
No. 221 alkaline buffer, pH 10.4; Sigma, St. Louis, MO) for
15 minutes at room temperature. After further rinsing in cal-
cium chloride with agitation, slides were incubated in an al-
kaline solution containing 2.7 mM ATP (50 mM potassium
chloride, 18 mM calcium chloride in 100 mM Sigma No. 221
alkaline buffer, pH 9.4) for 30 minutes at 37 �C. Slides were
then rinsed in 1% calcium chloride (3 x 30 seconds), im-
mersed in 2% cobalt chloride for 3 minutes, and washed in
an alkaline solution (100 mM Sigma No. 221 alkaline buffer,
pH 9.4) (4 x 30 seconds). Following immersion in 1% ammo-
nium sulfide for 3 minutes, slides were rinsed in tap water,
dehydrated in graded alcohols as above, cleared in xylenes,
and coverslipped with Cytoseal 60.

Nicotinamide Adenine Dinucleotide
Hydrogen-Tetrazolium Reductase Staining
of Skeletal Muscle Tissue

Nicotinamide adenine dinucleotide hydrogen-tetrazo-
lium reductase (NADH-TR) staining was performed on cryo-
stat sections of fresh frozen muscle tissue from both the right
and left biceps using an established protocol (51). Briefly,
10-mm-thick frozen sections were incubated for 30 minutes at
37 �C in NADH solution (1 mg of NADH per 1 mL of a
stock solution containing 0.4 M nitroblue tetrazolium and 0.2
M Tris buffer [pH 7.4]). Following incubation, slides were
rinsed in gently flowing deionized water and immersed

in 10% NBF for 10 minutes. After further rinsing, slides
were coverslipped in an aqueous mounting medium (DAKO,
Carpinteria, CA).

Analyses of Histological Findings
Serial axial spinal cord sections were selected (400 lm

apart; approximately 8 sections per spinal cord level) and all
ChAT-positive motor neurons were counted on both the intact
and lesioned side of the C5, C6, and C7 spinal segments.
Because ChAT immunoreactivity may be changed as a conse-
quence of injury, serials sections stained with CV were also
used to quantify the motor neurons as an independent marker.
Only CV-positive cells with a visible nucleus were included.

The study power was enhanced due to the subsampling
in each of the spinal segments. All cells with positive stain-
ing for ChAT or nucleated CV-positive cells in Rexed layer
IX were analyzed and counted by 2 independent investigators
blinded to all clinical details. Inter-rater reliability of obser-
vations was found to be consistent (intraclass correlation ¼
0.921). The mean number of motor neurons in individual spi-
nal levels and across all 3 spinal levels (C5–C7) both ipsilat-
eral and contralateral to the lesion was determined per
animal. The mean number of surviving neurons between
groups was compared using mixed-effect linear models. The
comparisons we made included ipsilateral versus contralat-
eral at the same spinal level for each of the 3 groups (avul-
sion only, avulsion with myelotomy, and naı̈ve control), as
well as pairwise comparison between the 3 groups at each
spinal level. In the mixed-effect model, a subject (piglet)-
specific random effect was included to account for potential
correlation among sections of the spinal segment from the
same animal, or a random effect included to account for pair-
ing relationship between the ipsilateral and contralateral at
the same spinal level of the same group.

The extents of axonal pathology and glial responses
were evaluated using semiquantitative scoring systems.
Notably, the direct quantification of axons is notoriously
challenging, in particular swollen regions along an individual
axon may travel in and out of plane in the same section or
traverse multiple sections; in addition, axons may be frag-
mented. As such, standard approaches using percentage area
and profile counting fail to provide meaningful quantification
of individual axon numbers; therefore, a semiquantitative ap-
proach was warranted. Specifically, 10-mm spinal cord cross
sections every 800 lm (approximately 4 sections per cord
level) for levels C5, C6, and C7 stained for bAPP were
scored in 6 cord subregions both ipsilateral and contralateral
to the lesion: dorsal root entry zone (DREZ), ventral root en-
try zone (VREZ), and the ventral horn. Semiquantitative
analysis scores were assigned as follows. To assess axonal
degeneration, the extent of swollen bAPP-reactive profiles
was classified as 0 ¼ absent; 1 ¼ minimal; 2 ¼ moderate; or
3 ¼ extensive.

To assess glial reactivity, serial sections (as above at
800 lm apart) were examined for GFAP and Iba-1 immuno-
reactivity in the same regions. Blinded semiquantitative anal-
yses were selected to encompass the complex morphological
alterations over large tissue areas. Sections were examined
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for classical microglial phenotypes consistent with increasing
activation including hypertrophy of the cell body, and
retraction and thickening of microglial ramifications. An
increasing predominance of these morphologies was semi-
quantitatively classified as, 0 ¼ no activation; 1 ¼ minimal
activation; 2 ¼ moderate activation; 3 ¼ extensive activation
with frank amoeboid morphologies. To assess astrogliosis,
sections were examined for classical phenotypes of reactive
astrocytes including increased reactivity to GFAP, somatic
hypertrophy, and an increased number and thickness of pro-
cesses. An increasing predominance of these morphologies
was semiquantitatively classified as follows: 0 ¼ no activa-
tion; 1 ¼ minimal activation; 2 ¼ moderate activation; 3 ¼
extensive activation.

An overall pathology score for each section was ob-
tained by calculating the average of the 6 individual subre-
gional scores per individual spinal level and across all 3
spinal levels both ipsilateral and contralateral to the lesion
for each animal.

RESULTS

Functional Assessment
Animals underwent surgery without unintended mor-

bidity or mortality. Immediately postoperatively, all animals
demonstrated significant, acute, right forelimb dysfunction
(Fig. 2A). All animals were nonweight bearing in the right
forelimb and demonstrated flaccid monoparesis of that limb,
which occurred immediately postoperatively and remained
stable over 6 weeks (average score ¼ 1). Muscle bulk in the
right forelimb was noted to decrease over 6 weeks. Despite
this, the animals were able to ambulate without significant
disability, access food and water freely, and socially interact.

In addition to right forelimb weakness, the avulsion
with myelotomy group also demonstrated some bilateral hin-
dlimb weakness, which was notably worse on the right side.

This was evident immediately after surgery and remained
stable over 6 weeks (average ipsilateral score ¼ 3.3; average
contralateral score ¼ 2) (Fig. 2B). Animals in this group
were able to maintain weight-bearing status in the hindlimbs
but did demonstrate spasticity with ambulation. Muscle bulk
was noted to be grossly unchanged in the hind limbs. These
animals, while significantly more disabled, were able to ac-
cess food and water and socially interact with animals housed
in the same pen. No intraoperative or postoperative compli-
cations, including bleeding, hemorrhage, infection, or dam-
age to surrounding anatomical structures occurred in any
animals.

Gross Pathological Findings
At 6 weeks following injury, deformity of the spinal

cord at each segment was observed on the avulsed side, as
demonstrated grossly and via histopathology performed on
whole axial cord sections. Specifically, there was gross de-
formity of the hemicord ipsilateral to the mechanical avul-
sion injury when compared to the contralateral side. In
particular, the ventral horn of the spinal cord was also noted
to be deformed. At the site of avulsion, there was clear dis-
ruption of the white matter with complete disconnection of
the rootlet.

Motor Neuron Changes: ChAT-Positive Neurons
At 6 weeks following injury, animals were found to

have fewer ChAT-positive neurons in the ipsilateral, avulsed
side of cord when compared to the contralateral, uninjured,
side in both animals with and without myelotomy.
Specifically, this decrease in ChAT-positive neurons was
also present at each individual spinal level in the avulsion
plus myelotomy group C5 (p< 0.0001), C6 (p< 0.0001), C7
(p< 0.0001), and all levels combined (p< 0.0001). Similarly
following avulsion only, decreased ChAT-positive neurons

FIGURE 2. Forelimb (A) and hindlimb (B) function score at 6 weeks following avulsion with (n¼3) or without (n¼2)
myelotomy. Forelimb motor function scoring: 1) ¼ flaccid forelimb, nonweight bearing, 2 ¼ spontaneous movement of forelimb
with some weakness, nonweight bearing, 3 ¼ spontaneous movement of forelimb with little weakness, weight bearing, or 4 ¼
normal forelimb motor function. Hindlimb motor function scoring: 1 ¼ severe weakness of hindlimbs, nonweight bearing, 2 ¼
spastic hindlimbs with some weakness, weight bearing but abnormal gait, 3 ¼ spastic hindlimbs with little to no weakness,
weight bearing, or 4 ¼ normal hindlimb function.
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were also present at each individual spinal level C5
(p< 0.0001), C6 (p¼ 0.002), C7 (p< 0.0001), and all levels
combined (p< 0.0001) (Figs. 3A, C, E, 4A–D).

In addition, there was a clear injury effect when com-
pared to naı̈ve animals. Specifically, following avulsion with
myelotomy, there were decreased ChAT-positive neurons on
the ipsilateral side when compared to naı̈ve animals at each
spinal level, C5 (p< 0.0001), C6 (p< 0.0001), and all levels
combined (p< 0.0001). However, there was no statistical dif-
ference when the contralateral side was compared to naı̈ve
C5 (p¼ 0.83), C6 (p¼ 0.37), and all levels combined
(p¼ 0.46). Following avulsion only, there were decreased
ChAT-positive neurons on the ipsilateral side when com-
pared to naı̈ves at spinal level C6 (p< 0.0001), and all levels
combined (p< 0.0001). In contrast, however, this did not
reach significance at the C5 level (p¼ 0.094), suggesting
some sparing of motor neuron loss. Notably, there was no
statistical difference in ChAT-positive neurons when the
contralateral side was compared to naı̈ve control C5
(p¼ 0.16), C6 (p¼ 0.55), and all levels combined (p¼ 0.36).

Animals that underwent avulsion with myelotomy
demonstrated more severe ventral horn damage than animals
undergoing avulsion only. Specifically, following avulsion
with myelotomy, there were decreased ChAT-positive neu-
rons when compared to the avulsion-only group when com-
paring all spinal levels combined (p¼ 0.038). Interestingly,
this difference was not uniform across all levels.
Specifically, there was a decreased number of ChAT-positive
neurons in avulsion with myelotomy group versus avulsion
only in the C6 level (p< 0.001), with no significant differ-
ence at the C5 (p¼ 0.12) and C7 levels (p¼ 0.14).

No differences were detected in numbers of ChAT-pos-
itive neurons in the contralateral side between the avulsion
with myelotomy versus avulsion only at C5 (p¼ 0.58), C6
(p¼ 0.13), C7 (p¼ 0.62), and all levels combined (p¼ 0.30)
(Fig. 3A, C, E).

Motor Neuron Changes: Quantification of
CV-Stained Cells

Because ChAT immunoreactivity may change with in-
jury independent of cell loss, the analysis was repeated
using CV as a marker of all neurons in the ventral horn
(Fig. 3B, D, F). Consistent with findings using ChAT immu-
nohistochemistry (IHC), animals were found to have fewer
neurons in the ipsilateral, avulsed side of cord when com-
pared to the contralateral, uninjured, side in both animals
with and without myelotomy. Specifically, this decrease in
CV-positive neurons was also present at each individual spi-
nal level in the avulsion plus myelotomy group C5:
p< 0.0001; C6: p< 0.0001; C7: p< 0.0001; and all levels
combined: p< 0.0001. Similarly, following avulsion only,
decreased CV-positive neurons were also present at each in-
dividual spinal level C5: p¼ 0.025; C6: p¼ 0.002; C7:
p< 0.0048; and all levels combined: p< 0.0001.

Also consistent, there was a clear injury effect when
compared to naı̈ve animals. Specifically, following avulsion
with myelotomy, there were decreased CV-positive neurons
on the ipsilateral side when compared to naı̈ves at each spinal

level (C5, p< 0.0001; C6, p< 0.0001; and all levels com-
bined, p< 0.0001). Interestingly, whereas there was no statis-
tical difference when the contralateral side was compared to
controls at the C5 level (p¼ 0.63) and all levels combined
(p¼ 0.19), there was a significant difference at the C6 level
(p¼ 0.068), indicating a possible contralateral effect.

Following avulsion only, there were decreased CV-
positive neurons on the ipsilateral side when compared
to naı̈ves at spinal level C6 (p¼ 0.0056) and all levels com-
bined (p< 0.0001); however, this did not reach signifi-
cance at the C5 level (p¼ 0.54), suggesting some sparing of
motor neuron loss consistent with the ChAT findings.
Notably, there was no statistical difference in CV-positive
neurons when the contralateral side was compared to naı̈ve
controls (C5, p¼ 0.96; C6, p¼ 0.20; and all levels combined,
p¼ 0.23).

Animals that underwent avulsion with myelotomy
demonstrated more severe ventral horn damage than animals
undergoing avulsion only. Specifically, following avulsion
with myelotomy, there were decreased ipsilateral CV-posi-
tive neurons when compared to the avulsion-only group
when comparing all spinal levels combined (p< 0.001). This
difference was significant across all levels (C5, p< 0.0001;
C6, p< 0.0049; C7, p< 0.007).

Intriguingly, where counting of ChAT-positive neurons
revealed no differences in the contralateral side between the
avulsion with myelotomy versus avulsion only, counting us-
ing CV-positive cells indicates some contralateral effect at
the C6 level (p¼ 0.0024), and all levels combined
(p¼ 0.0004); however, no differences were observed at C5
(p¼ 0.54) or C7 (p¼ 0.50).

In all animals that underwent myelotomy, there was no
evidence of direct mechanically induced injury to the spinal
cord gray matter (via the micronerve hook) that could poten-
tially contribute to motor neuron injury and loss. Notably,
the remaining neurons appeared morphologically intact in
both groups and only 2 animals from the avulsion with mye-
lotomy group displayed occasional (<10) neurons positive
for the caspase-derived fragment of a-spectrin, which is in-
dicative of ongoing cell death (47–49) (Fig. 4E, F).
Interestingly, consistent with previous observations (52, 53),
CGRP immunoreactivity could be observed in ventral horn
neurons following both avulsion only and avulsion with
myelotomy.

White Matter Injury
At the site of avulsion, there was complete disconnec-

tion of the rootlet with an absence of NF-200-positive axons
travelling from the rootlet into cord. In addition, LFB stain-
ing of the white matter tracts in the spinal cord ipsilateral to
avulsion revealed a loss of white matter integrity.
Specifically, at the DREZ and VREZ, there was a reduction
in the overall density of staining for myelin (LFB), but also
structural and organizational disruption of the spinal cord
white matter (Fig. 5A, B). White matter degeneration was
most pronounced in the animals that underwent avulsion
with myelotomy, which also demonstrated foci of marked
white matter degeneration in the ventrolateral spinal cord in
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FIGURE 3. Graphs showing motor neuron counts for spinal levels C5–C7 for all individual animals as quantified using both anti-
choline acetyl transferase (ChAT) immunohistochemistry (A, C, E) and Cresyl violet staining (B, D, F). Note the horizontal lines
indicating the mean value for groups.

J Neuropathol Exp Neurol � Volume 75, Number 1, January 2016 Brachial Plexus Avulsion With Spinal Cord Injury

75



FIGURE 4. Representative images of choline acetyl transferase (ChAT) immunohistochemistry (IHC) showing surviving motor
neurons in the contralateral (A) and ipsilateral (B) ventral horn at the C6 spinal cord level 6 weeks following avulsion only. This
compares to ChAT IHC in the contralateral (C) and ipsilateral (D) ventral horn 6 weeks following avulsion with myelotomy.
Notably, only very occasional ipsilateral surviving neurons were positive for the apoptotic marker Ab246, which detects a
caspase-derived fragment of alpha-spectrin as shown in (E) at the C6 level. Indeed, the vast majority of cells were not
immunoreactive for this marker (F) and appeared morphologically intact, indicating an absence of ongoing cellular degeneration.
All scale bars¼ 50 mm.
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FIGURE 5. Representative images of white matter injury and ongoing axonal degeneration at 6 weeks postinjury. (A) Whole
Luxol fast blue (LFB)/Cresyl violet (CV)-stained cross-sectional C5 spinal cord following avulsion only. Note the pallor in myelin
staining corresponding to the dorsal root entry zone (DREZ) and ventral root entry zone (VREZ) ipsilateral to avulsion with
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the region of the myelotomy (Fig. 5B). In contrast, animals
that underwent avulsion only did not display any gross or mi-
croscopic evidence of direct mechanical injury to the spinal
cord.

Ongoing Axonal Degeneration
Ongoing axonal pathology was identified using IHC to

visualize bAPP as a marker of transport interruption; bAPP
can be observed accumulating within axonal bulbs or swollen
and tortuous varicosities along the length of damaged axons
(44, 46, 54). Clusters of granular axonal bulbs and varicosi-
ties were observed throughout the DREZ, the VREZ, and the
ventral horn at 6 weeks following avulsion alone or avulsion
with myelotomy (Fig. 5D–F). Although pathological alter-
ations were primarily confined to the side of cord ipsilateral
to the injury in all animals, rarely swollen axonal profiles
were observed throughout the white matter of the cord con-
tralateral to the lesion. Semiquantitative scoring revealed a
greater extent and more widespread axonal pathology in the
avulsion with myelotomy group versus the avulsion-only
group (Fig. 8A). Notably, axonal bulbs in the ipsilateral DREZ
and VREZ were more frequent with avulsion with myelotomy
when compared to avulsion only (Fig. 5C–F). Naı̈ve animals
did not display any axonal pathology.

In addition, all injured animals demonstrated a loss of
CGRP staining at the DREZ, indicating a loss of the central
axonal processes of sensory neurons (Fig. 5G, H); however,
this was not directly quantified. In addition, given that the
dorsal root ganglia are outside of the spinal cord, we did not
examine potential changes in dorsal horn axons.

Glial Responses
Animals undergoing root avulsion with or without mye-

lotomy also demonstrated microglial and astrocytic activity in
the associated spinal cord segment. Specifically, there was
greater microglial and astrocytic activation in sections stained
for Iba-1 and GFAP in the ipsilateral hemicord compared to
the contralateral hemicord in all animals (Figs. 6, 7). Reactive
microglia displayed classic morphological appearances, includ-
ing hypertrophy of the cell body, thickening and shortening of
processes, and in some cases a frank amoeboid morphology
consistent with a macrophage phenotype (Fig. 6). Reactive
astrocytes displayed increased immunoreactivity to GFAP,
somatic hypertrophy, and thickened cell processes (Fig. 7).
A high density of glial cells with activated morphologies was

observed in clusters associated regionally with a high degree of
axonal pathology. Regions of astrogliosis and microgliosis coin-
cided. As determined using semiquantitative scoring, the degree
of both microglial and astrocytic reactivity was greater in the
avulsion with myelotomy group compared to the avulsion-only
group (Fig. 8B, C). Specifically, the DREZ and VREZ regions
ipsilateral to avulsion with myelotomy displayed a greater ex-
tent and more widespread distribution of reactive glial cells.
Though the grey matter generally showed less microglial reac-
tivity at the 6-week time point, there was a trend towards
increased glial activity in the ipsilateral ventral horn in the avul-
sion with myelotomy group. Similarly, the avulsion with mye-
lotomy group trended towards an increased glial response in
the contralateral spinal cord. Naı̈ve animals did not display any
abnormal glial reactivity (Figs. 6I, J, 7I, J).

Skeletal Muscle Atrophy
Examination of the right biceps muscle revealed pro-

found atrophy at 6 weeks post-avulsion as identified on in-
spection and via palpation. This compared to the nonavulsed
side (left) where there were no overt signs of atrophy.
Histopathological examination confirmed the presence of
profoundly atrophic biceps muscles on the side ipsilateral to
the lesion when compared to the normal appearance of the
contralateral biceps (Fig. 9). Specifically, the right biceps
displayed fibers that were of small diameter and, frequently,
angulated in profile. NADH-TR staining revealed numerous
fibers with zones of central pallor surrounded by an outer
zone of relatively darker staining typical of targetoid fibers,
with clear peripheral accentuation of staining, and ATPase
staining (pH 9.4) revealed fiber type grouping. Interestingly,
fiber-typing studies indicated a degree of preferential type II
fiber atrophy, in contrast to the reported mixed fiber atrophy
typical of neurogenic atrophy in humans. As expected, no
overt difference in the extent of neurogenic atrophy was ob-
served between the avulsion only versus avulsion with mye-
lotomy group.

DISCUSSION
Using a clinically relevant model of brachial plexus in-

jury in swine, we observed strikingly different functional out-
comes and histopathology between animals that received
severe avulsion injury alone compared to those with con-
comitant spinal cord injury. In particular, avulsion injury

FIGURE 5. Continued.
relative preservation of contralateral white matter integrity. (B) LFB/CV-stained cross-sectional C6 spinal cord following avulsion
with myelotomy displaying marked pallor in myelin staining corresponding to extensive loss of white matter integrity in
the DREZ and VREZ with relative preservation of contralateral white matter integrity. The arrow denotes the point of myelotomy.
(C) An absence of amyloid precursor protein (bAPP)-positive axonal pathology in the C6 contralateral VREZ following avulsion
with myelotomy. (D) C6 ipsilateral DREZ displaying swollen APP-positive profiles indicating ongoing axonal pathology following
avulsion with myelotomy. (E) Extensive axonal pathology (bAPP-reactive) in the C7 VREZ ipsilateral to avulsion with myelotomy.
(F) Swollen and varicose bAPP-reactive axons in the gray-white interface of the C5 ventral horn ipsilateral to avulsion with
myelotomy. (G, H) Abundant calcitonin gene-related peptide (CGRP) immunoreactivity in sensory processes were observed on
the contralateral side of the C6 level (G). This compared to CGRP immunoreactivity showing more marked ipsilateral loss of
sensory processes in the C6 spinal cord level following avulsion with myelotomy (H). Scale bars: A, B, 100 mm; C–H, 50 mm.
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FIGURE 6. Whole spinal cord cross-section anti-Iba-1 stained sections demonstrate increased ipsilateral hemicord microglial
activation following (A) avulsion only (C7) compared to the more extensive and widespread activation following (B) avulsion
with myelotomy (C6). (C–F) High-magnification images display increased microglial clustering and reactivity in the C6 ipsilateral
ventral horn following avulsion only (C), C6 contralateral ventral horn following avulsion only (D), C6 ipsilateral ventral horn
following avulsion with myelotomy (E), and C6 contralateral ventral horn following avulsion with myelotomy (F). (G–J) Iba-1
immunoreactivity in C6 ipsilateral ventral root entry zone (VREZ) following avulsion only (G), C6 ipsilateral VREZ following
avulsion with myelotomy (H), VREZ of naı̈ve animal showing minimal Iba-1 immunoreactivity (I), and minimal Iba-1 immunoreactivity
in the ventral horn of a naı̈ve animal (J). Scale bars: A, B, J, 100 mm; C–I, 50 mm.
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FIGURE 7. Whole spinal cord cross-sectional anti-glial fibrillary acidic protein (GFAP) immunostained sections demonstrate
increased ipsilateral hemicord astrocytic activation following C7 avulsion only (A) compared to the more extensive and
widespread activation following C6 avulsion with myelotomy (B). (C–F) High-magnification images display increased reactivity
in the C7 ipsilateral ventral horn following avulsion only (C), C7 contralateral ventral horn following avulsion only (D), C6
ipsilateral ventral horn following avulsion with myelotomy (E), and C6 contralateral ventral horn following avulsion with
myelotomy (F). (G–J) C6 ipsilateral ventral root entry zone (VREZ) following avulsion only (G), C6 ipsilateral VREZ following
avulsion with myelotomy (H), VREZ of naı̈ve animal showing minimal GFAP immunoreactivity (I), and minimal GFAP
immunoreactivity in the ventral horn of a naı̈ve animal (J). Scale bars: A, B, J, 100 mm; C–I, 50 mm.
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with associated myelotomy induced flaccid monoparesis of
the forelimb in conjunction with long tract signs, which ap-
pear similar to the clinical manifestations of human brachial
plexus injury. At the microscopic level, this motor dysfunc-
tion was accompanied by a more dramatic loss of spinal mo-
tor neurons in the ventral horn when compared to those with
avulsion without injury to the spinal cord. Moreover, avul-
sion with myelotomy resulted in more pronounced and
evolving white matter degeneration, with more extensive and
persistent associated inflammatory and astroglial changes.
Collectively, these data may have important clinical implica-
tions, demonstrating that the extent of white matter damage
in association with nerve root avulsion plays a critical role in
functional outcome. As such, these findings may inform

strategies to direct therapy for persisting changes postavul-
sion, including those targeted to chronic inflammation.

The poorer clinical outcome and more pronounced loss
of spinal motor neurons in the nerve root avulsion plus mye-
lotomy group compared with the avulsion-only group may be
due to direct mechanical injury to the ventrolateral spinal
cord. It has previously been shown in vivo that the more
proximal axotomy is to the cell body, the more likely it will
induce neuronal degeneration (55). This may also be true in
nerve root avulsion with myelotomy, which presumably in-
duces far more proximal disconnection of axons extending
from the motor neurons. Notably, however, motor neuron
loss was not complete even with this severe damage. In these
animals, rescue or maintenance of ipsilateral motor neurons

FIGURE 8. Graphs showing semiquantitative scores across groups for axonal pathology (A), microglial activation (B), and
astrocytic activation (C), in the ipsilateral versus contralateral spinal cord following both avulsion only (n¼2) and avulsion with
myelotomy (n¼3).
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FIGURE 9. Representative images showing profound fiber atrophy in the biceps muscle ipsilateral to the lesion following avulsion
with myelotomy, (B, D, F) compared to the normal fiber diameters of the contralateral biceps (A, C, E), as demonstrated by
adenosine triphosphatase (ATPase) staining (A, B), nicotinamide adenine dinucleotide hydrogen-tetrazolium reductase (NADH-
TR) staining (pH 9.4) (C, D), and hematoxylin and eosin (H&E) (E, F). Specifically the right biceps displayed fibers that were of
small diameter and frequently had angulated profiles. Note that NADH-TR staining revealed numerous fibers with zones of
central pallor surrounded by an outer zone of relatively darker staining typical of targetoid fibers (D). All scale bars: 100 mm.
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may reflect axon trajectories not disrupted by the avulsion
and/or myelotomy, differential support of individual motor
neurons, or simply a more delayed degeneration process for
some neurons. While it is currently unclear how survival of
motor neurons at the level of nerve root avulsion affects re-
covery, future studies with this experimental model could ex-
plore potential mechanisms.

Interestingly, the limited degree of motor neuron death
following avulsion injury in our large animal model of neo-
natal BPI is markedly dissimilar to the near-complete loss
observed in adult small animal models of brachial plexus in-
jury (9, 56–60). While we used similar techniques to create
avulsion only injury, we observed only a 25% to 33% cell
loss across injury levels at 6 weeks. Even in the setting of
avulsion and myelotomy, only approximately half of the spi-
nal motor neurons at the levels of injury underwent cell death
(range: 45%–66%). This overt difference in the models may
reflect species-specific responses, age effects, or both. For
the former, small animals have a relatively short distance
from the nerve root to the motor neuron. Therefore, the more
proximal site of axon transection in rodent models may be
far more injurious to motor neurons than the same injury in
the piglet. Notably, the size of the piglet nerve roots and spi-
nal cord are relatively similar to those of a human infant, so
the preservation of some motor neurons in the swine model
suggests that the same may be true for human infant nerve
root avulsion.

In addition to anatomic size, the age at which nerve
root avulsion occurs may have a dramatic effect on motor
neuron survival. In particular, “younger” motor neurons may
be primed for more robust survival, especially in the postna-
tal period. Notably, the profile of trophic support for neurons
is known to vary greatly through the course of development
and could influence the response to injury (61–63). While
this may reflect an evolutionary strategy to reverse major
nervous system injury due to birth trauma (64), further stud-
ies are needed to characterize the age-dependent survival ca-
pacity of spinal motor neurons after axotomy. Regardless, in
cases of neonatal brachial plexus injury without complete
avulsion resulting in disconnection of the nerve root, survival
of the motor neurons is essential to enable motor fiber regen-
eration all the way down the limb of an infant, which is not
thought possible in the adult.

Neuropathological examination also demonstrated the
surprisingly dynamic and progressive nature of neonatal BPI.
Similar to previous observations in clinical cases and animal
models of severe brain and spinal cord injury (45, 65–68),
we found that white matter continued to degenerate even
many weeks after the initiating injury, as evidenced by ongo-
ing axonal transport interruption demonstrated by accumula-
tion of APP. Similarly, ultrastructural changes to axons were
demonstrated subacutely following a model of avulsion in
cats (69). As such, it appears that the initial mechanical in-
jury triggered a persistent, progressive degenerative process,
particularly of white matter axons, as has recently been ob-
served in traumatic brain injury (45). This was accompanied
by a loss of myelin, likely secondary to axonal loss and dys-
function. Interestingly, previous studies in brain and spinal
cord injury indicate that downregulation of myelin protein

genes (70), and apoptosis of oligodendrocytes (71) can occur
postinjury and may contribute to progressive white matter
degeneration.

As suggested for other CNS injuries, persistent inflam-
matory changes may also play a contributory role in progres-
sive pathology (45, 72, 73). Here, we observed abundant
astrocytosis and microglial reactivity in the spinal cord at 6
weeks postinjury. It is possible these cells contribute to the
repair process by clearing debris and absorbing deleterious
neurochemicals. In particular, phagocytosis and proteolysis
of degenerating axon and myelin fragments would be impor-
tant to limit inhibitors of short distance axon regeneration
and for general tissue recovery (74–76). Notably, Iba-1-posi-
tive cells with an amoeboid morphology, consistent with ap-
pearance of macrophages, were frequently observed in
regions of extensive and active white matter degeneration.
Whether this persistent inflammation is responsible for ongo-
ing axonal degeneration or, in contrast, is induced in re-
sponse to axonal pathology, is unclear. Conspicuously,
increased inflammation and gliosis were also observed even
on the side of the cord contralateral to lesion, primarily in
those animals with avulsion and myelotomy. Notably, al-
though the number of animals was limited, there was some
evidence indicating a possible decrease in motor neurons in
the contralateral C6 spinal level following avulsion with
myelotomy. Given the observation of worse functional defi-
cits contralateral to the lesion in this group, it raises the pos-
sibility that persistent and more diffuse neuroinflammatory
responses may contribute to cell injury and clinical effects.
As such, this model permits the ability to observe the tempo-
ral course of both the possible reparative and destructive in-
flammatory responses and inform potential therapeutic
strategies for neonatal BPI.

As anticipated, spinal cord avulsion with and without
myelotomy resulted in marked neurogenic muscle atrophy.
Notably, fiber-typing studies indicated a degree of prefer-
ential type II fiber atrophy, in contrast to the reported
mixed fiber atrophy typical of neurogenic atrophy in hu-
mans. This may be related to the baseline differences in
muscle fiber type pattern and distribution in swine, which
have previously been shown to vary with multiple factors in-
cluding age and strain (77–79). Furthermore, some reports in-
dicate regions with a baseline predominance of type II fibers,
consistent with what we observed (77). Thus, the observed dif-
ferential atrophic fiber type response may be a swine-specific
phenomenon.

Taken together, the present data demonstrate potential
neuropathological features of nerve root avulsion injury that
account for poor functional outcomes. In particular, direct
damage to the white matter due to trauma not only appears to
affect long tracts traveling through the avulsion site, but also
induces greater motor neuron death, progressive axon degener-
ation and myelin loss, and persistent inflammatory changes.
Notably, given the complexity of large animal studies, the
number of animals included in this study is small and future
experiments may require further validation using a larger sam-
ple size for both groups. Nonetheless, in marked contrast to
small animal models, even with the most severe neonatal BPI
in the piglet some motor neurons survived. Importantly, if this
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is also the case for neonatal BPI in humans, there may be ratio-
nale to repair the avulsion to permit regeneration of motor
axons. Even without considerations of repair, further work is
needed to develop strategies that will mitigate progressive neu-
ropathological changes in the spinal cord after neonatal BPI to
improve functional outcome.
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