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Abstract

Neonatal brachial plexus palsy (NBPP) is a common brachial plexus
(BP) injury resulting from overstretching of the BP complex during
complicated birthing scenarios. Mechanical stretch induced structural
changes in nerve tissue include axonal injury, causing cytoskeletal
alterations, axonal swelling, and impaired axonal transport and are
directly related to dysfunction and degeneration. Limited research exists
on the structural changes in the neonatal BP when stretched. This study
addresses this gap using a neonatal piglet animal model and investigates
the extent of vascular and fiber damage as well as the extent of impaired
axoplasmic transport at varying strains in neonatal BP. BP terminal
nerves (musculocutaneous, median, ulnar, and radial) were stretched to
three strain ranges, namely <10% (mild), 10-20% (moderate), and >20%
(severe) strains. All stretched BP terminal nerves had significant changes
in their vascular and nerve fiber structure when compared to sham that only
underwent surgical procedure. Modified scoring systems for vascular and
nerve fiber changes reported vascular and nerve fiber changes to increase
with increasing strains. Furthermore, the area of nerve fibers decreased
with increasing strain. Axoplasmic transport impairment, measured by
beta-amyloid precursor protein (BAPP) accumulation at the injury site,
also increased with strain. Also, the stretched nerves were significantly
differed from sham. This study provides critical insights into strain-
induced structural changes in the neonatal BP nerves, highlighting strain
dependency in vascular damage, nerve fiber changes, and axoplasmic
transport impairments thereby enhancing our understanding of injury

severity during NBPP injury.

Keywords: Neonatal brachial plexus; Nerve injury; Strain; Structural
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impairment

Abbreviations: NBPP — neonatal brachial plexus palsy; BP — brachial
plexus; MSC — musculocutaneous; 3D — three-dimensional; 2D — two-
dimensional; H&E — hematoxylin & eosin; NF-IF — neurofilament-
immunofluorescence; PAPP-IF — Dbeta-amyloid precursor protein-
immunofluorescence; PBS — phosphate-buffered saline; OCT — Optimal
Cutting Temperature

Introduction

During complicated birthing scenarios, brachial plexus (BP) nerves can
be overstretched, resulting in significant injury known as neonatal brachial
plexus palsy (NBPP) [1,2]. These BP injuries can present as overstretched
(stretched but not ruptured), ruptured (completely broken), avulsed (detached
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from the spinal cord), or combinational injuries [1,3-8].
Despite technological improvements in the field of obstetric
care, NBPP continues to significantly impact infants’ lives,
with a worldwide incidence of 1 to 5 per 1000 live births
[1,9-11]. The severity of injury is typically determined after
the first three months of birth, where 70-90% of infants
with NBPP report spontaneous recovery [1,2,7,12,13], and
30-40% report permanent injury resulting in reduced range
of motion with decreased strength, size, and girth of the
affected upper extremity [7,8,14]. A recent study reported the
incidence of spontaneous recovery of NBPP to be less than
previously postulated [15], thereby increasing the need to
better understand NBPP injury mechanism and its outcomes.

Axonal injury is a complex pathophysiological process
that directly relates to nerve tissue damage and resulting
functional impairment. Tensile and shear forces from
traumatic mechanisms are the primary cause of axonal injury
[16-18]. Axonal injury leads to a variety of structural changes
including axonal swelling and cytoskeleton alterations [19].
Several human cadaveric and animal studies have reported
mechanical stretch induced structural changes in the nerves,
such that varying degrees of stretch lead to varying amounts
of nerve tissue damage. Warner et al., 2020 showed that
structural damage in adult rat sciatic nerves increased
as stretch injury increased [20]. Additional studies have
investigated axonal injury induced cytoskeleton alterations
and subsequent axonal swelling that directly relates to
neuronal dysfunction and degeneration [16-19]. Using the
optic nerve from adult guinea pigs, Bain et al., 2000 and
2001 studies reported in vivo tissue-level thresholds for
axonal injury by comparing the observed structural damage
to the estimated tissue strain and displacement, respectively.
Singh et al. [27] reported structural changes in adult rat
nerve roots at various strains (<10%, 10-20%, and >20%)
and strain rates (0.01 mm/sec, 1 mm/sec, and 15 mm/sec).
The study used beta-amyloid precursor protein (BAPP) and
silver impregnation staining techniques to examine the extent
of injury as evidence by impaired axoplasmic transport and
fiber alignment, respectively, at various strains and strain
rates. The silver impregnation technique showed increased
spacing and torn or fragmented fibers due to stretch injury
at the various strains and strain rates compared to control
nerve roots. Furthermore, the rate of occurrence of spacing
between fibers and tearing of fibers increased at the higher
strain groups. While these studies in adult human tissues and
animal models, using various histological techniques, have
characterized and quantified the related structural changes at
various degrees of stretch, no such studies exist in neonates.

Neonatal nerve injuries can be sustained during traumatic
events such as complicated birthing scenarios. Proper
diagnosis and treatment of these injuries require a detailed
understanding of structural injury mechanisms. This study
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aims to address this significant gap by investigating structural
changes in the neonatal BP at varying degrees of strain. A
neonatal piglet animal model is used to induce varying degrees
of stretch to the BP terminal nerves (musculocutaneous,
median, ulnar, and radial). Neuroanatomical similarities
between piglet and human neonates guide the choice of the
animal model used in this study.

Methods

The Drexel University Institutional Animal Care and Use
Committee (IACUC) approved all animal procedures. Figure
1 summarizes the presented methodology.

Surgical preparation

Twenty-eight neonatal Yorkshire piglets (3-5 days old)
provided the 128 BP nerves (n=32 for each musculocutaneous,
median, ulnar, and radial nerve segments) that were used
in this in vivo study. After a minimum fasting period of 2
hours, piglets were sedated by intramuscular injection of
ketamine (20 mg/kg) and xylazine (1.5 mg/kg). Piglets were
endotracheally intubated and kept under anesthesia with a
mixture of 2.5% isoflurane and a combination of oxygen and
nitrous oxide in equal proportions. Intravenous and arterial
lines were established in the subcutaneous abdominal vein and
femoral artery, respectively. Heart rate, oxygen saturation,
core body temperature, and end-tidal carbon dioxide were
recorded at 15-minute intervals, and arterial blood gases
(pH, p0O2, pCO2) were collected and evaluated at 30-minute
intervals until the end of the experiment.

Surgical procedure

Surgical procedures described previously were used to
expose the BP complex bilaterally [21,22]. Briefly, a midline
incision was made over the trachea down to the upper third of
the sternum with piglets in the spine position and the upper
limbs in abduction. Then, the superior and inferior flaps
were carefully released, and the BP complex was carefully
exposed. The BP was thoroughly examined to identify the
bifurcations of the divisions (M shape) and the segments
closer to the spine were labeled as root/trunk, and those below
the bifurcations were labeled as cord/nerve segments [23].
The four BP terminal nerves (musculocutaneous, median,
ulnar, and radial), corresponding to three to four BP nerve
root levels, were identified.

In vivo Tensile Biomechanical Testing Device

A custom-built mechanical testing setup previously
described by Singh et al. [22,23] was used for in vivo stretch
of BP nerves. Briefly, the setup included an actuator, a load
cell, a custom-made nerve clamp, and a three-dimensional
(3D) stereo-camera imaging system. A custom MATLAB
(MathWorks, Natick, MA, USA) code controlled the
actuator, load cell, and 3D stereo-camera imaging system for
synchronous recording.
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Figure 1: Procedure, data analysis and histological analysis details.

In vivo Tensile Biomechanical Testing

Bilateral in vivo tensile biomechanical testing was
conducted on each animal. The four BP terminal nerves
(musculocutaneous, median, ulnar, and radial) were stretched
to three pre-determined strain ranges (<10%, 10-20%, and

>20%) to represent mild, moderate, and severe stretch type,
respectively. To achieve pre-determined strain ranges, the
initial length of the clamped BP terminal nerve was used to
displace the actuator accordingly. Table 1 summarizes testing
procedure for each BP terminal nerve stretched to each pre-
determined strain range.

Table 1: Table summarizing number of brachial plexus (BP) terminal nerves stretched to three pre-determined strain ranges and corresponding

stretch type.

Pre-determined Strain Range Stretch Type

Musculocutaneous

<10% Mild 8
10-20% Moderate 8
>20% Severe 8

The BP terminal nerves were distally cut before stretching
and attached to the clamp at the end of the testing setup. Two
to four markers were placed along the clamped BP terminal
nerve using an ink-based skin marker. The initial length of
the clamped BP terminal nerve was measured and used to
calculate how much the actuator was displaced to achieve the
pre-determined strain ranges. The ZED Mini stereo-imaging
camera system was positioned above the clamped BP nerve
to capture the displacement of markers during stretch, which
were later used to determine 3D tissue strain. The desired

BP Terminal Nerves

Median Ulnar Radial
8 8 8
8 8 8
8 8 8

actuator displacement was entered in the custom MATLAB
code, and the actuator, load cell, and stereo-imaging camera
system were simultaneously activated. The actuator pulled
the BP terminal nerve at 500 mm/min until the entered
displacement value to achieve the pre-determined strain
ranges. The load and displacement data were acquired at
1000 Hz and the camera images were captured at 100 frames
per second (FPS). After each test, BP terminal nerves were
unclamped and remained attached to their native anatomical
site within the body for three hours, except in the high-strain
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group, where a complete failure along the length of BP or
avulsion occurred. Saline solution was used throughout
testing to ensure BP nerves remained hydrated before, during,
and after testing.

Strain analysis

As previously described in Orozco et al., 2024, the open-
source DLTdv Digitizing Tool [24] was used to track the
two-dimensional (2D) displacements of the placed markers
of the left and right camera images obtained from the stereo-
camera imaging system [25]. The percent strain between
each adjacent maker was calculated at each time point until
the last frame of the test by dividing the change in length
by the initial length and multiplying by 100. The strains
between each adjacent marker were averaged to determine
the actual strain of the BP terminal nerves stretched to the
pre-determined strain ranges.

Tissue preparation

All stretched BP terminal nerves were harvested three
hours post-stretch. Four additional animals that only
underwent surgical procedures were used to obtain 32 sham
BP terminal nerves (eight per each BP terminal nerve:
musculocutaneous, median, ulnar, and radial).

The tested (n = 96) and sham (n = 32) BP nerve samples
were fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 48 hours. Then, the tissue samples were
cryoprotected in 30% sucrose for 48 hours or until the tissue
sank to the bottom and embedded longitudinally using the
Optimal Cutting Temperature (OCT) compound. 10-um-thick
serial longitudinal sections were processed for hematoxylin
& cosin (H&E), neurofilament-immunofluorescence (NF-
IF), and beta-amyloid precursor protein-immunofluorescence
(BAPP-IF) immunostaining staining using standard protocols
[26,27].

Staining

In this study, 384 slides were processed for each
staining technique. This included four different BP nerves
(musculocutaneous, median, ulnar, and radial), three locations
(two peripheries and one center), and three pre-determined
strain ranges (<10%, 10-20%, >20%) and sham tissue. Each
slide contained 2-4 longitudinal sections. This process was
duplicated eight times for each nerve to comprehensively
assess 384 slides per staining technique.

Hematoxylin & Eosin (H&E)

Longitudinal sections were stained with standard H&E
staining protocol to examine vascular changes of the BP
terminal nerves at varying degrees of stretch.

Immunofluorescence Staining

To examine nerve fibers and extent of axoplasmic transport
impairment at varying degrees of stretch, longitudinal
sections were stained with NF-IF and BAPP-IF, respectively.
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Nerve sections were washed twice with deionized water and
PBS. The slides were incubated with 10% normal goat serum
(Invitrogen, Waltham, MA, USA) to block non-specific
binding for 1 hour at room temperature. The sections were
then incubated overnight at 4°C in either anti-neurofilament
M (1:200, Abcam, Cambridge, UK) antibody, which stains
for medium chain proteins, or beta Amyloid Polyclonal
(1:100, Invitrogen, Waltham, MA, USA), which stains for
beta-amyloid peptides. The sections were then washed three
times in PBS and incubated with goat anti-Rabbit IgG, Alexa
Flour 488 (Invitrogen, Waltham, MA, USA) for 2 hours at
room temperature.

Histological analysis

A blinded observer imaged each longitudinal section
along the nerve length from the proximal end to the distal end
at 10X magnification using a Leica DMI 4000B microscope
(Lecia, Wetzlar, Germany). The deidentified image files were
saved and used for scoring.

Scoring system for vascular changes

To assess vascular change at varying degrees of stretch,
10X images of H&E-stained slides taken along the nerve
length from the proximal to distal end were scored on a scale
of 0-2 by an observer blinded to the study design. Table 2
details the modified scoring system used to assess vascular
changes. A score of 0 was defined as no to minimal change,
where the blood vessel walls remained intact and red blood
cells (RBCs) remained compact. A score of 1 was described
as moderate change, where the blood vessel wall remained
intact, but there was increased spacing between the RBCs.
A score of 2 was defined as severe change, where the blood
vessel walls ruptured and there were scattered RBCs and/or
dispersed RBCs within the tissue.

Table 2: Modified scoring system for vascular changes in the
neonatal BP H&E sections.

Score Definition H&E Representative Notations
Value Images
Intact blood vessel
No to
L wall (black arrow);
0 minimal
change compact RBCs
(white arrow)
Intact blood vessel
Moderate wall with spacnfg
change (black arrow);
9 minimal scattered
RBCs (white arrow)
Broken blood vessel
Severe wall with scattered
2 RBCs; dispersed
change

RBCs within tissue
(black arrow)

RBCs: Red blood cells. Black scale bar = 400 pm
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Scoring system for nerve fiber changes

To assess nerve fiber changes at varying degrees of

stretch, 10X images of NF-IF-stained slides taken along the
nerve length from the proximal to distal end were scored on
a scale of 0-4 by an observer blinded to the study design.
Table 3 details the modified scoring system used to evaluate
the changes observed in the nerve fibers. A score of 0 was
defined as normal where the nerve fibers held their wavy
pattern and remained compact. A score of 1 was described as
straightening of the nerve fibers where the nerve fibers began

to lose their wavy pattern while remaining intact. A score of

2 was defined as increased spacing between the straightened
nerve fibers while remaining intact. A score of 3 was defined
as fiber fragmentation where the nerve fibers began to break.
A score of 4 was defined as complete disruption where the
nerve fibers were no longer intact, and the space further
increased.

Table 3: Modified scoring system for nerve fiber changes in the
neonatal BP NF-IF sections.

Score NF-IF
Definition Representative Notations
Value
Images

The fibers hold
their wavy pattern
(white arrow)
with no increase
in space or
breakage

0 Normal

The uniform wavy
pattern begins to
straighten (white
arrow), while
fibers remain
intact

Straightening
of fibers

-

The fibers are

still intact, with
a complete loss
of the wavy
Increased !
2 spacin pattern (white
: 9 arrow) and an
increased amount

of spacing (red
double arrow)

The fibers begin
to fragment
(white arrow)
while the spacing
increases (red
arrow)

Fiber
fragmentation

The fibers are no

longer intact with

even more space
between them

Complete
disruption

White scale bar = 200 ym
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To use the modified scoring system for fiber changes,
images were opened in Image] (NIH, Bethesda, MD,
USA) to add four quadrants. Each quadrant was scored and
averaged for an overall score for that image. Figure 2 shows
representative 10X NF-IF-stained images of a sham and a
stretched sample with four quadrants. In Figure 2A, each
quadrant was given a score of 0 for a final average score of 0
for the image of the sham nerve. In Figure 2B, quadrant 1 was
scored a 4, quadrants 2 and 3 were scored a 2, and quadrant 4
was scored a 4, for a final average score of 3 for the image of
the stretched nerve.

Average Score =0 Average Score =3

Figure 2: Representative neurofilament-immunofluorescence-
stained images of (A) a sham and (B) a stretched brachial plexus
terminal nerve. Each image was divided into four quadrants (red
lines), scored individually, and averaged for an overall score for that
image. The scores for each quadrant and average score (highlighted
in yellow) are below each respective image.

Figure 3: Representative image of a (A) NF-IF image and respective
(B) binarized image of the NF-IF image. The widest nerve fascicle
was identified, and a 150%150 pixel square box was placed at the
center of the widest nerve fascicle. The percent area of the positive
NF (white) within the box was measured. NF-IF: Neurofilament-
immunofluorescence.

Extent of nerve fiber disruption

The extent of fascicle change was defined as the area of
the positive NF staining within the widest nerve fascicle in
each 10X image of NF-IF-stained slides taken along the nerve
length from the proximal to the distal end. Using Imagel,
a custom macro was created to import the original image
(Figure 3A), binarize the imported image (Figure 3B), and set
a universal threshold. The widest fascicle was identified by
measuring the diameters of each visible fascicle within each
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image. A 150x150 pixel square box was placed at the center
of the widest nerve fascicle. The percent area of the positive
NF within the 150 x150 pixel box was measured.

Extent of axoplasmic transport impairment

The extent of axoplasmic transport impairment was
defined as the positive BAPP accumulation within each 10X
image of BAPP-IF-stained slides taken along the nerve length
from the proximal to the distal end. Using ImageJ, a custom
macro was created to import the original image (Figure 4A),
binarize imported image (Figure 4B), and set a universal
threshold. A 150x150 pixel square box was placed in the
region with the most positive BAPP, if any, that was green
in the original image and now white in the binarized image
(Figure 4B). The percent area of the positive BAPP within the
150x150 pixel square box was measured.

Statistical analysis

SPSS software version 29 (IBM, Armonk, NY, USA) was
used to perform statistical analysis. The structural changes
observed by vascular score, nerve fiber score, percent nerve
fiber area, and percent PAPP accumulation are reported as
mean + standard deviation (mean + SD). A Shapiro-Wilk test
for normality was performed and determined that vascular
score, nerve fiber score, percent nerve fiber area, and percent
BAPP accumulation did not follow a normal distribution.
A non-parametric Kruskal-Wallis test followed by a
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Bonferroni post-hoc test was performed to assess how the
two independent factors influenced the structural changes:
location (two peripheries and one center) and strain ranges
(<10%, 10-20%, and >20%). The significance level was set
at p <0.05.

Results

A total of 96 BP terminal nerves, 24 per each BP terminal
nerve (musculocutaneous, median, ulnar, and radial) and 8
per strain ranges (<10%, 10-20%, and >20%) and additional
8 shams per BP terminal nerve. The sham samples only
underwent surgical procedures with no biomechanical testing.
The stretched BP terminal nerves were grouped based on their
actual measured strain from the pre-determined strain tests
and grouped in the strain ranges and corresponding stretch
types. Table 4 details the total number of BP terminal nerves
within each strain range and their average measured strains
(shown in mean + standard deviation).

Histological findings

The 96 tested BP terminal nerves plus the 32 shams
samples (8 per BP terminal nerve) were processed for
qualitative and semi-quantitative histological assessment.
Three longitudinal slides, two from the periphery and one
from the center with 2-4 longitudinal sections for each BP
terminal nerve at each strain group plus sham were stained
with H&E, NF-IF, and BAPP-IF to assess vascular change,

Figure 4: Representative image of a (A) BPAPP-IF image and respective (B) binarized image of the BAPP-IF image. A 150x150 pixel square
box was placed in the region with the most positive BAPP, if any. The percent area of the positive BAPP within 150150 pixel square box was
measured. BAPP-IF: Beta-amyloid precursor protein-immunofluorescence.

Table 4: Summary table shows the total number of tested brachial plexus terminal nerves per strain range, stretch type, and average measured

strains.

Brachial Plexus Terminal Nerves

Strain Ranges Stretch Type Musculocutaneous

<10% Mild 4.8+2.5% (n = 8)
10-20% Moderate 12.542.2% (n = 8)
>20% Severe 27.145.4% (n = 8)

Values are reported as mean + standard deviation.

6.1£2.4% (n = 8)
14.9+3.0% (n = 8)
45.8+38.8% (n = 8)

Radial
3.9+1.8% (n = 8)
11.6£1.5% (n = 8)

51.1+14.8% (n = 8)

Median Ulnar
5.122.0% (n = 8)
13.3+3.0% (n = 8)

32.3+10.5% (n = 8)
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Ulnar Median MSC

Radial

Figure 5: Representative hematoxylin & eosin images of observed
vascular changes scored on a scale of 0-2 for each brachial plexus
terminal nerve. Black arrow with white outline shows intact blood
vessel walls and yellow arrow with red outline shows compact red
blood cells together defining a score of 0. Black arrow with white
outline shows intact blood vessel walls and white arrow with black
outline shows increased spacing between red blood cells, indicating
a score of 1. A yellow arrow with red outline shows a broken blood
vessel wall with scattered red blood cells representing a score of 2.
MSC: Musculocutaneous. White scale bar = 400 um.

nerve fiber change and extent of fiber disruption, and extent
of axoplasmic transport impairment, respectively.

Increasing stretch increased the observed vascular
changes

H&E-stained slides were examined for any vascular
change as defined by the modified scoring system described in
Table 2. The modified scoring system showed that as stretch
increased, the observed vascular changes increased for each
BP terminal nerve (musculocutaneous, median, ulnar, and
radial). Figure 5 shows representative images of the observed
vascular changes scored 0-2 for each BP terminal nerve.

( A) Musculocutaneous (B) Median

2 e eee e 00
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Vascular changes with respect to location

For each BP terminal nerve, two slides from the peripheries
(P) and one from the center (C) were examined from the
shams and stretch groups mild, moderate, and severe that
correspond to the strain ranges <10%, 10-20%, and >20%,
respectively. No significant differences in vascular changes
were found between the two periphery sections and the one
center section of the musculocutaneous (p = 0.75, Figure 6A),
median (p=0.97, Figure 6B), ulnar (p =0.51, Figure 6C), and
radial (p = 0.43, Figure 6D) BP terminal nerves stretched at
various strains.

Vascular changes with respect to strain range

The observed vascular change increased with increasing
strain in all BP terminal nerves (musculocutaneous, median,
ulnar, and radial). In the musculocutaneous (Figure 7A),
median (Figure 7B), ulnar (Figure 7C), and radial (Figure
7D) BP terminal nerves, the sham was significantly different
from the three stretch groups. It was also found that in the
musculocutaneous (Figure 7A) and radial (Figure 7D) BP
terminal nerves the severe stretch group was significantly
greater than the mild and moderate stretch groups. In the
median (Figure 7B) and ulnar (Figure 7C) BP terminal nerves
the serve stretch group is only significantly greater than the
mild stretch group. In the median (Figure 7B) BP terminal
nerve the moderate stretch group was significantly greater
than the mild stretch group.

Increasing stretch increased the observed nerve fiber
changes

NF-IF-stained slides were examined for nerve fiber
changes as defined by the modified scoring system described
in Table 3. The modified scoring system showed that nerve
fiber changes increased with increasing strain for each BP
terminal nerve (musculocutaneous, median, ulnar, and
radial). Figure 8 shows representative images of nerve fiber
changes scored on a scale of 0-4 for each BP terminal nerve.

Nerve fiber changes with respect to location

For each BP terminal nerve, two slides from the peripheries
(P) and one from the center (C) were examined from the

(C ) Ulnar (D) Radial

2 ce e oge e

2 08,0, o, 00

Average
Vascular Score

Average
Vascular Score

Average
Vascular Score

Average
Vascular Score

eofse

Location Location

O-f e
L]

Location Location

Figure 6: Bar graphs of mean + standard deviation of average vascular score at the two peripheries (P) and one center (C) of (A) musculocutaneous,
(B) median, (C) ulnar, and (D) radial brachial plexus terminal nerves. Solid black circles represent each data point for that location. Error bars

represent plus and minus standard deviation.
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Figure 7: Bar graphs of mean + standard deviation of average vascular score of (A) musculocutaneous, (B) median, (C) ulnar, and (D)
radial brachial plexus terminal nerves stretched to <10%, 10-20%, and >20% strain ranges to represent mild, moderate, and severe stretch
types, respectively, plus sham samples. Error bars represent plus and minus standard deviation. Solid black circles represent each data point.
k.

1 p <0.05.

Score 0 Score 1 Score 2 Score 3 Score 4

Ulnar Median MSC

Radial

Figure 8: Representative neurofilament-immunofluorescence images showing observed nerve fiber changes scored on a scale of 0-4 for each
brachial plexus terminal nerve. White arrow shows wavy pattern representative of score 0. A red arrow with a white outline show straightening
of fibers indicating a score of 1. Double red arrow with white outline shows increasing spacing between fibers defining a score of 2. Yellow
arrow with white outline shows fiber fragmentation representing a score of 3. Yellow arrow with red outline shows complete disruption
defining a score of 4. MSC: Musculocutaneous. White scale bar = 200 pum.
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Figure 9: 1 Bar graph of mean =+ standard deviation of average nerve fiber score at the two peripheries (P) and one center (C) of (A)
musculocutaneous, (B) median, (C) ulnar, and (D) radial BP terminal nerves. Solid black circles represent each data point for that location.
Error bars represent plus and minus standard deviation.
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shams and stretch groups mild, moderate, and severe that
correspond to the strain ranges <10%, 10-20%, and >20%,
respectively. No significant differences in the average nerve
fiber score were found between the two periphery sections
and one center section of the musculocutaneous (p = 0.30,
Figure 9A), median (p = 0.90, Figure 9B), ulnar (p = 0.10,
Figure 9C), and radial (p = 0.32, Figure 9D) BP terminal
nerves at the varying degrees of stretch.

Nerve fiber changes with respect to strain range

The average nerve fiber score significantly differed
between the sham and stretch groups for each BP terminal
nerve (musculocutaneous, median, ulnar, and radial). In the
musculocutaneous (Figure 10A), median (Figure 10B), ulnar
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(Figure 10C), and radial (Figure 10D) BP terminal nerves,
the sham was significantly different from the three stretch
groups. For all the BP terminal nerves, it was found that the
average nerve fiber score in the moderate stretch group was
significantly greater than the mild (Figure 10A-D) stretch
group and the average nerve fiber score in the severe stretch
was significantly greater than the mild (Figure 10A-D) and
moderate (Figure 10A-D) stretch groups.

Percent nerve fiber area decreased with increasing
stretch

NF-IF-stained slides were examined for extent of fascial
damage by measuring the percent of nerve fiber area within
the widest fascicle. As stretch increased, the percent of
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Figure 10: Bar graphs of mean + standard deviation of average nerve fiber score of (A) musculocutaneous, (B) median, (C) ulnar, and (D)
radial brachial plexus terminal nerves stretched to <10%, 10-20%, and >20% strain ranges to represent mild, moderate, and severe stretch
types, respectively, plus sham samples. Error bars represent plus and minus standard deviation. Solid black circles represent each data point.
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Figure 11: Representative neurofilament-immunofiuorescence images (left) and respective binary image (right) of brachial plexus levels
(musculocutaneous, median, ulnar, and radial) at various degrees of strains (0%, <10%, 10-20%, and >20%) to represent no, mild, moderate,
and severe stretch, respectively. The red box represents a region of interest where nerve fiber area was measured to evaluate extent of fascicle
changes at various degrees of stretch. MSC: musculocutaneous. Black scale bar = 250 um.
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Figure 12: Bar graphs of mean + standard deviation of average percent nerve fiber area at two peripheries (P) and one center (C) of (A)
musculocutaneous, (B) median, (C) ulnar, and (D) radial BP terminal nerves. Solid black circles represent each data point for that location.

Error bars represent plus and minus standard deviation. *: p < 0.05.
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(D) radial brachial plexus terminal nerves stretched to <10%, 10-20%, and >20% strain ranges to represent mild, moderate, and severe stretch
types, respectively, plus sham samples. Error bars represent plus and minus standard deviation. Solid black circles represent each data point.
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Figure 14: Representative beta-amyloid precursor protein-immunofiuorescence (left) images and respective binary images (right) of brachial
plexus levels (musculocutaneous, median, ulnar, and radial) at various degrees of strains (0%, <10%, 10-20%, and >20%) to represent no, mild,
moderate, and severe stretch, respectively. The red box on binarized image represents a region of interest where the amount of beta-amyloid
precursor protein was measured to examine extent of axoplasmic transport impairment at various degrees of stretch. MSC: musculocutaneous.
Black scale bar = 250 um.
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nerve fiber area within the widest fascicle decreased for
each BP terminal nerve (musculocutaneous, median, ulnar,
and radial). Figure 11 shows representative images of NF-
IF stained slides with their respective binarized image for
each BP terminal nerve (musculocutaneous, median, ulnar,
and radial) at the various strain ranges (<10%, 10-20%,
and >20%) to represent mild, moderate, and severe stretch,
respectively, plus sham (no stretch).

Extent of Fascicle Changes with respect to Location

For each BP terminal nerve, two slides from the peripheries
(P) and one from the center (C) were examined from the
shams and stretch groups mild, moderate, and severe that
correspond to the strain ranges <10%, 10-20%, and >20%,
respectively. No significant differences in the average nerve
fiber score were found between the two periphery sections
and one center section of the musculocutaneous (p = 0.30,
Figure 12A), median (p = 0.90, Figure 12B), and radial (p =
0.32, Figure 12D) BP terminal nerves. Significant differences
between one periphery and the center were found in the ulnar
BP terminal nerve (p < 0.05, Figure 12C).

Extent of fascicle changes with respect to strain
range

The average percent nerve fiber area significantly differed
with respect to strain for each BP terminal nerve. In the
musculocutaneous (Figure 13A), median (Figure 13B), ulnar
(Figure 13C), and radial (Figure 13D) BP terminal nerves, the
sham significantly differed from the three stretch groups. In
the musculocutaneous (Figure 13A) and median (Figure 13B)
BP terminal nerves the severe stretch group was significantly
less than the mild stretch group. In the ulnar (Figure 13C) and
radial (Figure 13D) the mild stretch group was significantly
greater than the moderate and severe stretch groups.

BAPP accumulation increased with increasing

stretch

BAPP-stained slides were used to examine the extent of
axoplasmic transport impairment by measuring the amount
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of positive BAPP. It was found that the amount of positive
BAPP increased as the strain increased. Figure 14 shows
representative images of BAPP-IF stained slides with their
respective binarized image for each BP terminal nerve
(musculocutaneous, median, ulnar, and radial) at various
strain ranges (<10%, 10-20%, and >20%).

BAPP accumulation with respect to location

For each BP terminal nerve, two slides from the
peripheries (P) and one from the center (C) were examined
from the shams and stretch groups mild, moderate, and
severe that correspond to the strain ranges <10%, 10-20%,
and >20%, respectively. No significant differences in APP
accumulation were found between the two periphery sections
and one center section of the musculocutaneous (p = 0.16,
Figure 15A), median (p = 0.83, Figure 15B), ulnar (p = 0.84,
Figure 15C), and radial (p = 0.63, Figure 15D) BP terminal
nerves at the varying degrees of stretch type.

BAPP accumulation with respect to strain range

BAPP accumulation was significantly different between
sham and stretch groups for each BP terminal nerve. In
musculocutaneous (Figure 16A) and median (Figure 16B)
BP terminal nerves, sham significantly differed from the
three stretch groups. In the ulnar (Figure 16C) and radial
(Figure 16D) BP terminal nerves, sham significantly differed
from only moderate and severe stretch groups. The average
percent of positive BAPP was significantly less in the mild
stretch group compared to the severe stretch groups in the
musculocutaneous (Figure 16A), ulnar (Figure 16C), and
radial (Figure 16D). In the median BP terminal nerve, there
were no significant differences between the three stretch
groups (Figure 16B). In the ulnar BP terminal nerve, the
average percent of positive BAPP was significantly less in the
mild stretch group compared to the moderate stretch group
(Figure 16C). The average percent of positive BAPP was
significantly less in the moderate stretch group compared
to the severe stretch group in the radial BP terminal nerve
(Figure 16D).
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Figure 15: Bar graphs of mean + standard deviation of average beta-amyloid precursor protein accumulation at two peripheries (P) and one
center (C) of (A) musculocutaneous, (B) median, (C) ulnar, and (D) radial brachial plexus terminal nerves. Solid black circles represent each
data point for that location. Error bars represent plus and minus standard deviation.
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Figure 16: Bar graph of mean + standard deviation of average percent of positive beta-amyloid precursor protein of (A) musculocutaneous,
(B) median, (C) ulnar, and (D) radial brachial plexus terminal nerves stretched to <10%, 10-20%, and >20% strain ranges to represent mild,
moderate, and severe stretch types, respectively, plus sham samples. Error bars represent plus and minus standard deviation. Solid black circles

represent each data point. *: p <0.05.

Discussion

This study is the first to characterize the related structural
changes of the neonatal BP when subjected to varying degrees
of stretch in a clinically relevant neonatal piglet animal
model. Currently there is limited available morphological
data characterizing the BP let alone the neonate BP due to
stretching. It is known that strain is the primary factor of
axonal injury in peripheral nerves [16-18]. Using data and
methodology of the available studies as a foundation, this
study examined vascular changes, nerve fiber changes and
extent of fascial change, and extent of axoplasmic impairment
in neonatal BP nerve tissue at various strains using H&E,
NF-IF, and BAPP-IF histological techniques, respectively
[26,27].

The peripheral nerve vasculature helps regulate the
microenvironment by supplying oxygen, nutrients, and
waste removal to ensure proper function and heath of the
peripheral nerves [28-32]. Therefore, understanding how
the vasculature of peripheral nerves changes with respect
to various degrees of strains can provide insight into the
functional health of peripheral nerves. In this current study,
using a modified scoring system, it was found that as strains
increased the vascular change increased. The results showed
that sham samples also observed minimal vascular change,
which can be attributed to damage during handling the
tissue during the surgical procedure. Despite this, the sham
samples were significantly different from the stretched
samples. Furthermore, for the four tested BP terminal nerves
(musculocutaneous, median, ulnar, and radial), it was found
that the <10% strain group (mild stretch type) was different
from the other strain groups (10-20% and >20%). Significant
difference in even the <10% group when compared to sham
implies that vascular change in neonatal BP tissue can occur
at strains lower than 10%. Jo et al., 2000 reported vascular
changes, specifically congestions of epineural vessels and
inflammation, were first observed histologically at 24% strain
although blood flow reduction was observed at 8% strain
[33]. Compared to the current study, Jo et al. [33] reported
higher strain of observing vascular changes using histological

techniques can be attributed to the type of nerve used (sciatic
nerve) and the type of animal model (adult rat animal model).

Neurofilaments (NFs) are a structural component of the
neuron’s cytoskeleton. NFs are a dominant intermediate
filament of the axons that primarily provide structural support
[16,34]. These filaments not only provide structural support,
but support axonal and dendritic growth and are involved
in the axoplasmic transport [16,35]. Therefore, any change
to the integrity of nerve fascicles from stretching can lead
to nerve fiber disruption, ultimately affecting the neuron
structural integrity. In the current study, a modified scoring
system was implemented to score NF-IF-stained slides of
the BP terminal nerves (musculocutaneous, median, ulnar,
and radial) at various degrees of stretch. It was found that
compared to the sham samples, which only underwent the
surgical procedure, the stretched samples were significantly
different for each BP terminal nerve. Additionally, it was
found that as stretching increased, the nerve fiber changes
increased. Singh et al. [26,27] found that as stretch increased
the occurrence of nerve fiber damage in adult rat nerve
roots increased. Although a direct comparison cannot be
made between the two studies and the current study, all
three studies conclude that as stretch increased the degree of
structural changes to nerve fibers increased. Warner et al. [20]
examined the rapid-stretch injury response of adult rat sciatic
nerves and found that as stretch increased the nerves began
to lose their wavy, compact pattern and more occurrences of
micro-ruptures were observed. Mahan et al. [36] also found
that as stretch increased nerve fiber damage increased in adult
rat sciatic nerves. They further found that at mild stretches
that corresponded to strains <15% axons remained intact
with signs of loss of nerve fiber undulation (wavy pattern).
In the current study, loss of the undulation pattern in neonatal
BP terminal nerves was first observed at strains <10%. The
difference can be attributed to the animal model used (adult
small animal model vs neonatal large animal model), testing
methodology, and histological assessment.

The extent of fascicle change was examined by measuring
the percent area of a region of interest (ROI) at the widest
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nerve fascicle. It was found that as stretch increased, the
percent area of nerve fibers within the ROI decreased.
Because nerve fiber integrity is affected by stretching, this
resulted in nerve fiber disruption and thus the nerve fibers
began to lose their shape and began to fragment. This resulted
in a decrease in the percent area of nerve fibers.

BAPP is normal constituent of neurons that is transported
by fast axonal transport and is known to be a useful marker
for axonal damage because it accumulates at sites of focal
axoplasmic transport impairment [16,26,37,38]. Although
BAPP is known to be a sensitive marker for identifying
axonal injury, it is important to allow for the protein to
accumulate post-injury. Previous studies showed that BAPP
accumulation appears as early as 3 hours post-injury and the
amount of detected accumulation increased the longer the
survival time post-injury [37,38]. Therefore, for this current
study the BP terminal nerves were harvested 3 hours post-
stretch to allow time for BAPP to accumulate, if any, at the site
of injury. In the current study, it was found that the percent
area of positive PAPP increased with strain in each of the BP
terminal nerves. In addition, it was found that the amount of
BAPP accumulation was significantly different between the
stretched nerves and sham of each BP terminal nerve. Singh
et al. [26,27] using adult rat nerve roots demonstrated that
the occurrence of BAPP was strain and displacement rate
dependent. Although the two previously reported studies
cannot be directly compared to the current study, all these
studies confirm that axoplasmic transport impairment
increased and the occurrence of BAPP and accumulation was
strain dependent, respectively, such that BAPP increased with
increasing strain.

To determine if structural changes occurred throughout
the peripheral nerve or localized to a specific location within
the peripheral nerve, three longitudinal sections (two from
the peripheries and one from the center) were examined for
each of the three histological techniques. When examining
vascular changes, nerve fiber changes, and extent of
axoplasmic transport through BAPP accumulation, there were
no significant differences between the two peripheries and the
center. Singh et al. [26,27] found similar results using adult
rat nerve roots. Therefore, for these histological assessments
it is assumed that the strain was uniformly distributed across
the cross-section of the entire stretch nerve. However, when
examining the extent of fascicle changes by measuring the
nerve fiber area, significant differences were found between
one periphery and the center of the ulnar BP terminal nerve.

Although the BP terminal nerves were grouped based on
their actual strain as a result from the pre-determined strain
testing (<10%, 10-20%, and >20%), the moderate stretch
group which corresponds to 10-20% strains had a wide range.
This can be attributed to segments along the BP terminal
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nerves experiencing lower or higher strains since each BP
terminal nerve bifurcate from various levels. However, greater
structural changes were observed in 10-20% compared to the
sham and <10% groups.

Conclusions

Using a clinically relevant neonatal piglet animal model,
this study characterized an in-depth structural change in
neonatal BP tissue at various strain ranges using various
immuno-histological techniques. This study demonstrated
vascular changes, nerve fiber changes, and extent of
axoplasmic transport impairment increased with increasing
strains. Additionally, this study found that as strains
increased the area of nerve fiber decreased. This histological
data at various strains can aid in the understanding of the
injury mechanism of NBPP and thus help clinicians with
diagnosis and prognosis of NBPP. The obtained data can also
help establish a structural injury threshold for the neonatal
BP. When combined with functional studies, a direct
correlation can be established between electrophysiological
and functional outcomes of BP injuries [39,40]. The reported
study serves as a foundation to future studies that can further
the understanding of neonatal BP injury mechanism and
advance the science of neonatal care.
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