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Role of bone marrow derived pluripotent stem
cells in peripheral nerve repair in adult rats:
A morphometric evaluation
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ABSTRACT

Objectives: Semi-quantitative and quantitative assessment of the effect of bone marrow-derived mononuclear cells
(BM-MNC) on earlyand late phase of nerve regeneration in rat sciatic nerve model. Materials and Methods: Sciatic nerve
transection and repair was performed in 50 inbred female Wistar albino rats divided equally in two groups. In the test
group the gap was filled with BM-MNCs obtained from the two male rats and fibrin sealant, while in the control group
only fibrin sealant was used. Sciatic nerve was harvested at 15 days and at 60 days interval. Parameters of regeneration
were assessed at anastomosis (G), intermediate distal (C), and distal site (A). Semi-quantitative (histopathological)
and quantitative (morphometric) parameters were analyzed. Results: At 15 days there was a statistically significant
difference found in mean axon diameter, mean nerve thickness and myelin thickness at the repair site (P < 0.05).
However, in the distal areas, the axons were sparse and myelin rings were very thin in both the groups. At 60 days, the
difference in above-mentioned parameters was statistically significant at the distal most sites. FISH assay confirmed
the presence of Y chromosome, confirming the presence of BM-MNCs from the male rats. Conclusions: Transplanting
BM-MNC,at the site of peripheral nerve injury leads to significantly better recovery. These differences were evident
at the repair site and at the intermediate distal site at 15 days and at the distal most sites at 6o days. With practically
no ethical issue regarding their isolation and application, they can be easily used for clinical trials.
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Introduction

Axonal regeneration in injured peripheral nerve is
slow process and associated with poor outcomes if
nerves are not restored surgically. The growth of
regenerating axons is supported by local Schwann cells
by providing the necessary environment rich in growth
factors, neurotrophins, cell adhesion molecules, and
transcriptors.»? Thus, Schwann cells acts as a crucial
component of nerve regeneration.
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Over the years Schwann cell remained the main focus
among researchers. Initial attempts were to deliver the
Schwann cells directly to the injury site for improving
the myelination and regeneration.’*! However, initial
enthusiasm was faded by the practical difficulty of
harvesting Schwann cells by invasive nerve biopsies
and long durations of in vitro cultures to attain the
optimal delivery concentrations. Various embroyonic cell
lines were used subsequently to derive Schwann cells.
However, technical difficulties in isolation of these cell
lines limited their use to research laboratories.?>¢!

Bone marrow-derived stem cells attracted many
researchers because of their ease of harvesting,
processing, storage and transportation. These bone
marrow stem cells are known to differentiate into
Schwann cells in the milieu rich in growth factors and
neurotrophins present at the site of nerve injury and
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active regeneration.”®! Few studies are available in the
literature documenting the role of bone marrow-derived
stem cells in motor and sensory recovery in rat peripheral
nerve regeneration model, while few papers focused
on histopathological markers of nerve regeneration.?!

In previous studies by the same authors, fibrin glue and
bone marrow-derived mononuclear cells (BM-MNC)
were shown to have a beneficial effect in the peripheral
nerve regeneration in rats.['*'* To substantiate the
observations of the previous studies, we performed
detailed quantitative (morphometric) evaluation of
nerve regeneration. We tried to analyze the efficacy of
BM-MNCs in peripheral nerve regeneration and also
tried to explore the differential effects if any, on early
and delayed phases of nerve regeneration.

Materials and Methods

Animals (number and grouping)

Fifty adult female inbred Wistar albino rats, weighing
between 250 and 300 gm were equally divided in two
groups: Test (group 1) and control (group 2). Bone marrow
cells were harvested from two male rats. Male donors
were used to demonstrate the presence of Y chromosome
in nucleated cells in transplanted nerves. Permission of
the experiment was taken from the Ethics Committee of
All India Institute of Medical Sciences, New Delhi. The
study was divided into two phases having study periods
15 days and 60 days, respectively [Table 1].

Preparation of bone marrow mononuclear cells
(BM-MNCs)

Bone marrow was aspirated from femur and tibia using
disposable needle from male Wistar albino rats being
sacrificed for other purposes. Bone marrow from 2 rats
of same litter was pooled to get optimum number of
mononuclear cells. It was collected in heparinized
syringes. Mononuclear cells (MNC) were separated
by the “Ficoll density gradient separation method.”!"!
Viability of the cells was tested using trypan blue stain.
Cells were counted in the Neubaur chamber under a
microscope to assess the number. 4-8 million MNCs
were suspended in 1 ml of normal saline and used for
transplantation within 4 hours of preparation.

Table 1: Details of the study design with numbers of
rat designated to each group

Group Study Morphometric Longitudinal Transverse
period evaluation sections section
(days) Test Control Test Control Test Control

1 15 5 5 5 5 5 5

2 60 5 5 5 5 - -

Transplantation of bone marrow mononuclear cells
(BM-MNCs)

The nerve injury repair model in rats was standardized
in the previous study.'” In each phase, the female
rats were anesthetized with intraperitoneal sodium
pentothal in a dose of 40 mg/kg. Dorsal aspect of right
hip and thigh was shaved and prepared. The sciatic
nerve exposed, dissected and transected under an
operating microscope. In the test group, cut ends of
the nerve were approximated, with two epineural
microsutures (10-0 monofilament nylon 2 placed at
180° under 25 times magnification) and the gap was
filled with rat bone marrow-derived mononuclear
precursor cells (2-4 million MNC suspended in 0.5 ml
normal saline). The approximated nerve ends were then
covered with fibrin glue (Tisseel; Baxter Healthcare Corp.,
Deerfield, IL, USA).

In the control group, the transected nerve ends were
repaired with two epineural microsutures using 10-0
monofilament nylon and fibrin sealant only. A single
surgeon performed all the nerve anastomoses. The rats
were allowed to recover from anesthesia and were then
kept in the animal care facility of the institute. Rats were
reared by trained animal care workers and regularly
followed. Subsequently they were taken up for nerve
harvesting as per schedule.

Nerve harvesting and processing

On days 15 and 60, the right sciatic nerve was re-explored
and approximately 12 mm of a nerve centered on
the anastomosis site was harvested. Distal end of the
harvested nerve was labeled for reference. The nerve
was fixed in 3% gluteraldehyde and divided into five
parts [Figure 1] and sections were taken from each
segment. Thin and semi-thin sections were taken for
semi-quantitative (transverse sections) and morphometric
analysis respectively from the paraffin-embedded blocks
of the nerve. Only paraffin-embedded nerves were used
for longitudinal sections of the nerve.

Distal end Proximal end
5mm
2 mm
N I
A C G D F
10 mm

Figure 1: The schematic diagram of divisions of the harvested nerve
for morphometric analysis. ‘G’ is the anastomosis site. ‘A’ is the distal
most site while ‘F’ is the proximal site. Intermediate sites ‘C’ and ‘D’
respectively were also defined. Sections were taken from these sites
in each specimen for analysis
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Brief procedure for nerve processing for morphometry

The segments fixed in 3% gluteraldehyde were post
fixed in 1% osmium tetroxide at 4°C for 2 hours and then
washed with phosphate buffer and then double distilled
water. It was followed by routine dehydration (using
increasing strength of ethyl alcohol at 4°C); clearing
in propylene oxide with 2 changes of 30 minutes
each; impregnation and embedding in epoxy resin;
polymerization in an oven at 50°C for 24 hours and then
60°C for 48 hours. The tissue pieces were oriented so as to
yield transverse sections. One micron semi-thin sections,
cut and stained with toluidine blue were analyzed.

Semi-quantitative analysis

The nerve segments obtained were processed for
routine paraffin embedded blocks, so as to obtain
transverse sections and longitudinal sections. Routine
hematoxylin and eosin staining was done to look for
nerve architecture and general histological details
including inflammatory changes and inflammatory
infiltrates. Special stains like Masson’s trichrome
stain (fibrosis and myelination), Luxol fast blue stain
by modified Kluver’s method (myelination) and Loyez
stain (myelination) were used accordingly.

Immunohistochemistry (IHC)

IHC by streptavidin biotin labeling technique was
performed (with diaminobenzidine as a chromogen),
using positive and negative controls. The antibodies used
were Neurofilament protein (NFP) (Dako; 1:100 dilution),
Myelin Basic Protein (Neomarker; 1:100 dilution),
CD34 (Dako; 1:200 dilution), S100 (Neomarker; 1:200
dilution), and Leukocyte common antigen (LCA) (Dako;
1:100 dilution). In addition GAP-43 expression (abm; 1:25
dilution) was also observed on longitudinal sections for
assessment of regenerating axons.

Semi-quantitative analysis was performed by three
observers (VS, CS and MCS) blinded to the specimen
details. The number of axons and myelinated fibers were
counted in three fields at 400 x and expressed as percentage
of cross-sectional area and numbers of specimens with thick
or thin myelin rings were counted at each site [Table 2].

Morphometric analysis

Semi-thin sections (1 um) were taken from the tissue
and processed for morphometric analysis. The sections
were visualized under oil immersion and images from
three different areas, studied with image-pro express
0.6 software with at least 200 observations for each
parameter at every section taken. Morphometric analysis
was performed by measuring number of myelinated
axons, axon diameter, myelin sheath thickness and
diameter of myelinated fibers.

Fluorescence in-situ hybridization (FISH) assay
Mononuclear cells of male rats were implanted at
the right sciatic nerve injury site of female rats so
the interphase FISH assay was performed for the Y
chromosome paint of mouse.

Statistical analysis

Data was arranged using Microsoft excel and analyzed
using statistical software (Stata 9, Statacorp LP).
Morphometric data was analyzed using cluster analysis.
Appropriate tests of statistical significance were applied
with level of significance chosen at < 0.05.

Results

There was no separation of the stumps or adhesion to
the surrounding structures in any of the repaired nerves
when seen under the operating microscope at the time
of harvesting nerve grafts.

Semi-Quantitative Analysis

Transverse sections

Axonal regeneration

At 15 days both in test and control groups only partial
recovery was noticed. In both the groups axons were
relatively smaller, haphazardly arranged and sparsely
placed [Figure 2]. Difference was observed at the repair
site in number and percentage of axons between test
and control groups. At distal most site, recovery in both
groups was too less to be commented [Figure 3]. At the
intermediate proximal site ‘D’ and the proximal most site

Table 2: Represents the semi-quantitative
histopathological analysis of parameters of
regeneration at 15 days

Site Parameter studied Control Test

A Remyelination® 20%(5-35) 25%(15-60)
Thick myelin* 0/5 0/5
Axonal density? 15%(5-20) 25%(20-45)

C Remyelination 35%(20-35) 45%(40-60)
Thick myelin 0/5 0/5
Axonal regeneration 30%(20-40) 40%(25-50)

G Remyelination 40%(35-65) 65%(60-75)
Thick myelin 0/5 0/5
Axonal regeneration 40% (30-60) 65%(60-70)

D Remyelination 80%(75-85) 85%(80-90)
Thick myelin 5/5 5/5
Axonal regeneration 75%(75-80) 80%(80-85)

F Remyelination 90%(85-90) 90%(90-95)
Thick myelin (5/5) (5/5)

Axonal regeneration 90%(85-90) 90%(85-90)

For each site (A-F): ®% median (range). "Mean % of axons in one field 40x.
*% median (range)
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‘E, the axons in both the groups were well packed and
well oriented. This can be explained on the basis that the
Wallerian degeneration had extended only up to the first
proximal node of Ranvier.

Percentage of myelinated fibers

In both the groups a very small percentage of myelinated
fibers were seen in the distal areas ‘A’ and ‘C’. At the distal
most site ‘A’, test as well as control group showed thin
myelinated axons and the density of myelinated axons in
control ranged from 5% to 35%. In the test group there were
thin myelinated axons and the density ranged from 15% to
60%. However, remarkable difference was observed at the
repair site in two groups. All the cases with proximal sites
‘D’ and ‘F’ had uniformly dense myelinated fibers majority
of which had uniform thickly myelinated rings [Figure 4].

Schwann cell proliferation

Schwann cell proliferation was seen in all the cases at
15 days. Extensive Schwann cell proliferation was seen
in the distal stump as well as at repair site. Schwann
cell proliferation started at the anastamotic site ‘G’ and
progressed distally in both test and control groups.

Degeneration and inflammatory changes

At 15 days, degenerative changes like ballooning of
axons, extensive myelin breakdown was seen at the
repair site ‘G” as well as at the distal areas ‘A’and ‘C’.In all
the cases focal chronic inflammatory infiltrate comprising
of lymphocytes and plasma cells was seen. In addition
foreign body giant cell reaction was also noticed at the
repair site and in the distal stump.

Longitudinal sections
Longitudinal sections were taken at 15 days as well as
60 days with 5 control and 5 test cases in each group.

Axonal regeneration

At 15 days, although axonal regeneration was seen till
the distal end, the density of axons was very less in
both the groups; test cases showed marginal difference
as compared to control [Figure 5]. Complete axonal
regeneration was seen in test as well as in control cases
till the distal most ends at the end of 60 days.

Myelination

Very few myelin rings were seen in the test as well
as in control cases toward the distal end at the end
of 15 days. Although the percentage of myelinated
fibers was more in the test group, the difference in
remyelination was not remarkable. Moreover, in both
the groups only thinly myelinated fibers were seen in
the distal stump. At the end of 60 days, myelination
extended till the distal most ends in both the test and

control groups. Although the density of myelination
was good in both the groups, the myelinated fibers
appeared thin in the control group [Figure 6].

Growth associated protein (GAP-43) expression
GAP-43 expression is seen as an early event after injury.
Good expression of GAP-43 protein was seen at the
end of 15 days and 60 days [Figure 7]. The expression
however was better in the test group.

Morphometric Analysis

Morphometric analysis was performed in both the phases
of 15 and 60 days. The results of morphometric analysis
were as follows.

At 15 days [Table 3]

Number of myelinated fibers

Atthe end of 15 days although the number of myelinated
fibers are more in the test group as compared to the
control group at the ‘G’ site as well as at distal sites ‘A’
and ‘C’; however, statistically significant difference was
seen only at the repair site (P <0.05). The mean numbers
of fibers in the test group were 88 and in the control group
were 47 at the repair site. Statistical analysis could not be
performed for distal sites because of very less number
of observations [Figure 2] (number of myelinated fibers,
axons, myelin rings) although available data expressed
as means is highlighted in Table 3.

Axon diameter

The mean axon diameter at the distal sites as well as the
repair site was more in the test group as compared to
the control group. But the difference in two groups was
statistically significant at the repair site ‘G’ where mean
axonal diameter in the test group was 2.43 um and in the
control group was 1.81 um (P = 0.008).

Nerve fiber diameter

Similar to axonal diameter a statistically significant
difference in nerve diameter was seen at the repair
site (P = 0.008). The mean nerve diameter at the repair
site ‘G’ in the test group was 3.34 um and the control
group was 2.96 um.

Myelin thickness

A significant difference in myelin thickness was seen at
the repair site (P = 0.008). The mean myelin thickness at
the repair site ‘G’ in the test group was 0.81 um and the
control group was 0.62 um [Figure 3].

There was no difference in any of these parameters in the
proximal areas ‘D’ and ‘F’ which can be explained on the
basis of concept of Wallerian degeneration.
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are small, haphazardly placed and sparsely distributed, NF x400. (c) Extensive breakdown of myelin rings; all are thinly myelinated, Loyez x400.
(d) Extensive Schwann cell proliferation, most of the area showing degenerative changes, HE x400. (e) In control cases very small axons seen
with haphazard arrangement in most of areas, NF x400. (f) extensive breakdown of myelin rings and majority are thinly myelinated, Loyez x400

Figure 3: (a) At repair site, the test case showing mild Schwann cell proliferation with mild degenerative changes at some foci, HE x400. (b)
Focal aggregates of small axons sprouts are seen, axons are small in size, NF x400. (c) Thinly myelinated, Loyez x400. (d) In control case axons
sparsely placed with degenerative changes in some foci, HE x400. (e) Aggregates of small axons sprouts are seen, haphazardly arranged small

axons can be seen, NF x400. (f) Myelin rings are ill formed, Loyez x400

Table 3: Shows morphometric analysis at 15 days
along with statistical analysis. Axon diameter, myelin
thickness and nerve thickness at repair site and
intermediate distal sites were significantly more in the
test group than the control group at 15 days (P<0.05)

Region Mean axon Mean nerve Mean myelin Mean
diameter thickness sheath number
(um) (um) thickness (um) of fibers
T C T C T C T C

1.35 0.87 246 208 0.62 0.41 45 26
1.85 1.16 271 239 0.65 0.52 60 33
243 181 334 296 0.81 0.62 88 47
221 203 5.08 441 1.42 1.32 387 380
257 243 579 523 137 1.36 398 392

Moo O >

At 60 days

Number of myelinated fibers

At the end of 60 days a statistically significant difference
was observed in the distal areas ‘A’ and ‘C’ in the two
groups [Table 4]. The mean number of fibers at the distal
site ‘A’ was 324 and 221 in the test and control groups,
respectively (P <0.05), whereas at the intermediate distal
site ‘C’ the mean number of fibers in the test group was
367 and in the control group was 243 (P <0.05).

Axon diameter
A statistically significant difference in axonal diameter
was observed at the end of 60 days in the distal most
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Figure 4: (a) At the proximal site, the test case showing good density of axons which are well oriented with single Schwann cells at the periphery,

HE x400 (b) majority of axons are large in size, NF x400 and (c) thickly myelinated, Loyez x400 (d) in case of control, axons are also in good
density, HE x400, (e) majority of axons are large, NF x400 and (f) thickly myelinated, Loyez x400

Figure 5: (a) Longitudinal sections from the test group at 15 days showing nerve regeneration in distal stump, HE x40. (b) Complete axonal
regeneration till the distal most end however axons are very less, NF x40. (c) Very few myelin rings towards distal end, Loyez x40. (d) Nerve
regeneration in distal end at the control site, HE x40. (e) Complete axonal regeneration till the distal most site can be seen, NF x40. (f) There

are few myelin rings as compared to the test group distal end

site ‘A’ (P = 0.001). The mean axonal diameter in the test
group at the distal most site ‘A" was 1.77 um and in the
control group was 1.01 um.

Nerve diameter

Statistically significant difference in nerve diameter
was observed at the distal most site ‘A" (P = 0.03). The
mean diameter of nerve at the distal most site ‘A" in
the test group was 3.46 um and in the control group
was 2.49 pm.

Myelin Thickness

There was a significant difference in myelin thickness
at the distal most site ‘A’ (P = 0.05). The mean myelin
thickness at the distal most site ‘A’ in the test was 0.78 um
and in the control group was 0.42 um [Figure 3].

FISH assay

The FISH assay was performed on paraffin-embedded
sections. A single red signal was observed in some of the
cells. Number of nucleated cells in the peripheral nerve is
very less. The assay could be performed only at 15 days
as Schwann cell proliferation was evident [Figure 8].

Discussion

Bone marrow mononuclear cells are easy to harvest,
process and administer at repair site. In the present
study, we recorded a time lag of 2 hours from harvesting
to user end which included processing, isolation and
standardization of concentration of cells in the solution.
These cells are known to survive in biochemical milieu
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Figure 6: (a) Longitudinal sections from the test group at 60 days
showing myelination extended till the distal most end and the density of
myelinated fibers is good, Loyez x40. (b) In the control group, myelinated
fibers extended till distal most end but the fibers are thinly myelinated,
Loyez x40

Figure 7: (a) Test case at 15 days showing good expression of GAP-43
protein, GAP-43 x40. (b) A control case at 15 days showing GAP-43
expression. (c) Very week expression of GAP-43 was seen at 2 months
in test (d) as well as control group

'4

Figure 8: Photomicrograph of FISH as say for Y chromosome showing
single red signals in occasional nucleated cells harvested from the
repair site at 15 days

Table 4: Shows morphometric analysis at 60 days
along with statistical analysis. Axon diameter, myelin
thickness and nerve thickness at distal sites were
significantly more in the test group than the control
group at 60 days (P<0.05)

Region Mean axon  Mean nerve Mean myelin Mean
diameter fiber thickness sheath number
(pm) (um) thickness (um) of fibers

T C T C T C T C

1.77 1.01 3.46 2.49 0.78 0.42 324 221
1.85 158 3.67 3.35 0.89 0.83 367 243
248 1.79 3.59 3.33 1.12 0.80 397 255
256 230 5.17 4.73 1.44 1.38 415 408
2.72 2.64 5.20 5.17 1.57 1.56 421 417

Moo O >

of the injury site and differentiate accordingly into a
desired lineage:'"*"®! to Schwann cells in our case and
help in myelination which in turn should improve axonal
regeneration and nerve recovery. We also demonstrated
the presence of the Y chromosome in nucleated cells
at 15 days, which are mostly Schwann cells from the
repair site. Surprisingly, these cells survived without
using any immunosuppression, a fact questionable in
humans; however humans have enough homologues
bone marrow deposits which can be harvested easily. In
our study, we sutured the nerve ends and there was no
gap in nerve endings, a probable reason we document
a good recovery of nerve regeneration parameters in
controls as well. Few authors used silicon conduits or
scaffolds to fill the gap and provide mechanical support
for stem cells to survive and transform into Schwann
cells, which translated in good outcomes.!"**!

Detailed morphometric analysis actually created more
queries than it answered. If we look at all the nerve
regeneration parameters, test rats show better axon
diameter, nerve thickness and myelin rings thickness at
the proximal most site which is not affected by surgical
injury than in controls rats, creating a suspicion of
selection bias. The only favorable point is, at no point of
time and not in any single section, the difference reached
a level of statistical significance. Also, at 15 days, a
statistically significant difference in all nerve regeneration
parameters was documented at the repair site and at
2 months a statistically significant difference is seen at
intermediate and distal most sites. But interestingly, at
2 months, a statistical significance in difference at the
repair site is lost in all parameters including axonal
diameter. However, the conclusion that stem cells only
affect myelination increasing the speed of regeneration
that qualitative parameters like axon diameters is again
questioned by significant difference in axon diameter at
the distal site after 2 months. A fact also confirmed by
analysis of longitudinal sections which showed a tightly
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packed axons in both tests and controls at the distal site
at 2 months but mainly deficient myelin rings.

Axon diameter is function of proximal neuron and
speed of transmission is function of myelination. We
also noted statistically significant difference in diameter
of myelinated axons at repair and distal sites at 15 and
60 days, respectively, an observation which supports
differential effect of stem cells on variety of axons. There
is a significant difference in mean number of fibers at
the anastomotic site and distal sites early and late in
regeneration process which highlights the importance of
myelination in nerve recovery. Whether this anatomical
difference translates in clinically significant recovery is
not documented in the present study but there is enough
literature evidence for the same. 161820

Extensive morphometric evaluations strictly adhering
to protocols remained the main strength of study
however failure to document a clinical recovery in rats
and differential effects if any on motor and sensory
improvement remained the main drawback of the study.
This is unique study which demonstrated the utility of
BMMNCs on nerve regeneration along with their ease
of harvesting, processing and administration. With
no ethical issues in human trials, more detailed trials
on differential effect of stem cells on various axonal
functions can be undertaken.

Conclusion

Transplanting BM-MNC; at the site of peripheral nerve
injury leads to a significantly better recovery. These
differences were evident at the repair site after 15 days
and distal most sites and intermediate distal site at
the end of 60 days. Hence, their application at the site
of injury definitely increases the rate and amount of
regeneration. With practically no ethical issue regarding
their isolation and application they can be easily used
for clinical trials.
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