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Abstract

Background—Biomedical implants used in tissue engineering repairs, such as scaffolds to
repair peripheral nerves, can be too large to examine completely with histological analyses. Micro-
computed tomography (micro-CT) with contrast agents allows ex vivo visualization of entire
biomaterial implants and their interactions with tissues, but contrast agents can interfere with
histological analyses of the tissues or cause shrinkage or loss of antigenicity.

New Method—Soft tissue, ex vivo micro-CT imaging using Lugol’s iodine was compatible with
histology after using a rapid (48 h) method of removing iodine.

Results—Adult normal and repaired rat sciatic nerves were infiltrated ex vivo with iodine,
imaged with micro-CT and then the iodine was removed by incubating tissues in sodium
thiosulfate. Subsequent paraffin sections of normal nerve tissues showed no differences in staining
with hematoxylin and eosin or immunostaining with multiple antibodies. lodine treatment and
removal did not alter axonal diameter, nuclear size or relative area covered by immunostained
axons (p>0.05). Combining imaging modalities allowed comparisons of macroscopic and

Corresponding Author and site of work: Sarah K Pixley, PhD, Associate Professor, Dept. of Molecular and Cellular Physiology,
University of Cincinnati Medical Center, Medical Sciences Building (MSB) Rm 4206A, 231 Albert B. Sabin Way, Cincinnati, OH
45267-0576, Tel#: (513) 558-6086, Fax#: (513) 558-5738, Sarah.pixley@uc.edu.

Portions of this work have appeared previously in abstract and poster format
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hopkins et al.

Page 2

microscopic features of nerve tissues regenerating through simple nerve conduits or nerve
conduits containing a titanium wire for guidance.

Comparison with Existing Methods;—Quantification showed that treatment with iodine and
sodium thiosulfate did not result in tissue shrinkage or loss of antigenicity.

Conclusions—Because this combination of treatments is rapid and does not alter tissue
morphology, this expands the ex vivo methods available to examine the success of biomaterial
implants used for tissue engineering repairs.

Graphical Abstract
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1 Introduction

Biomedical implants are of significant interest in tissue engineering and medical repairs. The
pre-clinical work that is crucial for proceeding to translation involves careful evaluation of
the implant, including determining its efficacy in supporting repair, how well the implant
integrates into the tissue location and how the tissues respond to the implant. If the implant
is biodegradable, then the extent of degradation and tissue reactions to the degradation
products must also be evaluated, at both the macroscopic and microscopic levels. Because
most surgical implants are relatively large compared to cellular dimensions, then in pre-
clinical trials only a small portion of the implant can reasonably be sampled by the normal
destructive methods used for histological analyses. Nerve repair is a good example of this
because nerves are long, thin, cylindrical structures and repairs can involve nerve gaps of up
to several centimeters in length. Histological sectioning, especially in the axial plane, would
require significant resources to thoroughly examine the entire implant. Our research focuses
on using biomaterial scaffolds to repair injured peripheral nerves, to identify alternatives to
autografts, the current gold standard in nerve repair, because autograft use requires
additional surgery and nerve loss and current results still do not result in complete
restoration of function (Kuffler. 2009; Pfister et al. 2011; Kuffler. 2014). Research has
shown that nerve repair is functionally possible using biomaterial nerve conduits (hollow
nerve guides) to connect gaps in nerves by placing the cut nerve stumps into the conduits,
but only if the nerve gaps are smaller than 2 cm; autografts are still required for longer nerve
injury gaps (~2.5 cm or greater) (Pfister et al. 2011; Kuffler. 2014). Thus, research is
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ongoing to overcome this clinical limit. Studies in adult rats focus on repairs of the sciatic
nerve, which has diameter of around 1-2 mm, and a maximal possible repair length of ~2.8
cm. Random or limited sampling using histological means introduces the potential to miss
important features, such as breaks in the conduit, identification of the presence of a
continuous strand of regenerating tissues, or identification of the front of incompletely
regenerated tissues.

Non-histological imaging techniques are increasingly being used to study nerve
regeneration, and some are able to be used in living animals, including magnetic resonance
imaging (MRI), diffusion tensor imaging (DTI), ultrasound (US) and positron emission
tomography (PET) imaging (Rangavajla et al. 2014; Tseng et al. 2014). Micro-CT imaging
has been used far less frequently, because most nerve repair scaffolds and conduits are not
dense enough to scatter x-rays. It is possible to use micro-CT on soft tissues (after animal
sacrifice) if the tissues are infiltrated with contrast reagents, giving excellent differentiation
of different types of soft tissues, as shown in recent studies where multiple reagents were
compared (Metscher. 2009a; Metscher. 2009b; Degenhardt et al. 2010). This technique can
more readily provide a greater resolution per time of imaging than the other techniques and
can be cheaper and easier to access than MRI technigues, which are the ones providing the
next best resolution (Rangavajla et al. 2014). We explore here the use of one of these
contrast reagents, elemental iodine, for micro-CT imaging of nerves and nerve injury repairs
using biomaterial implants.

While useful, the use of contrast reagents for soft tissue micro-CT imaging can add
additional challenges. Three relatively well-studied contrast agents are osmium,
phosphotungstic acid and elemental iodine. Direct comparisons showed that iodine gave the
best rate of tissue infiltration without losing tissue differentiation, it does not require toxic
waste disposal and the depth of penetration is greatest, even fully penetrating structures that
are10s of mm3 thick (Metscher. 2009a; Metscher. 2009b; Stephenson et al. 2012; Pauwels et
al. 2013; Vickerton et al. 2013). A further advantage of iodine is that, if the penetration is
incomplete, the tissues can be repeatedly returned to the iodine solution to allow greater
penetration (Jeffery et al. 2011). Osmium infiltration for micro-CT has one of the poorest
tissue penetration depths (Metscher. 2009a; Gregg and Butcher. 2012). But an advantage of
osmium it has been used to combine micro-CT imaging with post-imaging histology at both
the light and electron microscopic levels (Handschuh et al. 2013; Sengle et al. 2013;
Scheller et al. 2014). With iodine, post-imaging histological studies have been limited,
except for very superficial analyses of tissue structure, because iodine treatment renders soft
tissues dense and brittle and imparts a yellow color (Jeffery et al. 2011). One group was able
to remove iodine from tissues after micro-CT imaging by extensive soaking and rinsing, but
the process took many weeks (Stephenson et al. 2012). Thus, because we sought to combine
the advantages of micro-CT using iodine as a contrast reagent with subsequent histology, we
sought to identify a more optimal method of removing the iodine after imaging.

A frequently used iodine solution employed for tissue contrast is “Lugol’s solution”, in
which molecular iodine (I5) is combined with potassium iodide (KI) in water resulting in
formation of the triiodide ion, 137, with an equilibrium constant of 698 at 25°C (Palmer et al.
1984). The triiodide ion, which gives the solution a characteristic blue-black color and the
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tissues a yellow color binds differentially to various tissue types, providing excellent
contrast in micro-CT imaging (Jeffery et al. 2011). The terminology surrounding Lugol’s
solution, first described in the 1800’s, can be confusing. As classically defined, “Lugol’s
solution” refers only to the fact that the solution contains a certain amount (weight) of
elemental iodine (I) and twice that amount of potassium iodine (K1) in water. Lugol’s
solution has also been termed potassium iodide or IKI (Metscher. 2009b; Jeffery et al. 2011)
or I,KI (Jeffery et al. 2011; Gignac and Kley. 2014). The term Lugol’s does not define the
concentration (strength) of the components, although several sources, such as Thermo-
Fisher, consider that a “5% solution” is normal or full strength. A 5% solution contains 5
grams of elemental iodine (I, 5% iodine) and twice that, 10 grams, of potassium iodide (KI,
10% of the iodide ion) dissolved in 100 mL of water. This “5% solution” can also be
correctly described as a 15% solution of total or elemental iodine or a 15% solution of I5KI.
Because there is no technically agreed on regular strength, references to Lugol’s should
always be carefully defined. Strengths of Lugol’s solution that give good tissue definition
have varied from 0.1% I,KI (Metscher. 2009b) to as much as 11-12% I,KI (Kondo et al.
2001; Gignac and Kley. 2014).

To remove iodine from tissues after microCT imaging, we tested rinsing the tissues with the
compound sodium thiosulfate (STS), which reacts with and reduces iodine and other
halogen compounds (Zimmermann and Latimer. 1939; Asakai and Hioki. 2011). When STS
combines with iodine solutions, the thiosulfate ion reduces iodine and the triiodide ion,
producing soluble and colorless iodide ions (iodide ions, I7), which readily wash out of the
tissues (Zimmermann and Latimer. 1939; Kondo et al. 2001). Removal and decolorization of
Lugol’s and other iodine solutions by STS has been utilized previously in many situations,
just not for this particular use, to our knowledge.

Treatment with both Lugol’s followed by removal with STS does not appear to harm tissues,
as suggested by its use in several histological stains, including the Gram stain for bacteria
(Sheehan and Hrapchak. 1980). Both compounds are non-toxic enough that they are safe for
human ingestion. In fact, Lugol’s solution is used to wash the intestinal lining in patients to
detect cancerous lesions, because Lugol’s readily stains glycogen-rich normal cells but binds
poorly to relatively glycogen-poor cancer cells (McCaul et al. 2013; Coda and
Thillainayagam. 2014). STS has been used clinically to remove the iodine after application
to the intestines of patients, because the iodine alone can cause some tissue and thus
intestinal irritation (Kondo et al. 2001). It is also used to block patient’s thyroids for multiple
imaging techniques in nuclear medicine studies. Another demonstration that these
compounds are not damaging was that if STS was used to remove Lugol’s solution after
being used to fix plankton and algae samples, then this improved the efficiency of
subsequent PCR analyses (Auinger et al. 2008).

However, other reports have reported problems with iodine use, with or without STS. First,
tissue shrinkage has been reported with Lugol’s as a micro-CT contrast agent (Metscher.
2009a; Degenhardt et al. 2010; Vickerton et al. 2013; Buytaert et al. 2014; Gignac and Kley.
2014). Shrinkage has generally been minimized by keeping the total iodine in the solution
below 3.75% total iodine (a 1/25 dilution of a 15% IKI solution, which is a classically
defined 5% Lugol’s solution), which maintains the osmolality near biological levels
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(Degenhardt et al. 2010). However, one group reported shrinkage with a 3% total iodine
solution (Buytaert et al. 2014). Second, the use of iodine plus STS has been shown to reduce
some types of immunostaining in tissue section applications (Facchetti et al. 2000).
However, a subsequent report demonstrated that only six out of 75 antibodies showed
reduced or eliminated staining after Lugol’s and STS treatment (Wan et al. 2003). Because
of these potential concerns, we examined the effects of Lugol’s treatment followed by STS
treatment on nerve tissues to determine if this caused significant shrinkage or loss of
antigenicity. We proposed that these treatments, using a 2% Lugol’s solution followed by
STS removal of the iodine, would not alter tissue and cellular morphology, thus allowing us
to combine microCT analysis with histology to improve the ex vivo study of biomedical
implants for tissue engineering repairs of nerve gaps.

2.1 Animals and surgical procedures

For quantitative analysis of the effects of iodine and STS on histology, 3 adult male Lewis
rats were used. For demonstrating aspects of how micro-CT imaging can be used in
conjunction with histology to study biomedical implants, examples are shown of tissues
from a companion study in which sciatic nerve gaps were repaired with poly(caprolactone)
(PCL) nerve conduits. From this study, which will be described in greater detail elsewhere
(manuscript in preparation), tissues from two adult female Lewis rats are shown. All
procedures involving animals were approved by the University of Cincinnati Institutional
Animal Care and Use Committee and were in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) and the animal
housing was accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International.

For the removal of sciatic nerves for quantitative studies, 3 adult rats were euthanized by
approved methods and normal nerve tissues were removed. For nerve repair, a nerve gap
was created by removing a section (~1 cm) of the right sciatic nerve in each adult rat and the
proximal and distal nerve stumps were sutured into a 1.7 cm long section of hollow PCL
conduit (internal diameter 0.7 mm, walls approximately 0.3 — 0.4 mm thick ) creating a final
gap of 1.5 cm, using the same procedures and type of conduit described in previous nerve
repair experiments (Kokai et al. 2009; Kokai et al. 2011). One animal was chosen from the
“empty conduit” or control group, where the conduit was filled with saline to displace air.
The second animal was from the group of animals in which a titanium (Ti) wire (250 pm
diameter and 2 cm length, cleaned in alcohol and sterilized by UV light) was inserted into
the tissues of both nerve stumps, covered with the conduit and then the conduit was filled
with saline. The animals were sacrificed after 14 weeks using approved euthanasia
techniques and the conduits containing regenerated tissues and ~3-5 mm of the attached
nerve stumps were removed for analysis. No signs of discomfort were observed and further
details of the animal behavior and other results will be described elsewhere.
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2.2 Tissue processing, Lugol’s iodine staining and STS destaining

Dissected tissues were fixed in 4% paraformaldehyde for 72 hours and rinsed in phosphate-
buffered saline (PBS). To prepare tissues for micro-CT imaging, the tissues were incubated
in a 2% Lugol’s iodine solution (6% total iodine, “diluted Lugol’s” from Thermo Fisher
Scientific, Waltham, MA) for 48 hours at room temperature and then rinsed with PBS. To
remove the iodine, nerves were incubated in a solution of 2.5% STS in PBS (Thermo Fisher
Scientific, Florence, KY) for 48 hours, and then rinsed in PBS.

To illustrate the removal of Lugol’s by STS, normal nerve tissues were sectioned into pieces
and treated with Lugol’s and then treated with either STS or PBS. For quantitative studies of
the effects of Lugol’s plus STS on tissues, a single nerve from each of three animals was
sectioned into two pieces that were treated in parallel with Lugol’s and STS (treated group)
or PBS alone (control group). The two nerve pieces were embedded in one paraffin block
such that similar areas of the same nerve were adjacent to each other and they were then
sectioned and processed identically, as outlined below.

2.3 Micro-CT imaging
Normal nerves and repaired conduits plus nerve stumps were imaged via micro-CT imaging
after Lugol’s iodine treatment, using an Inveon Multimodality System (Siemens, Knoxville,
TN) in the University of Cincinnati Vontz Imaging Core Facility. The nerves were kept
moist in PBS during the approximately one hour scan by placing them in a Styrofoam boat,
as shown previously (Vennemeyer et al. 2015). It was possible with this machine and this
container to image up to 8 conduits in one scan. Samples were scanned at half-degree
increments with 384 steps (step and shoot) for 192 degrees. Images were acquired with high
magnification and a pixel matrix binning of 2, resulting in an effective voxel size of 17.27
microns, using 80 kVp voltage and 300 pA current, with a 2100ms exposure time and a 25
ms settle time. The Inveon Research Workplace was used for 2D and 3D analysis, for the
creation of 3D volume rendered videos, to crop the images of each conduit into separate
files and then to export as DICOM files (Digital Imaging and Communications in Medicine,
the universal digital format agreed upon for use by all human medical imaging
manufacturers). This resulted in axial stacks of up to or over 1,000 images (1 pixel per
image, 56.6 pixels per mm) per tissue. DICOM image data was imported into NIH ImageJ
as a data sequence and then viewed in 3D using the orthogonal viewing function (Image —
stack — orthogonal views). Exporting as DICOM images and using ImageJ for further
extensive analysis was advantageous because analysis time using the Inveon software, a
proprietary package, was limited in our multi-user center. ImageJ was also used to export
images of single axial sections.

2.4 Post-imaging tissue processing and staining

After removal of iodine from tissues using STS, tissues were paraffin embedded, sectioned
(7-10 um thick) and slides with sections were either stained with antibodies or with
hematoxylin and eosin (H&E). H&E slides were dehydrated and coverslipped with
Permount (Fisher). The immunostaining procedures were as described previously
(Vennemeyer et al. 2015), staining for axons (rabbit antibody to the 200 MW neurofilament
protein (anti-NF, 1:500 dilution, Sigma, St. Louis, MO), Schwann cells (antibody to the
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S100 protein, 1:500, DAKO, Carpenterio, CA), and blood vessel endothelial cells, using
TRITC labeled Bandeiraea simplicifolia lectin (1:1,000, Sigma L-5264) (Mattsson et al.
2002). Perineurial fibroblasts and endothelial cells within nerves, both of which maintain an
intact nerve-blood barrier and transport glucose trans-cellularly, were stained by a mouse
monoclonal to the glucose transporter-1 protein (anti-GLUT-1, 1:250 dilution, Thermo,
Fremont, CA) (Stark et al. 2000). Cell nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI, 1:1000 dilution, Sigma, St. Louis, MO). Secondary antibodies were
anti-mouse Alexa 488 and anti-rabbit Alexa 594 (1:1000 dilution, Invitrogen, Grand Island,
NY), and sections were coverslipped with Fluoromount (Fisher).

2.5 Photography and image analysis of stained tissues

Color pictures of H&E stained sections were photographed on an upright Zeiss Axioplan
Imaging 2e fluorescence microscope with a Zeiss Axiocam digital camera. For
immunostained sections, grayscale images were taken on the same Zeiss microscope with a
QICam cooled CCS camera (Q Imaging, Canada) and pseudo-colored in Photoshop.
Quantitative analyses were done using NIH ImageJ or Photoshop. For fluorescence
photography, exposure times were set at the same value for similarly stained tissues and any
changes in contrast or brightness that were made in Photoshop to make the image more
visible for the figure were completely duplicated in the matching photo.

Axon diameters were measured in photomicrographs of H&E stained sections taken with a
100x oil objective (30+ axons per three sections per three rats, paired sections, n=9 pairs).
For nuclear area, the area per DAPI stained nucleus was measured in photomicrographs
taken with a 40X oil objective of regions only within nerve tissue (6+ nuclei per section, 3
sections per three rats, paired sections, n=9 pairs). With anti-NF axon staining, the area
covered by immunostaining per four regions of interest (ROls = 25 pm2), in two sections per
nerve per three rats, paired sections (n=6 pairs).

2.6 Statistics

Statistical analyses comparing paired nerves from a single animal treated with either
Lugol’s/STS or PBS treated nerves were done with Sigma Plot 13, using a repeated
measures ANOVA, with a p-value of <0.05 considered a significant difference.

3 Results

3.1 Imaging Normal Nerves with lodine and micro-CT

Figure 1 illustrates micro-CT images of normal adult rat sciatic nerves after incubation in
Lugol’s iodine. The images in Figure 1 were generated using the Inveon Research
Workplace software, which provides 2D coronal (XZ), axial (XY) and sagittal (ZY) image
slice data. Excellent differentiation was seen between nerve bundles (arrows) and the
surrounding tissues, which consisted of primarily skeletal muscle.

3.2 Removal of lodine

To remove iodine, sections of the normal nerves were placed in either PBS or a solution of
sodium thiosulfate (STS). As shown in Figure 2, incubation in STS resulted in a loss of the

J Neurosci Methods. Author manuscript; available in PMC 2016 November 30.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hopkins et al.

Page 8

iodine coloration that was almost complete by 24 hours (top panels). Soaking in PBS for the
same time did not result in any change in tissue coloration (bottom panels). Treatment for
further tissue work was set at 48 hours to ensure adequate removal and no traces of iodine
were observed in subsequent tissue processing. However, it is possible that longer
incubations may be required with a larger structure.

3.3 Analysis of histological and immunohistological staining after Lugol’s treatment

To determine the effects of Lugol’s iodine and STS treatments on staining, normal sciatic
nerves were cut into two pieces and treated in parallel with Lugol’s and STS or just PBS
rinses. Both sections of nerve were embedded together in paraffin so that the midpoints of
both nerves were adjacent to each other on the same slide and thus subjected to the same
staining conditions. In Figure 3, tissues in the left column (A, C, E, G, I) were treated with
PBS alone and show no significant differences from tissues treated with Lugol’s and STS, in
the right column (B, D, F, H, J).

Cellular features that could be compared between the images included axons, after staining
with H&E, (Fig. 3A and 3B, between the sets of arrows). The axons showed the
characteristic eosinophilic dot in the center of clear cellular material that is the myelin
sheath (between arrows). With anti-NF staining (red (colors refer to online version, all are
white and black in the print version) in 3C and 3D), regularly spaced axonal cross sections
and some longitudinal lengths of axons can be seen. With the antibody to S100 protein,
Schwann cell staining appears to give circular patterns because staining is primarily in the
cytoplasm surrounding the myelinated axon (red/white in 3E and 3F). The fluorescently
tagged lectin labels endothelial cells), so multiple small vessels are stained, appearing as
either hollows or sections of parallel lines, (red/white in 3G and 3H, arrow), while nuclei are
small and ellipsoid and stained blue (fainter white, DAPI staining) in this merged image. In |
and J, an antibody to GLUT-1 (green/white) labels the perineurium, which appears here as a
line of staining inner to the unstained epineurium (left arrows in I and J) and the endothelial
cells of a blood vessel (right arrows in I and J). In this merged view, nuclei are blue (DAPI
staining) and red blood cells are red due to enhancing the background staining that appeared
in the red channel.

3.4 Quantification of the effects of iodine treatment on tissue morphology

Using the paired treated and untreated nerve sections, cellular measures were quantified to
determine if the Lugol’s/STS treatment caused shrinkage or swelling compared to PBS
treatment. Axonal diameter was quantified in H&E stained sections, nuclear size was
analyzed as the area of DAPI staining per region of interest within nerve bundles and axonal
“load” within nerve bundles was analyzed as the amount of NF staining area (as a percent of
the total image area). The Lugol’s/STS treatment did not significantly alter any of these
measures (p>0.05) and the graphed results are shown in Figure 4. Thus, treating tissues with
Lugol’s and STS does not appear to result in any significant tissue swelling or shrinkage that
is different from PBS treated tissues.
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3.5 Use of micro-CT to evaluate bioimplant success and integrity

As part of ongoing research on biomaterial solutions for improving peripheral nerve repair,
gaps in the sciatic nerves of adult rats were repaired by reconnecting the separated nerve
stumps with PCL nerve conduits. Examples shown here demonstrate some ways in which
microCT imaging can be combined with histology to examine both the conduit and the
internal regenerating tissues. In Figure 5, images are shown from an animal that received a
conduit filled with saline and in Figure 6, images are from an animal that had received a
saline-filled conduit placed over a titanium (Ti) wire that contacted both nerve stumps.
Tissues had regenerated across the gaps in both conduits after 14 weeks.

In Figure 5, A and B, two micro-CT views are shown of longitudinal reconstructions of one
conduit containing regenerating nerve tissues, after Lugol’s iodine incubation. These were
created in ImageJ from a stack of axial micro-CT images. The conduit (asterisks) can be
clearly differentiated from the proximal (left) and distal (right) nerve stumps and the internal
regenerating nerve tissues connecting the stumps. The arrow in 5B points to the internal
regenerating tissues as they pass through a region where there is a distinct crack in the
conduit. Analysis of all images confirmed that the tissues were continuous through the
conduit.

After removal of the Lugol’s iodine with STS, this same conduit with tissue was paraffin
embedded and sectioned in the axial plane, with retention of sections at every 500 pm
throughout the entire conduit. Some sections were stained with H&E, as shown in Fig. 5C,
while other sections were immunostained for axons (anti-NF (red), Figure 5D, arrow points
to a cluster of the axonal cross-sections). The micro-CT images were matched to their
respective stained sections. The H&E stained section (Figure 5D) was determined to be
closest to axial image 1084, shown in Figure 5E (out of 1427 axial images, numbering
starting at the proximal end). The position of this axial slice is marked by the vertical
crosshar in the longitudinal image in Figure 5A. The anti-NF stained section in Figure 5D
was matched to axial image 1164, which is shown in Figure 5F and marked by the vertical
crosshar in Fig. 5B. In the anti-NF stained figure (5D), the contrast in the green channel,
which has no specific immunostaining, was adjusted in Photoshop to allow visualization of
the unstained tissues surrounding the red-stained axons. Slight differences in the shape of
the tissue are seen between the micro-CT and stained images, which suggest that some
distortion (i.e. compression) occurred during the tissue processing after micro-CT imaging
(which included paraffin embedding, sectioning and staining of tissues). Locating the
position of the anti-NF image confirmed that axonal regrowth occurred significantly distal to
at least one significant break in the conduit (Fig. 5B, arrow) and that even though there was
lower density in the regenerating tissue strand distal relative to proximal in the micro-CT
image, there were still nerve fascicles present. The significance of this is that regenerating
axons were able to transverse through the entire conduit, despite what appear to be relatively
major conduit disruptions. This is just one example of how a more complete analysis is
possible by combining these techniques.

To give a measure of the resolution possible in the micro-CT image, two tissue structures
are indicated by sets of two short arrows in both Fig. 5D and the corresponding micro-CT
image in Fig. 5F. The short arrows on the left in each image point to a small pocket of fat,
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which looks blank and unstained in Fig. 5D and bright white in the micro-CT image (Fig.
5F). The short arrows on the right point to a relatively large blood vessel that is faintly
stained in D and is a black spot in F. The fat pocket is~386 microns along its longest axis
and ~100 microns wide, perpendicular to that axis. The blood vessel internal diameter is
~140 wide by ~52 microns high. The resolution was not, however, sufficient to detect nerve
fascicles within the regenerating tissue, even though the histological views showed that
nerve fascicles were more densely packed (had less extracellular material) than the
surrounding connective tissues inside the conduit.

3.6 Imaging of both dense and soft tissues

In one set of the test animals, a titanium (Ti) wire was placed between the nerve stumps, to
determine if it would provide guidance for regenerating nerve tissues, similar to our
previous study where a magnesium wire was placed in a conduit (Vennemeyer et al. 2015).
With a Ti wire, which cannot be cut with a standard microtome blade, histology is not
readily available to examine the tissues inside the conduit, adjacent to the metal. Because the
nerves are so small and thin, it also was not possible to remove the metal and have sufficient
intact tissue left to analyze, which is how tissues around larger metal implants are analyzed.
Using iodine infiltration, it was possible to image the soft tissues around the Ti wire with
micro-CT imaging (Figure 6). There were some minimal artifacts in the microCT, due to
difference in densities between Ti wire and the soft tissue. These included that the Ti wire
appeared as a black object due to over-saturation, there was a shadowing effect that resulted
in loss of soft tissue imaging next to the wire on one side and there were scatter artifacts
(white lines) in the adjacent soft tissue. However, it was still possible to make out important
details like the cracks in the conduit and the fact that there were areas of regenerating tissues
detectable running through the entire length of the conduit. This supports the idea that the
tissue was able to regenerate through the conduit in the presence of the Ti wire. Thus, with
the soft tissue contrast reagent, iodine, we could gather information about the integrity of the
conduit and the regenerating tissues around the metal, which would not have been available
otherwise.

4 Discussion

4.1 Overview

We have described a relatively rapid method of removing iodine from tissues that makes it
possible to combine the imaging of soft tissues by micro-CT with subsequent histological
techniques that allow studies of the cellular relationships in the same tissues. We
demonstrated that the combination of iodine treatment and its removal did not significantly
disrupt tissue morphology or reduce staining capacity for any antibody tested to date. We
demonstrate some aspects of how this combination of imaging modalities can be used to
study nerve regeneration through biomaterial nerve conduits.

4.2 In vivo imaging techniques

Other methods of imaging other than microscopy or microCT are also being used to study
nerve regeneration, either with or without nerve conduits. Of exciting interest are techniques
that allow imaging in the living animal. These include magnetic resonance imaging (MRI),
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with or without diffusion tensor imaging (DTI), ultrasound (US) and positron emission
tomography (PET). US is the least expensive of the techniques, and unlike some MRI
techniques, it can allow visualization along the entire length of a regenerating nerve.
However, this visualization can be limited by the anatomy of the animal, the nerve cannot be
visualized if there are insufficient nearby anatomical landmarks and the resolution is inferior
to either MRI or microCT (Tseng et al. 2014; Rangavajla et al. 2014). PET techniques with
specific contrast reagents that target injured nerves are showing promise, but are still in their
infancy (Rangavajla et al. 2014). Currently, MRI techniques, alone or with DTI, are proving
highly valuable for studying peripheral nerve regeneration, as outlined in recent reviews
(Tseng et al. 2014; Rangavajla et al. 2014). In particular, MRI has been used to successfully
study regenerating sciatic nerves, repaired with or without biomaterial conduits, in living
mice (Lehmann et al. 2010), rats (Bendszus et al. 2004; Li et al. 2014; Tremp et al. 2015)
and rabbits (Hsu et al. 2011; Yamasaki et al. 2015). Imaging parameters or modalities that
are most helpful include T2 weighting, use of various contrast reagents, certain parameters
of DTI imaging and, in the case of implantation of cells to aid regeneration, loading the cells
with contrast agents (Rangavajla et al. 2014; Tseng et al. 2014; Tremp et al. 2015). These
imaging techniques are especially valuable for following nerve repair because they can help
locate the regenerating nerve front in live animals. They can also be used to obtain
quantitative measures of both the length of the regenerating nerve and the thickness of the
conduit in living animals (Hsu et al. 2011).

4.2 Ex vivo imaging techniques

The microCT imaging of soft tissues with iodine that we are describing here is not possible
to apply to live animals, so it cannot be used to follow the course of nerve regeneration in a
single animal, as is possible with the above techniques. However, we propose that microCT
can be a valuable addition to post-sacrifice, ex vivo, analysis. First, the resolution is
increased compared to other MRI techniques. For example, the theoretical voxel size of our
micro-CT imaging was 17.27 microns, while DTI resolution is around 1.6 mm/voxel
(Rangavajla et al. 2014). As shown, we were able to visualize objects as small as <60
micron. This allows a very thorough analysis of the entire structure after dissection, and is
definitely sufficient to determine if the tissue is complete throughout a conduit and to find
the front of regeneration if it is not complete. The resolution is sufficient to observe some
larger histological structures, as shown in Figure 5, although it was not sufficient to
differentiate the nerve fascicles, which are slightly denser than the surrounding connective
tissues. In the future, it might be possible to add this capacity by using immunostaining
techniques that deposit heavy metals on the antigenic structures of interest (Metscher and
Mauller. 2011).

In terms of ex vivo application of these techniques, micro-CT is generally less expensive
than MRI and, while both require trained personnel to assist with imaging and analysis, MRI
imaging and processing can require a greater participation by highly skilled personnel.

4.3 Combining techniques

The advantage of adding micro-CT imaging to histology is that histology would take
significant time and resources to obtain a completely reconstructed 3D view of an entire
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implant. Random sampling in the axial plane could miss breaks in the conduit or other
anomalies and could also miss the front of regeneration if there is partial growth into the
conduit. Sectioning in the longitudinal plane would allow identification of the nerve front,
but this type of sectioning can be challenging because of the often non-linear nature of
nerves. With micro-CT imaging, a stack of multiple images is generated that can be studied
in 3 planes throughout its length, despite variations in the orientation. Adding micro-CT was
especially beneficial when a very dense material, a metal wire, was being studied as a nerve
support. There were few other methods of examining the soft tissues adjacent to the wire
and inside the conduit.

Another advantage of adding microCT imaging to standard histological studies is that the
information from the micro-CT can be used to guide the histological studies. The actual
microCT imaging takes approximately an hour and this is done within the first week after
sacrifice of the animals. Analysis of the images can be done rapidly thereafter, while the
tissues are being paraffin embedded. Thus, information such as the existence of breaks or
position of the regeneration front could be used to determine where and how much of the
conduit is to be sectioned. This could shorten the time and resources needed for sectioning.
The cost of the microCT, which is usually more than US but less than MRI imaging, can be
minimized by imaging multiple conduits together, and then these costs might be recovered
by the possible reduction in costs of the histological analyses. Further conservation is due to
the fact that only one set of animals is needed to do both types of analysis. So using
microCT can significantly add to the nature of the analysis and reduce the total animal count
and costs of the experiment.

4.4 Conclusions

We propose that applications that could benefit from the combined use of micro-CT and
histology include not only nerve repair, but studies of other biomaterial implants. The
implants can be denser than tissues, the same as tissues, or they could be mixed material
implants containing multiple density materials. Because of the size and complex placement
of implants, micro-CT imaging can provide valuable information on the integrity of the
entire implant, how it has been impacted by implantation and its relationship with
neighboring tissues. Specifically, we show here how micro-CT imaging of a regenerating
nerve in a biomaterial conduit identified both axial breakage points along the conduit, as
well as breakage of the intact circle of the conduit (Fig. 5), which suggests multiple
pressures were exerted on this conduit, perhaps combined with the initiation of degradation.
Some of the breakage points might have been missed using just axial histological analyses,
because that would have required retaining all, or almost all, serial sections, and then
reconstructing the information from those sections, which is not a trivial task. Instead, using
standard image analysis software packages, numerous aspects of the conduits can be
examined and quantified. This can occur rapidly enough that it can guide subsequent
histological analysis. Finally, coupling a macro-level analysis by micro-CT with the power
of obtaining microscopic data on the same tissues in the same animals, reduces the number
of animals required for any one study. Thus, overall, this combination can substantially
expand the study of the success and effectiveness of biomaterial biomedical implants.
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Figure 1.
Normal sciatic nerve infiltrated with iodine and imaged via micro-CT. The micro-CT images

of one nerve were serially reconstructed and viewed in A) the axial (cross-sectional) plane
(bottom of the scanner bed is at the bottom of the image) and two longitudinal views: B) the
sagittal plane and C) the coronal plane (the bottom of the scanner bed is to the left). Arrows
point to nerve tissue. Bar = 1 mm and applies to all three panels.
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Figure 2.
Removal of Lugol’s iodine with STS. Pieces of one adult rat sciatic nerve, including some

surrounding muscle and connective tissue, were treated with Lugol’s iodine solution (first
column) and then rinsed in parallel with either sodium thiosulfate (STS) solution (top row)
or PBS (bottom row) for the specified times. Bar = 3 mm.
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Figure 3.
Staining after iodine and STS. Fixed normal sciatic nerve pieces were treated in parallel with

either PBS (A,C,E,G,I) or Lugol’s solution and STS (B,D,F,H,J), embedded in paraffin,
sectioned and stained with H&E (A, B, arrows point out single myelinated axons) or
immunostained for axons (anti-NF, red staining, C, D), Schwann cells (anti-S100, red
staining, E, F), blood vessels (fluorescent labeled lectin, red staining, G, H, arrow in H),
nuclei (DAPI, blue staining in G, H, 1, J) or cells expressing high levels of GLUT-1 (anti-
GLUT-1, green, I, J, arrows point to the perineurium (left) and a blood vessel (right) in
each). No differences were observed due to treatment. The bar in B = 25 um and applies to
A. The bar in H = 25 pm and applies to C-H. The bar in J = 25 um and applies to I.
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Figure 4.
Quantification of effects of Lugol’s and STS on tissue morphology. A paired analysis on

stained tissues from the same animal, treated with PBS or Lugol’s/STS showed no
significant differences using a repeated measures ANOVA (p > 0.05). The corresponding
plots are shown for the effects of treatment on axonal diameter (from H&E stained sections,
left), nuclear area (from DAPI stained sections, middle) and the percent of image area
covered by NF immunostaining (from anti-NF labeled sections, right).

J Neurosci Methods. Author manuscript; available in PMC 2016 November 30.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hopkins et al.

Page 22

¥

Figure 5.
Regenerated tissues growing through a PCL nerve conduit. (A) and (B) are longitudinal

reconstructions of a nerve conduit containing regenerating sciatic nerve tissues after Lugol’s
iodine infiltration. The conduit material (asterisks) can be clearly differentiated from the
proximal (left) and distal (right) nerve stumps and the internal regenerating nerve tissues
(bar = 1 mm, applies to A and B). The arrow in B points to regenerated tissues. After iodine
removal with STS, an H&E stained section (C) was matched to the corresponding axial
micro-CT image (E) and a section stained with anti-NF (D, red staining was matched to the
axial micro-CT image (F). Asterisks label conduit. The long arrow in D points to a group of
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stained axons and short arrows in D and F point to a small pocket of fat (left) and a large
blood vessel (right). Bars = 0.5 mm and apply to matching sections (C to E, D to F).
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Figure 6.
Visualization of dense and iodine-enhanced soft tissues. After replacing a nerve gap with a

conduit containing a Ti wire, the tissues were treated with iodine and micro-CT. Images are
shown of selected axial slices (A—C) and the reconstructed longitudinal view (D). The axial
images are placed above their approximate positions along the conduit from proximal (left)
to distal (right). The conduit can be identified and differentiated from the internal and
external tissues and the metal. Bars = 1 mm and apply to all images.
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