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Abstract

Consistency in gold chloride staining is essential for anatomical analysis of sensory nerve endings.
The gold chloride stain for this purpose has been modified by many investigators, but often yields
inconsistent staining, which makes it difficult to differentiate structures and to determine nerve
ending distribution in large tissue samples. We introduce additional steps and major changes to the
modified Gairns’ protocol. We controlled the temperature and mixing rate during tissue staining to
achieve consistent staining and complete solution penetration. We subjected samples to sucrose
dehydration to improve cutting efficiency. We then exposed samples to a solution containing
lemon juice, formic acid and paraformaldehyde to produce optimal tissue transparency with
minimal tissue deformity. We extended the time for gold chloride impregnation 1.5 fold. Gold
chloride was reduced in the labrum using 25% formic acid in water for 18 h and in the capsule
using 25% formic acid in citrate phosphate buffer for 2 h. Citrate binds gold nanoparticles, which
minimizes aggregation in the tissue. We stored samples in fresh ultrapure water at 4° C to slow
reduction and to maintain color contrast in the tissue. Tissue samples were embedded in Tissue
Tek and sectioned at 80 and 100 um instead of using glycerin and teasing the tissue apart as in
Gairns’ modified gold chloride method. We attached sections directly to gelatin subbed slides
after sectioning with a cryostat. The slides then were processed and coverslipped with Permount.
Staining consistency was demonstrated throughout the tissue sections and neural structures were
clearly identifiable.
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Gold chloride staining can provide excellent staining of myelinated axons and sensory nerve
endings (Boyd 1962, Freud 1884, Gairns 1930, Kahlden 1894, Mann 1929). Although it has
been considered a myelin staining method (McNally and Peters 1998), it also stains blood
vessels, neurofilaments, elastin and collagen containing structures (Hogervorst and Brand
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1998), which often makes it difficult to identify nerve endings specifically. Although the
technique has shown promising results, it often has produced inconsistent staining because
of inadequate penetration of solutions (Vilensky et al. 2002).

In some studies, Ruffini (type 1 nerve ending) and Pacinian (type 2 nerve ending) corpuscles
in different tissues were stained by gold chloride; however, the appearance of these sensory
nerve endings varied among reports (Adachi et al. 2002, Bresch and Nuber 1995, Dhillon et
al. 2011, Gazza et al. 2006, Georgoulis et al. 2001, Guanche et al. 1999, Hogervorst and
Brand 1998, Hasegawa et al. 1999, Katonis et al. 1991, Raunest et al. 1998, VVangsness et al.
1995, Yahia et al. 1988, Zimny et al. 1989). The conflicting identification of Ruffini and
Pacinian corpuscles using gold chloride staining is believed to occur because of differences
in tissue section thickness (25-100 um) and infrequent use of serial sections (Hogervorst and
Brand 1998).

Several madifications have been made to the gold chloride staining method (Boyd 1962,
Silverberg et al. 1989, Zimny et al. 1989). These modifications have improved and
standardized some aspects of gold chloride staining, but they have not achieved sufficient
dependability to ensure proper identification of sensory nerve endings. We developed major
modifications of the Gairns’ gold chloride staining method (Gairns 1930) that produce
consistent and reproducible staining throughout a tissue sample and among different
samples. In addition, our madifications enabled the identification of type 1 and type 2 nerve
endings in fibrous tissue including the cadaveric shoulder capsule and the labrum.

Materials and methods

Reagents

Normal saline was purchased from Baxter Corp. (Deerfield, IL). Sucrose (FW = 342.3),
sodium citrate dihydrate (FW = 294.1), 88% formic acid (ACS reagent grade), xylene
(histological grade; FW = 106.17), Permount, absolute ethyl alcohol (ACS reagent grade),
and 70 and 100% ethyl alcohol (histological grade) were obtained from Fisher Scientific
(Pittsburgh, PA). Sakura Tissue Tek O.C.T. compound, sodium phosphate monobasic
anhydrous (ACS reagent grade, FW = 137.99) and sodium phosphate dibasic anhydrous
(ACS reagent grade, FW = 141.96) were purchased from VWR (Radnor, PA). Aqueous gold
chloride (5%) was obtained from Salt Lake Metals (Salt Lake City, UT). Paraformaldehyde
(PFA), 1 N sodium hydroxide, porcine skin gelatin (type A), chromium 11 potassium sulfate
dodecahydrate (ACS reagent grade FW = 499.4) and 70% nitric acid (ACS reagent grade,
FW = 63.01) were obtained from Sigma (St. Louis, MO). Pure lemon juice purchased from a
local store.

Anhydrous sodium phosphate monobasic and dibasic salts were used to prepare 0.2 M
phosphate buffer (PB). All sucrose solutions and 4% PFA were prepared in 0.1 M PB
diluted from 0.2 M PB. To prepare 4% PFA, sodium hydroxide was added to raise the pH of
the PB slowly after powdered PFA was added to allow the PFA to dissolve. A lemon juice
solution was prepared using three parts lemon juice, 0.6 parts 4% PFA and 0.4 parts 88%
formic acid. Gold chloride (5%) was diluted to 1% using ultrapure water. Alternatively, 1%
gold chloride can be purchased from Salt Lake Metals (Salt Lake City, UT). A 0.1 M citrate
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solution was prepared in ultrapure water. Citrate PB (pH 7) was prepared from 6.5 ml 0.1 M
citrate solution and 43.6 ml 0.2 M PB. Absolute ethyl alcohol was added to dry ice to make
the freezing bath. In addition, 70 and 100% histological grade ethyl alcohols were used for
slide processing. A 2 M nitric acid solution was prepared using 70% nitric acid and water to
clean further the pre-cleaned slides. Gelatin chromium solution for subbing gelatin slides
contained 5 g gelatin and 0.5 g chromium 11 potassium sulfate dissolved in ultrapure water.

Plastic molds and 75 x 50 mm pre-cleaned glass slides were obtained from Fisher Scientific.
Gelatin coated 75 x 25 mm slides were obtained from Lab Scientific (Livingston, NJ). Glass
jars that hold approximately 50 ml of solution were used.

Tissue preparation

Staining

The glenoid capsule is thin, loose fibrous tissue (Hyde 2007, Tovin and Reiss 2007),
whereas the labrum is dense cartilaginous fibrous tissue (Hill et al. 2008).

The capsule and labrum specimens harvested from the anteroinferior and posteroinferior
regions of shoulder pairs of three male and four female human cadavers. The cadavers
ranged in age from 57 to 64 years.

The average size of the tissue specimens of interest was for the capsule 2 x 50 x 50 mm
(thickness, width, and length) and for the labrum 9 x 21 x 15 mm (thickness, width, and
length). The capsule and labrum are attached in the glenohumeral joint; the labrum serves as
an attachment for the capsule. For convenience during staining, the attachment of the
capsule and labrum were retained; thus, the maximal tissue length was 65 mm, 50 mm
contributed by the capsule and 15 mm by the labrum. The two tissues are not separated until
the reduction step of gold chloride staining.

The capsule is 2 mm thick; this thickness is not sufficient to achieve the desired stain color
for tissue background and nerve endings. Therefore, additional tissue, primarily, muscle,
was allowed to remain attached to the capsule, which increased overall tissue thickness to 5—
7 mm. The tissue thickness is important for determining the amount of gold required for the
gold impregnation and reduction steps. We tested tissue samples at different thicknesses
including 5, 7 and 9 mmand found 7 mm thickness to be optimal.

Immediately after harvest, the specimens were washed twice for 10 min, each time in fresh
saline before staining.

Figure 1 shows the gold chloride staining procedure. Briefly, the tissue was dehydrated with
sucrose, treated with lemon juice solution, impregnated with gold chloride and the gold
chloride was reduced. For each of these steps, the tissue specimens were completely
submerged in 50 ml of the solutions.

Unlike other gold chloride protocols, our protocol included a reagent mixing rate of 400-450
rpm using a stir bar and controlled temperature in an incubator. The incubator not only
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allowed the temperature to be controlled, but also provided a dark environment. Stirring and
controlled temperature were constant for each step of the staining process, except during
sucrose dehydration. The procedure was carried out at both 20-22° C and 30° C.

Sucrose dehydration

The saline washed specimens were towel blotted and dehydrated in 5, 15 and 25% sucrose at
4° C for a minimum of 8 h at each concentration.

Gairns’ protocol (Gairns 1930) did not include sucrose dehydration. We tested staining with
and without sucrose dehydration. Samples subjected to sucrose dehydration either before the
lemon juice treatment or immediately after gold chloride reduction.

Tissue transparency

After sucrose dehydration, the capsule and labrum were transferred to 50 ml of the lemon
juice solution for 10 min in the dark. Gairns’ protocol required soaking the tissue for 10 min
in three parts 100% filtered lemon juice using freshly squeezed lemons and 1 part 88%
formic acid in the dark at room temperature (Gairns 1930). Our specimens were tested under
five different conditions: 1) three parts lemon juice and one part 88% formic acid (Boyd
1962, Gairns 1930, Silverberg et al. 1989), 2) lemon juice only (Silverberg et al. 1989), 3)
three parts lemon juice and one part 4% PFA, 4) 3.6 parts lemon juice and 0.4 parts formic
acid, and 5) three parts lemon juice, 0.6 parts 4% PFA and 0.4 parts 88% formic acid. Each
lemon juice treatment was tested for 10, 15 and 20 min at both room temperature and at 30°
C.

Gold chloride impregnation

The specimens were transferred to 50 ml 1% aqueous gold chloride for 30 min. The 1%
aqueous gold chloride was used in the dark according to the original protocol (Gairns 1930).
The specimens were not teased as they were in two protocols (Boyd 1962, Gairns 1930).
Gold chloride solution can be filtered for use a second time. Both fresh and filtered gold
chloride solutions were used. Gold chloride solution was not re-used more than once.

Gold chloride reduction

The capsule and labrum were separated from each other and subjected to two different
reduction processes. It is important to use ceramic forceps and blade to separate the labrum
from the capsule, because gold reacts with metal. The capsule was immersed in 50 ml 25%
formic acid prepared with citrate PB until axons appeared dark purple-black. Our protocol
required 1.5 h when using fresh gold chloride and 2 h when filtered gold chloride was used.
By contrast to the capsule, reduction of gold chloride in the labrum was performed for 18 h
in 25 ml 25% formic acid prepared in ultrapure water.

Reduction of gold was tested under five different conditions including: 1) 25% formic acid
in ultrapure water (Gairns 1930), 2) acidified water using acetic acid (pH 3.13) (Silverberg
et al. 1989), 3) sodium hydroxide solution (7 drops of sodium hydroxide added to 100 ml
water), pH 11.76, 4) 0.1 M citrate PB, then transferred to 25% formic acid in ultrapure
water, and 5) 25% formic acid in 0.1 M citrate PB. It is important to note that the conditions
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for reduction in acidified water or sodium hydroxide solution, by contrast to the other three
conditions, did not include controlled temperature and standardized stirring. Reduction was
performed for 2, 4, 8, 12, 16, 18 or 24 h.

Stopping the gold chloride reduction

Embedding

When stained to the desired color, all specimens were washed in ultrapure water and stored
in fresh ultrapure water at 4° C overnight or until ready for embedding. In the original
protocol of Gairns, tissue was towel blotted, then immersed in glycerin; there was no
termination step for gold chloride reduction (Gairns 1930). In our protocol, we slowed gold
reduction at 4° C. After washing, samples were transferred to one of the following solutions:
1) 4% PFA for 2 min and 1% sodium thiosulfate for 2 min at room temperature, 2) 4% PFA
for 2 min at room temperature, or 3) water at 4° C overnight. Samples that were treated with
PFA and/or sodium thiosulfate were transferred to water and stored at 4° C overnight.

The labrum and capsule samples were examined after various embedding conditions and in
various media including paraffin, gelatin, glycerin gelatin, or Tissue Tek. In earlier
protocols, tissue samples were placed in glycerin (Gairns 1930, Boyd 1962). We ultimately
chose Tissue Tek for embedding both labrum and capsule samples, although the embedding
process differed depending on specimen size. Four freezing techniques were tested for the
samples embedded in Tissue Tek. These techniques included using liquid nitrogen, methyl
butane with liquid nitrogen, dry ice, or ethanol and dry ice. Ultimately, we selected ethanol
and dry ice as the freezing technique for both the labrum and capsule samples.

Labrum samples—Plastic embedding molds were filled carefully with Tissue Tek to
avoid introducing air bubbles. The labrums then were towel blotted to remove excess water
and immersed in Tissue Tek for at least 30 min. Subsequently, the molds were lowered into
an ethanol and dry ice bath to snap-freeze the samples in the Tissue Tek. Care should be
taken to prevent the ethanol from contacting the Tissue Tek or sample. Embedment of
capsule tissue samples was more complex (see below).

Capsule samples—Steps for embedding the capsule tissue was custom designed for and
more complex than for the labrum described above (Table 1, Fig. 2). Glass jars were
partially filled with Tissue Tek. The capsules were towel blotted and immersed in Tissue
Tek for at least 30 min. Because the capsule samples were dome-shaped, they required
flattening. To achieve optimal flattening, we removed the specimens from the Tissue Tek
and conditioned them by applying downward pressure using an aluminum block. Downward
pressure was applied three to five times on the tissue with the surface of interest directed
against a strip of polyethylene plastic covered with Kim Wipes. The Kim Wipes removed
excess Tissue Tek. If noticeable Tissue Tek remains on the surface of interest after
conditioning, a fresh Kim Wipe should be used to remove it. During each repetition of
conditioning, the downward pressure was applied to the tissue until the capsule was
completely spread, then the pressure was sustained for at least 5 sec. Once conditioning was
complete, the samples were ready to be flattened permanently.
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To flatten tissue permanently, we tested different techniques using a custom-made
aluminum mold. Various attempts included: 1) pinning the tissue down to partially frozen
Tissue Tek, 2) pressing the tissue against the bottom of an aluminum mold using a
compression block (part V, Fig. 2A) and 3) using a compression block to press the tissue
against polyethylene plastic that was customized to fit the base of the aluminum mold. The
best results were obtained by pressing the tissue against polyethylene plastic using a
compression block.

The tissue sample was placed in the custom made aluminum mold with the polyethylene
plastic at the bottom (Fig. 2A-1) so that the tissue surface of interest was in contact with the
plastic. The compression block was tightened against the tissue to produce maximal flatness.
The capsule was considered flat when at least % of the length of the screws was screwed
into the aluminum mold. The complete aluminum mold including the compression block
then was lowered into an ethanol and dry ice freezing bath without allowing ethanol to flow
into the mold (Fig. 2A-2).

To determine whether the tissue was completely frozen, we applied two drops of Tissue Tek
to the mold. When the Tissue Tek froze, the tissue surface of interest was completely frozen.
The compression block then was removed and Tissue Tek was used to fill the area it had
occupied, thus embedding the majority of the tissue. The tissue should remain flat against
the plastic and should not be disturbed at any point during the remainder of the embedding
process. After the mold was filled with Tissue Tek, it was lowered into the ethanol and dry
ice freezing bath again (Fig 2B-1). When completely frozen (Fig. 2B-2), the portion of the
mold that contained the partially embedded tissue specimen was separated from the base of
the mold and flipped to expose the flattened surface of the tissue (Fig. 2C). Another
aluminum mold, labeled as additional mold, was stacked on top of the flipped mold (Fig.
2C-1) and both were attached to the base without the plastic. The additional mold was
another custom-made aluminum mold similar to the first except it was not designed to
accommodate screws with a “round” head, but rather a “countersunk” head. A layer of
Tissue Tek was applied to the exposed flattened part of the tissue and the mold was lowered
into the ethanol and dry ice freezing bath (Fig. 2C-2) to complete the embedment. The
aluminum mold then was disassembled and the block removed (Fig. 2D) and stored at —20°
C for the short term or at —80° C for the long term.

Preparation of gelatin subbed slides

Prior to sectioning the embedded samples, 75 x 25 mm gelatin coated and 75 x 50 mm pre-
cleaned slides, were subbed with gelatin to improve tissue adherence. Several protocols
were combined (Kubke 2011, Larison 2009, NIH) to establish our final protocol for subbing
the slides. Slides were placed in glass racks with an open bottom, then placed in glass
containers. Pre-cleaned slides were placed in dishwashing solution (approximately 80° F)
for 30 min to 1 h with gentle agitation, rinsed under running tap water for 15 min or until all
traces of detergent were removed, then rinsed with running distilled water for 5 min. After
rinsing, the slides were placed under a fume hood and the glass containers were filled with 2
M nitric acid. Slides remained in the nitric acid solution overnight. The nitric acid then was
removed and stored for re-use. Next, the glass racks were rinsed in running tap water for 5—

Biotech Histochem. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Witherspoon et al.

Sectioning

Page 7

10 min, then rinsed in running distilled water for 5-10 min. The glass containers were
covered immediately with glass lids or foil to maintain lint-free slides and transferred to a
biological safety cabinet, uncovered,and air dried overnight. Fresh gelatin chromium
solution was prepared and slides were dipped in the solution for 1 min, then air dried for 10
min. This coating process was repeated three times. If air bubbles formed, the covered
containers with gelatin subbed slides were placed in an incubator at 37° C for 30 min or
until no air bubbles remained. Slides then were removed from the glass containers under a
biological safety cabinet and air dried overnight. Once dry, the slides were ready for use.
The 75 x 25 mm gelatin coated slides were rinsed with running distilled water for 5 min, air
dried in the biological safety cabinet. The slides then weredipped in the gelatin chromium
solution for 1 min and air dried for 10 min. This coating process was repeated twice.

The procedure for cryosectioning is given in Table 2. The frozen labrum tissue blocks were
sectioned at 80 um in the sagittal plane and capsule samples were sectioned at 100 pum in the
contact surface plane. Sectioning of the labrum and capsule samples produced small and
large sections, respectively. Therefore, the labrum sections were adhered to 75 x 25 mm
gelatin subbed slides directly from the cryostat platform. Capsule sections were positioned,
using forceps, on 75 x 50 mm gelatin subbed slides within the cryostat chamber, then the
slides were moved outside the chamber so sections could dry on the slides. After sectioning,
the slides were air dried at 4° C overnight.

In the original protocol (Gairns 1930), the tissue samples were embedded in glycerin, teased
apart and viewed by light microscopy. After embedding, we stored the frozen blocks in the
cryostat to permit their acclimation to the cryostat temperature (outside temperature = —25°
C, chamber temperature = —20° C). Samples sectioned immediately after freezing were
placed in the cryostat for 30 min, whereas samples stored at —80° C prior to freezing were
placed in the cryostat for 1 h. Frozen blocks were sectioned at 50, 80, 100, 150 and 200 pm.
Samples also were sectioned in the sagittal, coronal, transverse and contact surface planes.
The sections were adhered to four types of slides including gold plus (75 x 25 mm), poly-L-
lysine (75 x 25 mm), gelatin coated (75 x 25 mm) and gelatin subbed (75 x 25 mm and 75 x
50 mm).

Slide processing

Steps for slide processing are given in Table 3. The day after sectioning, Tissue Tek was
completely removed from the capsule sections by immersing them in two ultrapure water
baths for at least 30 min (first bath, 15 min; second bath, 15 min) for labrum sections and at
least 4 h (first bath, 3 h; second bath, 1 h) for capsule sections based on preliminary tests.
The sections then were dehydrated in 70 and 100% ethanol for 1 min (labrum sections) or 2
min (capsule sections) in each solution. Two sequences of alcohol dehydration were tested:
70, 95 and 100% ethanol (Silverberg et al. 1989), and 70 and 100% ethanol; the 70 and
100% dehydration was more effective. The sections then were transferred to two baths of
xylene. In the first bath, labrum sections were incubated for 1.5 min and capsulesections
were incubated for 3 min. In the second bath, the labrum sections were incubated for 3 min
and the capsule sections for 30-45 min. After dehydration, mounting medium was applied.
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Glycerol, glycerol-gelatin and Permount were tested as mounting media for coverslipping
the slides. Permount mounting medium was the medium of choice and was applied to each
section (Yahia et al. 1988). After coverslipping, the slides were stored at 4° C until analysis
by light microscopy.

General procedures

The temperature in the room in which initial trials were performed fluctuated between 18
and 30° C. Temperatures below ambient (< 22° C) prevented complete tissue transparency
and limited the reduction of gold chloride to free gold. Despite using a stir bar, fluctuating
temperature caused inconsistent staining. Using a stir bar to control the mixing rate in the
lemon juice treatment, gold chloride impregnation and reduction steps produced consistent
penetration of solution and staining appearance. The lemon juice treatment resulted in
inconsistent tissue transparency when a stir bar was not used. Use of a stir bar produced
uniform gold chloride impregnation throughout the tissue sample (3 mm depth) as
demonstrated by serial sections. Like the lemon juice treatment, complete gold chloride
reduction was not consistent in the absence of a controlled mixing rate and temperature.
Strict temperature control (27-30° C) and use of a stir bar to control the mixing rate in every
step except sucrose dehydration produced uniform penetration of all solutions throughout
the tissue samples as well as improved reproducibility.

Sucrose dehydration

Sucrose dehydration prior to staining enabled smooth cutting of the labrum and capsule
without altering the outcome of tissue staining. A specimen obtained after sucrose
dehydration is shown in Fig. 3A. The timing of sucrose dehydration was important. The use
of sucrose after gold chloride staining produced a pink background and pink myelinated
axons. We were unable to differentiate blood vessels and nerve endings; fascicles, however,
were identifiable. In the absence of sucrose dehydration, the tissue tore during sectioning.

Tissue transparency (lemon juice treatment)

Immersing the tissues in pure lemon juice mixed with formic acid as suggested in previous
protocols resulted in good transparency, but also extensive tissue deformation. In addition,
staining intensity was decreased compared to the use of 100% lemon juice or 100% lemon
juice mixed with PFA and formic acid. Lemon juice alone, however, produced adequate
tissue transparency. Pure lemon juice combined with 4% PFA and 88% formic acid
produced adequate tissue transparency for optimal staining intensity and little or no tissue
deformity (Fig. 3B). This treatment yielded the best results after 10 min exposure at 30° C.

Gold chloride impregnation

Our protocol produced a uniform yellow appearance of the tissue (Fig. 3C). The intensity of
the yellow color was greater when we used fresh gold chloride compared to gold chloride
that had been used earlier and filtered. In the latter case, we compensated for the differences
in intensity in the gold chloride reduction step by adjusting the incubation time (see below)
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to achieve comparable intensity. Tissue samples 5-7 mm thick produced optimal staining
results and required 30 min for gold chloride penetration and dispersal throughout the tissue.

Gold chloride reduction

The use of 25% formic acid in ultrapure water as a reducer caused more extensive deformity
of the capsule than the labrum. Tissue specimens reduced in acidified water or sodium
hydroxide solution suffered little or no tissue deformity, but showed minimal staining
intensity. Samples that initially were placed in citrate PB then transferred to 25% formic
acid in ultrapure water showed the greatest staining intensity of the entire tissue specimen
for all structures (nerve endings, fascicles and blood vessels) compared to using acidified
water or sodium hydroxide. The use of 25% formic acid in citrate PB produced optimal
staining intensity of the myelinated axons and fascicles, and caused minimal tissue
deformity as shown in Fig. 3D. The best staining results were achieved when the labrum was
reduced in 25% formic acid in ultrapure water for 18 h and the capsule was reduced in 25%
formic acid in citrate PB for 1.5 or 2 h. Capsule specimens exposed to fresh or filtered gold
chloride were placed in reducing solution for 1.5 h and 2 h, respectively. Reduction of gold
chloride in the capsule using 25% formic acid in citrate PB did not cause extensive tissue
deformity, but did cause the tissue to become “dome shaped.”

Stopping the gold chloride reduction

Embedding

The use of 1% sodium thiosulfate caused a cloudy haze to form around the sensory nerve
endings, which made identification of the components of the nerve endings difficult. Using
4% PFA following 1% sodium thiosulfate increased the clarity of the nerve endings. We
have not tested the effects of 4% PFA on staining variability, however, and suggest that if
4% PFA is used in this protocol, additional testing should be done. Storing the samples at 4°
C dramatically slowed the reduction of gold chloride and was the best way to stop reduction.

Paraffin, gelatin, and glycerin-gelatin blocks stiffened, but did not harden, without either
formalin or freezing. We were unable to cut sections from the paraffin, gelatin and glycerin-
gelatin blocks. Tissue Tek was the best embedding medium for both the capsule and labrum;
its use minimized tearing of both tissue types. The aluminum mold we designed for
flattening tissue together with the series of steps we developed to embed the capsule,
consistently achieved complete or near complete flatness of the surface of interest. The
labrum did not require flattening. An ethanol and dry ice bath froze both tissues uniformly
without forming ice crystals, unlike using liquid nitrogen, methyl butane with liquid
nitrogen, or dry ice alone.

Cryosectioning

Serial sections were collected from 56 capsule and labrum specimens. Infiltration of tissue
specimens with Tissue Tek enabled easy sectioning of the tissue with few or no tears or air
bubbles. Tissue samples cut at 50 um did not show the entire structure of sensory nerve
endings. Labrum and capsule specimens cut at 80 and 100 um, respectively, showed both
full and partial nerve endings. Sections were cut easily and allowed subsequent slide
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processing. For the labrum, the structures of interest were more easily identifiable when
sectioned at 80 um than at 200 um. The 150 um thick sections cut easily and showed the
majority of the structures of interest, but did not permit identification in regions dense with
these structures The 200 pm thick sections showed more distinctive structures of sensory
nerve endings than 150 pm thick sections, but did not cut easily. Serial sectioning of the
specimens allowed us to confirm the identities of most structures.

Slide processing

The original Tissue Tek protocol required the sections to be immersed in water for 10 min,
but this time was insufficient for complete removal of Tissue Tek from 80-100 um thick
sections. We compared incubation times in water ranging from 10 min to 5 h and found that
30 min to 1 h for labrum sections and 4 h for capsulesections were optimal.

Labrum sections—Labrum sections detached from gold plus, poly-L-lysine or gelatin-
coated slides after 20 min in ultrapure water regardless of surface area. Labrum sections
remained attached to the gelatin subbed 75 x 25 mm slides for 30 min to more than 3 h
while the Tissue Tek was dissolving in the water. After Tissue Tek removal, minimal
curling occurred when the sections were incubated in 70 and 100% ethanol for 1 min and
two baths of xylene for 1.5 and 3 min.

Capsule sections—A large amount of residual Tissue Tek remained in the capsule
sections after immersion in water for less than 3 h. Excess Tissue Tek on the slide appeared
as a white haze across the sections and slide after exposure to ethanol and xylene. The
capsule sections did not remain on pre-cleaned slides when immersed in water for 3 h, but
they did remain attached to the gelatin subbed slides for more than 3 h. At 3 h, gel-like
patches of residual Tissue Tek were observed throughout the capsulesections and the
sections appeared distorted under the microscope. A minimum of 4 h was required for
complete or near complete removal of Tissue Tek. Two alcohol (70 and 100%) baths instead
of three (70, 95 and 100%), after Tissue Tek removal improved the clarity of the sections.
To remove the gel-like patches completely, the sections were immersed in a second xylene
bath for up to 45 min.

Consistency of tissue staining

We monitored labrum and capsule staining using light microscopy. Because we sectioned
the labrum in a sagittal plane, more sections were collected to sample the entire tissue width
(21 mm). For this reason, some specimens yielded up to 263 sections. The sections for the
labrum, unlike the capsule, showed patterned tricolor staining that enables one to
differentiate the structural zones of the labrum. Moreover, the staining pattern appeared to
be the same in all the sections. Figure 4A demonstrates eight serial labrum sections from
263 total sections.

The capsule thickness in the contact surface plane was 1.5-2.0 mm; we collected an average
of seven 100 um sections, which corresponded to a tissue depth of 0.7 mm. Once this depth
was reached, the color of the stained tissue started to appear different from the previous
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seven sections in which the staining was less intense and lighter pink. Figure 4B shows
consistent staining in three of the seven serial capsule sections.

Appearance of neural structures

Tissue samples that were reduced in 25% formic acid in ultrapure water without using a stir
bar showed black myelinated axons, fascicles and blood vessels. The collagenous
background appeared transparent. Staining was inconsistent among and throughout the
samples. Type 1 nerve endings were easily identifiable. It was difficult, however, to
differentiate type 2 nerve endings, fascicles and blood vessels when capsule tissue was
reduced in 25% formic acid in ultrapure water. Tissue specimens reduced in acidified water
showed results similar to 25% formic acid in ultrapure water, but less staining intensity.
Reduction in sodium hydroxide resulted in a light blue collagenous background. The
capsules of type 2 sensory nerve endings and blood vessels stained darker blue than
collagen, but not as dark as the myelinated axons. The entire structure of type 1 nerve
endings stained dark blue and was easily identifiable.

Sections reduced in 25% formic acid in ultrapure water under controlled conditions
(temperature and mixing rate) showed a color range within the background of the labrum.
Myelinated axons were black and the external capsules of type 2 nerve endings were blue.
The background showed three concentric layers. The outermost layer was pink-purple, the
second layer was transparent, and the innermost layer was pink (Fig. 5A). When capsule
tissue was reduced in 25% formic acid in ultrapure water under controlled conditions,
flocculation developed and the desired color contrast between the tissue background and the
structures of interest was not achieved by varying exposure time in the reducing solution.

Capsule tissue reduction in 25% formic acid in citrate PB produced optimal color contrast
among the collagenous background, type 2 nerve endings, blood vessels and type 1 nerve
endings. The use of citrate PB also eliminated flocculation. The collagenous background
appeared transparent pink to purple and contained dark purple-black structures (Fig. 5B).
The axonal tree-like formation and intertwined cylindrical endings of type 1 sensory nerve
endings stained dark purple (Fig. 6A, B). The blood vessels stained darker purple-black with
a lumen (Fig. 6C). Myelinated axons stained dark purple. The lamellae of cross sections of
the external capsule of type 2 nerve endings showed a light pink concentric pattern and the
entire corpuscle had an onion-like appearance (Fig. 6D—F). The lamellae were not defined
clearly. Type 2 sensory nerve endings presented with an elongated, conical, pinkish external
capsule and a dark purple inner capsule with nuclei in an orbital pattern (Fig. 6D, E, G)
when their structure was preserved during sectioning.

Discussion

General observations

Two major difficulties often encountered with earlier staining protocols (Boyd 1962, Gairns
1930, Silverberg et al. 1989, Zimny et al. 1989) include intermittent failure to achieve either
tissue transparency or gold reduction, and the absence of uniform staining throughout the
depth of the tissue. Temperature and mixing rate of solutions are important for gold
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nanoparticle synthesis (Beesley 1992). Our results suggest that a temperature controlled
environment (27-30° C) and a mixing rate of 400-450 rpm are necessary for consistent
staining within the tissue and among samples.

Sucrose dehydration

Because fibrocartilaginous tissues are difficult to section, we added a sucrose dehydration
step to our protocol. Specifically, we used sucrose dehydration before the tissue
transparency step, because it did not interfere with staining at this stage in our protocol.
Sucrose is an excellent cryoprotectant, which prevents formation of ice crystals and
preserves optimal morphology (Hayat 2000). We found sucrose dehydration to be especially
beneficial when working with the labrum; the capsule was easier to work with and did not
require additional treatment.

Tissue transparency

The tissue transparency step is critical for resolving neural structures by light microscopy.
Citric acid, a component of lemon juice, is essential for achieving transparency, but 100%
lemon juice was more effective than citric acid alone (Silverberg et al. 1989). How
transparency is achieved in tissue in unclear, but previous research on the browning of fruits
and vegetables offers a clue (Pilizota and Subaric 1998). Tissue pigmentation results from
an oxidative reaction. In addition to citric acid, lemon juice contains vitamin C, which is an
anti-oxidant that prevents browning of fruits by binding oxygen. Apparently, in this staining
process, using lemon juice produced optimal tissue transparency that was caused by citric
acid, an acidifier, and vitamin C, an anti-browning reagent. It also is important that in an
acidic environment (pH < 3), enzymes responsible for browning are less active (Pilizota and
Subaric 1998).

The tissue transparency step in gold chloride staining protocols includes exposure of tissue
to both lemon juice and formic acid (Boyd 1962, Gairns 1930), which lowers the pH. When
we exposed cadaver tissue to lemon juice only, the tissue color was lightened and under the
acidic conditions (pH < 3), the tissue became transparent. The change in tissue pigmentation
suggested that lemon juice and formic acid exert similar effects on tissue. We found that
lemon juice and formic acid treatment for 10 min at 30° C produces tissue transparency, but
should be combined with 4% PFA to minimize tissue deformation.

Gold chloride impregnation

Gold chloride staining depends on deposition of gold chloride, a metallic salt, in the tissue
(Mann 1929), a process known as gold impregnation. Boyd noted that the extent of staining
depends on the extent of gold impregnation, which is related to the ratio of gold chloride
solution to muscle tissue. In our protocol, the extent of gold impregnation depends primarily
on the relation of gold to tissue thickness (Boyd 1962) and exposure time. To select the best
conditions, we varied the tissue thickness and kept the volume of gold chloride solution
constant.

Tissue thickness was critical for staining the capsule. Because the capsule tissue ranged
from 1.5-2 mm thick, a layer of fat and muscle was left attached to increase overall tissue
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thickness, which helped produce optimal staining results. This was true for the reduction
step as well. The best results were observed in tissue samples 5-7 mm thick. Boyd (1962)
asserted that the duration of tissue exposure to gold chloride plays a negligible role in gold
chloride staining. To the contrary, we found that leaving the tissue in gold chloride for 10
min longer than in the original protocol improved its penetration throughout the tissue.

Gold chloride reduction

Gold chloride reduction is the most critical step for structure identification based on color
differences among the tissue background, blood vessels, myelinated axons and sensory
nerve endings. The type of reduction solution, duration of reduction and temperature
together determine the best color contrast among structures. We achieved excellent color
contrast when we used 25% formic acid in ultrapure water for 18 h for labrum tissue and
25% formic acid in citrate PB for 2 h for capsule tissue.

The mechanism of gold chloride staining of myelinated axons and sensory nerve endings is
not clear. The chemistry of gold in the synthesis of gold nanoparticles and binding of gold to
proteins, however, is better understood. Gold clearly plays a role in staining the proteins of
myelinated axons and nerve endings. Mann (1929) observed that gold chloride staining was
undependable. Freud (1884), in his research on nerve identification using gold chloride
staining demonstrated that the intensity of the staining depended on the type of reduction
solution used and the duration of exposure. In addition, Freud (1884) found that gold
staining depends on the interaction of the metal with an organic compound such as citrate,
sucrose, acetic acid, formaldehyde or formic acid. Organic acids, particularly formic acid,
develop easily recognized images of the structure(s) of interest (Lenher 1913). This
observation supports Gairns’ use of formic acid in his method for gold chloride reduction
(Gairns 1930).

When gold chloride is reduced, gold spheres (nuclei) are formed; the process is known as
nucleation. As the concentration of gold increases, the atoms cluster to form particles.
Flocculation often occurs during gold nanoparticle synthesis. Citrate, commonly used as a
reducing agent, stabilizes gold particles by preventing gold nanoparticle aggregation and
flocculation (Kumar et al. 2007). Earlier research has suggested that citrate ions have a high
affinity for ionic gold. The chelating head group of citric acid interacts with gold ions to
form citrate-Au3* complexes known as citrate-membrane assemblies (Gonzaga et al. 2008).
In the presence of sodium citrate and an acid (e.g., tannic acid), the reduction of gold is
improved (Beesley 1992). Therefore, the use of formic acid prepared in a citratephosphate
buffer not only yields the best staining results, but also minimizes flocculation in capsule
tissue.

Stopping the gold chloride reduction reaction

As gold in tissue is reduced over time, its color continues to change until reduction is
complete. Depending on the type of reduction solution used, the color varies, so the end
colors differ also. We sought to achieve a specific color contrast between the collagen fibers
and other structures of the tissue. To do this, it was necessary to stop the reduction process
before it was complete. Although storing the samples in ultrapure water at 4° C did not stop
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the reduction completely, it did slow the process significantly, which allowed us to
consistently obtain the desired staining contrast.

The capsule, when removed from the reduction solution, shrank unevenly and was deformed
into a “dome shape,” which made it difficult to embed. Conditioning, which included three
to five repetitions of downward pressure applied to the tissue to achieve tissue flatness,
reduced tissue stiffness and ultimately flattened the dome shape; complete or nearly
complete tissue flatness (Fig. 3C-1) was achieved in this way. The plastic on the bottom of
the aluminum mold prevented extraneous precipitation in the tissue that would occur if the
tissue were pressed against metal. Embedding the capsule in a series of steps caused the
tissue surface to remain flat during embedment for cryosectioning. In this way, the desired
orientation was achieved without distorting shape of the tissue.

Cryosectioning

Two variables that contribute to different results among studies include the thickness of
sections and examination of either random or serial sections (Hogervorst and Brand 1998).
We selected 80 and 100 um sections as optimal for labrum and capsule sections,
respectively. To confirm the identification of structures, we suggest examining serial
sections for anatomical examination.

Slide processing

The time required for complete removal of Tissue Tek from labrum sections (labrum) varied
depending on the surface area of the sections and the type of slide used. After Tissue Tek
removal, shorter incubation times in ethanol and xylene for labrum sections compared to
capsule sections prevented extensive curling of tissue. The extended periods in all solutions
for slide processing improved the clarity of the sections and aided the identification of
neural structures. The time may vary for different tissue types during each step of slide
processing.

Appearance of neural structures

Type 1 sensory nerve endings have a tree-like structure with intertwined cylindrical endings
known as capsules (Halata 1977). Type 2 sensory nerve endings include a neurite
surrounded by an inner capsule consisting of specialized Schwann cells and squamous cells
surrounded by an external collagenous capsule (Bell et al. 1994); however, not all type 2
nerve endings have an external collagenous capsule (Peterson et al. 1972). We identified the
substructures of both type 1 and type 2 nerve endings using our staining protocol. We
observed that the color contrast between type 1 and type 2 sensory nerve endings,
collagenous background and blood vessels varied within the tissues we examined depending
on the reducing solution used.

Gold chloride reduction in 25% formic acid in ultrapure water produced excellent results for
the labrum, but the staining was inconsistent in the absence of consistent temperature and
mixing rate. Controlling these two factors maximized the color range in the tissues and
produced the most favorable results.
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Under controlled conditions, the labrum exhibited tricolor staining of the three concentric
layers consisting of a superficial mesh, dense circumferential braided core and loosely
packed peri-core zone (Hill et al. 2008). The background color of the labrum and capsule
could be manipulated by changing the amount of time the tissue was exposed to the reducing
solutions. Although we could change the background color of the capsule by reducing gold
in 25% formic acid in ultrapure water, flocculation still occurred. Therefore, we used citrate
PB instead of water. Use of citrate PB both eliminated flocculation and produced the best
color contrast between the collagenous background and neural structures.

Gold chloride staining of myelinated axons and nerve endings has been used for many years
and has undergone many modifications. Each modification yielded similar results, but none
addressed the problem of inconsistent staining. We altered most of the original steps of the
Gairns’ protocol (Gairns 1930) to produce more consistent and optimal staining. Our
changes included a consistent temperature, mixing rate, sucrose dehydration, altered lemon
juice solution, 25% formic acid in citrate PB for reducing gold, the period that the specimens
were in solution for each step, and a novel embedding process. Ultimately, our modified
protocol enabled us to achieve consistent staining of nerve endings in both the labrum and
capsule.
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Stop Process

Washin ultrapure water with
gentle agitation (2 min)
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(O/N @ 4°C)

219x241mm (300 x 300 DPI)

Fig. 1.
Flow chart for gold chloride staining procedure.
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Fig. 2.
Materials and sample processing during embedding. A) Apparatus required for tissue

flattening. I, base of aluminum mold; I1, polyethylene plastic; 111, aluminum mold; V,
compression block; S, tissue specimen. A-1) Tissue surface of interest in contact with
polyethylene plastic (part I1) prior to flattening using the compression block (part V). A-2)
Lowering of complete aluminum mold into ethanol and dry ice freeze bath. The white dots
represent drops of Tissue Tek that indicate a completely frozen tissue surface. B) Parts
required for embedding the exposed half of the tissue specimen. |, base of aluminum mold;
I1, polyethylene plastic; 111, aluminum mold; S, tissue specimen. B-1) Lowering of complete
aluminum mold filled with Tissue Tek into ethanol and dry ice bath. I, base of aluminum
mold; Il, polyethylene plastic; 111, aluminum mold; S, tissue specimen. B-2) Mold
containing half of specimen embedded and frozen in Tissue Tek. C) Parts S and 111 are
flipped to expose the flattened surface of tissue (part S). I, base of aluminum mold; S and
111, frozen specimen in an aluminum mold; IV, additional aluminum mold. C-1) Adding the
additional aluminum mold (part 1V) after parts S and I11 have been flipped. C-2) Lowering
of complete mold into ethanol and dry ice freeze bath after a layer of Tissue Tek was added
over the flattened tissue surface (part S). I, base of aluminum mold; S, frozen specimen; IlI,
aluminum mold; 1V, additional aluminum mold (see description in the capsule samples
section). D) Frozen tissue block after mold disassembly.
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Fig. 3.
Appearance of the glenoid capsule after each step of the gold chloride staining. A)

Harvested tissue after sucrose dehydration. B) Tissue after lemon juice treatment. C) Tissue
after gold chloride impregnation. D) Tissue after gold chloride reduction.
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Fig. 4.
Representative serial sections of labrum (A, 10 X) and capsule (B, 4 X) showing consistent

gold chloride staining.
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Fig. 5.
A) Section from labrum tissue reduced in 25% formic acid in ultrapure water showing the

transparent to purple range of colors across three concentric layers; neural structures are
stained black. B) Section of 100 um thick glenoid capsule processed using 25% formic acid
in citrate phosphate buffer showing pink to purple collagenous background and containing
dark purple-black structures identified as type 1 and type 2 nerve endings. A, 10 X; B, 4 X.
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Fig. 6.
Glenoid capsule (white arrows). A) Type 1 sensory nerve ending innervating capsule tissue

at the capsule-labrum junction. B) Type 1 sensory nerve ending innervating capsule tissue at
the humeral attachment. C) Blood vessel. D— G) Different presentations of type 2 sensory
nerve endings innervating capsule tissue including a cross-section of type 2 sensory nerve
ending (1) and the entire corpuscle of type 2 nerve ending (2).
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Steps for tissue embedding
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Steps

Notes

1. Remove tissue from ultrapure water

2. Blot tissue using Kim Wipe to remove excess water

3. Transfer tissue samples to small jars containing Tissue Tek

4. Start freeze bath using ethanol and dry ice

5. Condition tissue samples

6. Refer to the steps in Fig. 3A-D

7. Wrap frozen block (Fig. 3D) in Parafilm and store @ —20° C until ready for sectioning

30 min at room temperature

3-5 repetitions

For long term storage, samples should be stored at
-80°C
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Table 2
Steps for cryosectioning
Steps Notes
1. Set cryostat parameters Outside temperature = -25° C

Chamber temperature = -20° C
Thickness: 80 or 100 pm

2. Bind specimen to specimen disc in the cryostat chamber using Tissue Tek  Orient tissue as desired

3. Align tissue in cryostat

4. Section tissue Labrum samples, 80 um; Capsule samples, 100 pm
5. Mount on gelatin subbed slides

6. Air dry overnight at 4° C and 31-33% humidity
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Table 3

Steps for processing slides containing labrum and capsule sections

Steps Labrum Sections Capsule Sections

1. Place slides in ultrapure water at room temperature 30 min-1h 4 h minimum, overnight maximum
2. Transfer slides to 70% ethanol 1 min 2 min

3. Transfer slides to 100% ethanol 1 min 2 min

4. Transfer slides to xylene 1.5 min 3 min

5. Transfer slides to fresh xylene 3min 30-45 min

6. Coverslip using Permount mounting medium

7. Store slides overnight @ 4° C with humidity of 31-33%

8. Observe slides using light microscopy within 1 week of staining
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