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Summary

Spiral ligament fibrocytes function in cochlear homeostasis, maintaining the endocochlear potential by participating in
potassium recycling,and fibrocyte degeneration contributes to hearing loss.Their superficial location makes them amenable
to replacement by cellular transplantation. Fibrocyte cultures offer one source of transplantable cells, but determining what
fibrocyte types they contain and what phenotype transplanted cells may adopt is problematic. Here, we use immunogold
electron microscopy to assess the relative expression of markers in native fibrocytes of the CD/l mouse spiral ligament.
Caldesmon and aquaporin | are expressed more in type lll fibrocytes than any other type. S-100 is strongly expressed in
types |, Il, and V fibrocytes, and 0.1 Na,K-ATPase is expressed strongly only in types Il and V. By combining caldesmon or
aquaporin | with S-100 and o.1Na,K-ATPase, a ratiometric analysis of immunogold density distinguishes all except type I
and type V fibrocytes. Other putative markers (creatine kinase BB and connective tissue growth factor) did not provide
additional useful analytical attributes. By labeling serial sections or by double or triple labeling with combinations of three
antibodies, this technique could be used to distinguish all except type Il and type V fibrocytes in culture or after cellular
transplantation into the lateral wall. () Histochem Cytochem 59:984—1000, 201 1)
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Fibrocytes of the spiral ligament are involved in the homeo-
static maintenance of cochlear fluids, working with the stria
vascularis to generate the endocochlear potential and pro-
vide an optimal ionic environment in the scala media for

precursors (Kamiya et al. 2007) or cultured fibrocytes into
the lateral wall.

Cultures of type I (Gratton et al. 1996; Suko et al. 2000) and
type IV (Qu et al. 2007) fibrocytes have been made and char-

sensory hair cell transduction (Wangemann 2006). There
are five main fibrocyte types (numbered [-V) with specific
morphology and location described in the gerbil (Spicer and
Schulte 1991) and mouse (Furness et al. 2009). Degenera-
tion of fibrocytes occurs in some forms of deafness in mice
(e.g., CD/1 mice) (Wu and Marcus 2003) and humans
(Minowa et al. 1999) and can be elicited by noise damage
(Hirose and Liberman 2003). It has been suggested that in
CD/1 mice, early fibrocyte degeneration may be responsi-
ble for subsequent degeneration of other cochlear tissues
(Mahendrasingam et al. 2011), a process that could be
delayed or prevented by cellular transplantation of fibrocyte

acterized according to the expression of several potential
markers by light microscope (LM) immunocytochemistry.
Known markers of native fibrocytes include caldesmon in type
L, I1, and III fibrocytes; S-100 in types I and II; Na,K-ATPase
in type 1I (Suko et al. 2000); CaATPase in type I; carbonic
anhydrase II in types I, III, IV, and V; creatine kinase BB
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(CK-BB) in types I, III, IV, and V; Na,K,Cl-cotransporter in
types II, IV, and V (Qu et al. 2007); aquaporin 1 (AQP1) in
type III (Miyabe et al. 2002; Mutai et al. 2009); and connective
tissue growth factor (CTGF) in type IV (Adams 2009).

While differences in staining intensity can be seen at the
LM level in native fibrocytes (Suko et al. 2000), difficulties in
quantifying fluorescence or horseradish peroxidase staining
make accurate identification of different cell types by LM
immunocytochemistry alone problematic. This is especially so
when applied to fibrocyte cultures where there are no regional
cues; thus, identification of type IV cells in culture required
seven different markers (Qu et al. 2007). Furthermore, if cul-
ture or stem cell transplantation should provide a useful method
for rescuing spiral ligament degeneration, it will be important
to determine how well the transplanted cells take up the mor-
phology and functional characteristics of fibrocytes, making
accurate characterization vital.

In this study, we evaluated six different fibrocyte mark-
ers, caldesmon, S-100, alNa,K-ATPase, AQP1, CK-BB,
and CTGF, the combination of which, according to previous
studies, should enable all classes of fibrocytes to be distin-
guished. To quantify marker expression, we have employed
postembedding immunogold labeling for electron micros-
copy (EM), which we have previously used to quantify the
relative distribution of the glutamate transporter, GLAST,
in different fibrocytes (Furness et al. 2009). Only one EM
study using one of these markers (Na,K-ATPase) has been
performed previously (Nakazawa et al. 1995), and in that
study, quantification was not done. In addition, this
EM-immunogold method also allows the application of
morphological criteria not visible by LM and for the subcel-
lular distribution of label to be determined. We have there-
fore applied it to characterize native spiral ligament
fibrocytes in the CD/1 mouse cochlea and compared it with
distributions observed with the same antibodies using
immunofluorescence in paraffin sections at the LM level.

Materials and Methods
Fixation and Embedding in Paraffin

CD/1 mice were deeply anesthetized with sodium pento-
barbitone (100 mg/kg, Pentoject, Animalcare Ltd, York,
UK) injected intraperitoneally. After loss of the pedal with-
drawal reflex, the bullae were opened, and each cochlea
was perfusion fixed in 4% paraformaldehyde (PFA) in 0.1
M sodium phosphate buffer (PB), pH 7.4, via a small hole
made in the cochlear apex and base followed by immersion
in the same fixative for 2 hours at room temperature.
Cochleae were then washed in 0.1 M PB (pH 7.4) and
decalcified in 5.5% ethylene diamine tetra acetic acid
(EDTA) in 0.1% PFA solution for 48 hours. The decalcified
cochleae were dehydrated in a graded series of ethanols
(70%, 80%, 90%, 100%, and dry 100%). The cochleae

were then infiltrated through four changes of fresh paraffin
(Agar Scientific, Stansted, UK) at 75C, mounted in a mold,
covered with fresh wax, and cooled in a refrigerator to
solidify the wax. After trimming around the cochleae, the
wax block was sectioned at 10 um on a Reichert-Jung 2040
wax microtome (Vienna, Austria), and the sections were
mounted onto glass sides.

For immunofluorescence labeling with antibodies to
caldesmon, S-100, AQP1, alNa,K-ATPase, CK-BB, and
CTGF, the wax sections were deparaffinized using xylene
and rehydrated via decreasing concentrations of ethanol.
They were placed in a moist chamber and labeled using the
following steps: permeabilization in 0.025% Triton-X-100
in 0.05 M Tris-buffered saline, pH 7.4 (TBS-T), for 5 min-
utes 2 times; blocking in TBS containing 1% bovine serum
albumen (TBS-BSA) and 10% goat serum for 2 hours at
room temperature; incubation in primary antibody diluted
1:100 in TBS-BSA overnight at 4C; washing in TBS-T for
5 minutes 2 times; incubation in AlexaFluor 488 (Invitrogen,
Paisley, UK) anti-rabbit secondary antibody diluted 1:100
for 2 hours at room temperature; washing; and mounting in
TBS. Sections were observed using a BioRad RC1024 con-
focal system (Hemel Hempstead, UK).

Fixation and Embedding in LR White Resin

For immunogold labeling, CD/1 mice (coded Hide, 4109,
4178, and 4179) that were prepared for a previous study
were used (Furness et al. 2009). CD/1 mice were anesthe-
tized and the cochleae fixed, decalcified, and dehydrated as
above. They were then infiltrated in LR White resin (Agar
Scientific) for 24 hours and polymerized in fresh resin in
gelatin capsules at 50C.

Fixation and Embedding in Low Temperature
Lowicryl HM20 Resin

For immunogold labeling with the antibody to caldesmon,
four CD/1 mice (animal numbers 1, 2, 3, and 5) were anesthe-
tized as above and perfusion fixed in 4% PFA and 0.1% glu-
taraldehyde (GTA) in 0.1 M PB, pH 7.4, followed by
immersion in the same fixative for 2 hours at room tempera-
ture. After washing in 0.1 M PB, the lateral wall of the
cochleac was dissected, plunge frozen in liquid propane at
—180C, infiltrated in a mixture of methanol and Lowicryl
HM20 resin (Agar Scientific, Stansted, UK) followed by pure
resin at —45C, and polymerized in fresh pure resin at —45C
with ultraviolet light for 48 hours (Furness and Lehre 1997).

EM and Postembedding Immunogold
Labeling

The cochleae that were embedded in LR White resin (Agar
Scientific) were microsliced in the midmodiolar plane, and
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Table I. A Summary of the Marker Proteins and Primary Antibodies Used with Their Source and Catalog Number and Optimum

Dilutions for Either Single (S) or Triple (T) Labeling

Protein Source of Antibody Catalog Number Dilution
S-100 Sigma-Aldrich, Poole, UK S 2644 1:100 (S); 1:25 (T)
o.1-Na,K-ATPase Abcam, Cambridge, UK Ab33133 1:10 (S); 1:10 (T)
Caldesmon Acris Antibodies GmbH, Herford, Germany S$783 1:10 (S)
AQPI Millipore-Chemicon, Temecula, CA, USA AB3272 1:50 (S); 1:50 (T)
CK-BB Abcam, Cambridge, UK Ab97546 1:10 (S)
CTGF Cell Sciences, Canton, MA, USA CPCI00 1:10 (S); 1:100 (T)

ultrathin sections were cut on a Leica Ultracut UCT ultra-
microtome (Solms, Germany) and collected on glue pen—
coated 200-mesh nickel grids. Ultrathin sections of lateral
wall pieces embedded in Lowicryl HM20 resin (Agar
Scientific, Stansted, UK) were also cut and collected on
200-mesh nickel grids. For the immunogold labeling proce-
dure, grids were immersed in a series of droplets of the
following solutions within a humid chamber: TBS; 20%
goat serum and 0.2% Tween 20 in TBS for 30 minutes at
room temperature to block nonspecific protein binding;
overnight at 4C in polyclonal antibodies to the markers at
various dilutions (Table 1) in 0.05 M TBS, pH 7.4, contain-
ing 1% bovine serum albumin and 0.2% Tween 20 (BSA-
T20-TBS); BSA-T20-TBS 3 times; goat anti-rabbit IgG
conjugated to 15 or 10 nm gold particles (British BioCell,
Cardiff, UK) diluted 1:20 in BSA-T20-TBS for 2 hours at
room temperature; and TBS 3 times and distilled water
3 times (5 minutes each). For negative control, grids con-
taining sections were incubated in BSA-T20-TBS without
the primary antibody. The grids were stained in 2% aqueous
uranyl acetate for 20 minutes and examined using a JEOL
JEM 1230 transmission electron microscope (JEOL UK
Ltd, Welwyn Garden City, UK) operated at 100 kV.

For triple labeling, the sequence of antibodies used was
AQPI1, Na,K-ATPase, and S-100, and the same labeling
protocol described above was repeated for each antibody,
but between protocols, grids were exposed to paraformalde-
hyde vapor at 60C for 1 hour. The primary antibody dilution
was also decreased for the last repeated run: AQP1 at 1:50
and Na,K-ATPase at 1:10 as before and S-100 at 1:25. Gold
label sizes were, respectively, 10 nm, 5 nm, and 15 nm.
Uranyl acetate staining was performed only after the last
labeling protocol.

Semiquantitative Analysis of Immunogold

Labeling

To quantify the relative labeling density of the fibrocyte
marker proteins in single labeling experiments, up to 10
micrographs (depending on the size of the area) were taken
at random from the different fibrocyte areas containing the

five types of fibrocytes, and the densities were measured.
For each labeling type, the magnification was kept constant
(AQP1 at x40,000, caldesmon at x30,000, S-100 at
x80,000, ol1Na,K-ATPase at x25,000, and CK-BB at
x48,000). A grid of equally spaced lines was placed over
each micrograph, and the number of points on the cyto-
plasm (excluding mitochondria) of the fibrocytes was
recorded to give a relative area measurement. Then, the
number of gold particles within that area was counted to
calculate the relative mean labeling density. For alNa,K-
ATPase, the number of lines crossing the plasma membrane
(a relative measurement of length of membrane) on the cell
body and processes were recorded separately, and the num-
ber of gold particles that were on the membranes were
counted to calculate the ratio of mean labeling density (cell
body/process). All five fibrocyte types were analyzed iden-
tically for each cochlea from all four animals. Statistical
tests were performed on the data using the online statistical
packages available at http://www.fon.hum.uva.nl/Service/
Statistics/.

Results

Distribution of the Markers in Different
Fibrocyte Types

‘We have here used antibodies to caldesmon and S-100, both
of which are calcium-regulating proteins; AQP1 and
olNa,K-ATPase, which are membrane proteins involved in
water regulation and sodium/potassium transport, respec-
tively; CK-BB, a metabolic enzyme; and CTGF, a growth
factor in extracellular matrix production and endothelial
cell growth and migration. Caldesmon, S-100, CK-BB, and
CTGF are thus primarily cytoplasmic proteins, while AQP1
and o1Na,K-ATPase labeling is likely to be primarily found
on the cell membranes.

For orientation, a transmitted light microscopic image of
a paraffin section showing the location of the different cell
types is shown in Figure 1, together with confocal images of
sections labeled with each of the six antibodies. Type I cells
lie in the upper central ligament adjacent to the stria



Fibrocyte Markers in the Cochlea

987

Figure |. Transmitted light (A) and immunofluorescence (B—G) microscopy of wax sections of spiral ligament in a midmodiolar plane,
labeled with each of the antibodies and viewed by confocal microscopy. (A) The locations of the different fibrocyte types (I-V), the
Reissner membrane (RM), and stria vascularis (sv) are shown.This section is the same as the one shown in B. (B) Caldesmon is localized
along the side of the ligament adjacent to the bony wall, the location of the type Ill cells. (C) S-100 is localized throughout the ligament
but appears to be absent from a thin line, probably representing the type Il cell region (*). (D) AQPI is localized along the margin of the
ligament, where type Il cells occur. The difference in appearance of the labeling compared with caldesmon, which localizes to the same
region, is probably due to the fact that the AQPI is a membrane protein while caldesmon is cytoplasmic. The former probably therefore
outlines the cells rather than filling them. (E) Na,K-ATPase is localized to type Il and typeV regions (arrows) and is also strongly expressed
in the stria vascularis (sv) but more weakly elsewhere. (F) CK-BB is localized to type Il Ill, IV,andV regions. (G) CTGF is localized to type

Il I, and IV regions. Scale bar = 50 ym.

vascularis, type II cells lie below type I cells, type III cells
line the boundary of the ligament with the bony outer cover-
ing of the cochlea, type IV cells lie below type II cells, and
type V cells lie above the Reissner membrane. The caldes-
mon labeling is present in type III cells and a possible sub-
set of type IV, and S-100 appears to label all cells, with the
possible exception of type III. AQP1 is confined to type III
cells. Na,K-ATPAse is strongest in type II and type V cells
but weakly evident in other cells. CK-BB strongly labels
type IV, 11, 111, and V cells, while CTGF labels especially
type III and type IV regions and part of the type II region.

At the EM level, ultrastructural features can be used to
identify cell types in addition to location (Figure 2). We here
describe the main characteristics that have been used to distin-
guish them. Type I cells are elongated with a few fine pro-
cesses, light cytoplasm, and relatively few cytoplasmic
organelles (Figure 2A). Type II cells are less elongated, darker,
with more cytoplasmic organelles, and many fine processes
(Figure 2B). Type III cells are variably flattened with honey-
comb-like processes and dense narrow cytoplasm (Figure 2C).
Type IV cells are generally round and dense, sometimes more
elongated, with a few fine processes and narrow cytoplasm
(Figure 2D). Type V cells closely resemble type II cells with
dark cytoplasm well populated with organelles and many fine
and coarse processes (Figure 2E).

On the basis of these identifying features and location in the
ligament, immunogold labeling was evaluated in the different

cell types for each of the six antibodies at the EM level. The
caldesmon antibody failed to label adequately tissue embedded
in LR White resin (Agar Scientific). We therefore employed
Lowicryl HM20-embedded samples (Agar Scientific, Stansted,
UK) for caldesmon labeling, where a moderate signal was
obtained in some cells (see below). Thus, in the following
descriptions and quantification of labeling, we were able to
consistently use the same LR White—embedded samples (Agar
Scientific) for S-100, AQP1, and a1Na,K-ATPase, but it was
necessary to use a different set of mouse spiral ligaments
embedded in Lowicryl HM20 (Agar Scientific, Stansted, UK)
using freeze substitution for caldesmon. The CTGF antibodies
failed to produce clear labeling of any cell type at the EM level
and so are not reported in detail here. CK-BB was only ana-
lyzed at a preliminary level because it did not reveal any useful,
specific cell type labeling at either LM or EM level.

In type I fibrocytes (Figure 3), labeling for caldesmon
was sparse and primarily cytoplasmic. It was occasionally
noted in endoplasmic reticulum cisternae. Labeling for
AQP1 was virtually absent from type I cells. Labeling for
S-100, by contrast, was quite heavy. It was present in cyto-
plasm but less so in mitochondria. In the nucleus, nucleo-
plasmic labeling was denser than in the cytoplasm, while
chromatin was sparsely labeled. Labeling for alNa,K-
ATPase was also quite sparse but consistently present on the
few membrane processes that were occasionally observed
and along the plasma membrane of the cell body.
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Figure 2. Ultrastructural characteristics used to identify the different fibrocyte types. (A) Type | cells are elongated with thin, organelle-
poor cytoplasm (cy) and a few fine processes (arrow). (B) Type Il cells have dense cytoplasm (cy) containing many organelles and
numerous fine processes (arrow). (C) Type lll cells are variably shaped, often flattened, with dense, narrow cytoplasm and string-like
processes. (D) Type IV cells are also variably rounded or elongated, with a number of fine processes, and thin cytoplasm. Type V cells
strongly resemble type Il cells, with the cytoplasm (cy) containing many organelles and multiple fine processes (arrow). Scale bars: A and

C=5pum;B,D,and E=2 pm.

In type II fibrocytes (Figure 4), caldesmon labeling was
sparse and present in the cytoplasm and nucleus to a similar
degree. Labeling for AQP1 was weakly present on pro-
cesses, which are abundant in these cells, nucleus, and cyto-
plasm. Strong labeling was detected for S-100, as for type I
cells, in the cytoplasm and nuclei; the S-100 labeling
extended into the processes, where it was probably located
in the internal compartment rather than the membranes,
although this is difficult to determine even with the resolu-
tion of EM. The nuclear labeling was obviously less dense
than the cytoplasmic labeling than in type I cells. Again,

both mitochondria and chromatin were more weakly labeled
than the surrounding cytoplasm and nucleoplasm, respec-
tively. Labeling for a1Na,K-ATPase along the membrane
was moderate to strong over the fine processes but weaker
around the cell body. Some labeling was also found in the
cytoplasm.

In type III fibrocytes (Figure 5), caldesmon labeling was
moderate and present in both the cytoplasm and nucleus.
There was little detectable membrane labeling. Labeling for
AQP1 was moderate to strong and primarily present along
the plasma membrane. Some weak cytoplasmic labeling
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Figure 3. Immunogold labeling of type | cells. (A) Labeling for caldesmon (CALD) is sparse and primarily cytoplasmic (arrows). (B) Labeling
for AQPI is practically absent. (C) Labeling for S-100 is strong in the cytoplasm and stronger in the nucleus (n), while mitochondria and
chromatin tend to have relatively few gold particles over them in comparison. (D) Labeling for ol Na,K-ATPase is weak but present on
the plasma membrane and less commonly in the cytoplasm. It is enriched over the few fine processes that extend from these cells (inset).

Scale bars:A,D,and D inset = | ym;Band C =2 pm.
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Figure 4. Immunogold labeling of type Il cells. (A) Labeling for caldesmon (CALD) is sparse and both cytoplasmic (arrows) and nuclear
(arrowheads). (B) Labeling for AQPI is also sparse but present on the plasma membrane of the fine processes (arrows) and occasionally
in the cytoplasm (arrowhead). (C) Labeling for S-100 is strong in the cytoplasm and stronger in the nucleus (n), while mitochondria
(arrows) and chromatin have relatively few gold particles over them. Labeling is also present in the fine processes. (D) Labeling for
0.1Na,K-ATPase is moderate and specific mostly to the plasma membrane, especially the fine processes, and less commonly in the
cytoplasm. Scale bars:A-C =2 ym; D = | pm.
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Figure 5. Immunogold labeling of type lll cells. (A) Labeling for caldesmon (CALD) is moderate and present in both the cytoplasm
and nucleus. (B) Labeling for AQPI is also moderate but present primarily on membranes of the cell body and processes (inset) and
occasionally in the cytoplasm (arrowhead). (C) Labeling for S-100 is weak in the cytoplasm and slightly stronger in the nucleus. (D)
Labeling for o.INa,K-ATPase is weak to moderate and mostly in the cytoplasm, although with some plasma membrane labeling. Scale
bars:A—C =2 ym;B insetand D = | pym.
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was evident, and less densely still gold particles were seen
in the nucleus. Labeling for S-100 was weakly present in
both the nucleus and cytoplasm, often near the plasma
membrane in the latter. The a1Na,K-ATPase labeling was
weak to moderate in nuclei and cytoplasm, with a sparse
amount of plasma membrane labeling.

In type IV fibrocytes (Figure 6), caldesmon labeling,
while weak, was most evident in the nucleus, with sparser
cytoplasmic labeling. Labeling for AQP1 was very sparse
and not notably specific to any structure. Labeling for S-100
was moderate to strong in the cytoplasm and nucleus, spar-
ing mitochondria and chromatin as before. Labeling for
al1Na,K-ATPase was weak but present in the nucleus, cyto-
plasm, and plasma membrane processes.

In type V fibrocytes (Figure 7), caldesmon labeling was
sparse and mainly cytoplasmic. Labeling for AQP1 was
weak but specific to the plasma membrane of the many fine
processes that these cells have, including expanded pro-
cesses that project into scala vestibuli. Labeling for S-100
was also strongly present in the cytoplasm, sparing mito-
chondria, and fine processes, and in nuclei, sparing chroma-
tin (data not shown), as in the other cells. Labeling for
alNa,K-ATPase was weakly cytoplasmic and moderate to
strongly present on the fine processes, presumably in the
plasma membrane, as in type II cells, and also on the wider
processes that extend into the scala vestibuli, as noted for
AQPI1.

Labeling for CK-BB was found to be strongest in type 11
and type V cells (data not shown) but was distinctive in that,
in type V cells, labeling was not evenly distributed through-
out the cell but was more concentrated in the processes that
extend out into the scala vestibuli (Figure 8).

Semiquantitative Analysis of Labeling

To provide a more quantitative analysis of the distributions
of labeling, the density of gold particles was assessed in each
fibrocyte type. Because we cannot directly compare the
amount of labeling between animals and preparations, one
way to normalize the data is to calculate relative labeling
across the different cell types for each marker and then pool
the data from several animals (Furness et al. 2009). This is
the mean contribution of the density of particles in each cell
type as a proportion of the total (expressed as one). Hence,
this is considered to be a semiquantitative analysis.

Four different mouse cochleae were analyzed for each
antibody, and for AQP1, S-100, and a1Na,K-ATPase, the
same samples were employed. For each antibody, one spiral
ligament section was analyzed for all fibrocyte types and
pictures taken at the same magnification for each marker so
that the relative labeling density could be calculated. For
caldesmon labeling, as noted above, additional spiral liga-
ments from four different mice were embedded in Lowicryl
HM20.

The relative labeling density in each cell type for each
mouse with each antibody that worked at the EM level,
except CK-BB, and the means across all the mice are shown
in Figure 9. The relative labeling was very consistent across
different samples and showed that caldesmon and AQPI
were significantly higher in type III fibrocytes than the oth-
ers (ANOVA for the whole group followed by Wilcoxon
signed-rank test for pairwise comparison; p<0.05), which
were not significantly different. The caldesmon in type III
was greater by about 3-fold and the AQP1 by at least 5- to
6-fold. S-100 was significantly higher in type I, II, and V
fibrocytes (ANOVA followed by Wilcoxon signed-rank
test; p<0.05), with 6- to 8-fold more than in type IV cells
and virtually nonpresent in type III. The differences between
types I, II, and V were not significant. Between type II and
type V fibrocytes, the o1 Na,K-ATPase labeling was not sig-
nificantly different, but both were significantly higher, by
2- to 3-fold than all the other types (ANOVA followed by
Wilcoxon signed-rank test; p<0.05). Because type III cells
were labeled more strongly than other cells by AQP1 and
caldesmon, with the former more effectively, it became
apparent that AQP1 could replace caldesmon as a marker.
The relative labeling density of CK-BB was similar to that
of a1Na,K-ATPase (data not shown).

Subcellular Distributions of Na,K-ATPase

The qualitative observations suggested that, at least for
some cell types, plasma membrane labeling with antibodies
to alNa,K-ATPase was greater on the fine processes than
on the cell body. We therefore analyzed the density along
the processes in comparisons with the cell body, expressed
as the ratio of cell body density/process density (Figure 10).
If there were no difference, the ratio would be one; if there
were a higher density on the processes, it would be less than
one. The pattern was less consistent than for the overall
quantitative analyses described above, and the ratio was
always close to one or less. This implies that there is a sub-
cellular targeting of the alNa,K-ATPase to the fine pro-
cesses. In the cells expressing this protein highly, types L, 11,
and V, this is most evident in type II cells where the ratio
was significantly less than one (Wilcoxon signed-rank test;
p<0.05). In the other cell types, the ratios were not signifi-
cantly different from one.

Relative Labeling within Each Type

Because different antibodies have different efficiencies of
labeling (Furness et al. 2005), fully quantitative comparison
between them would require the labeling to be calibrated
against known protein concentrations (Hackney et al. 2003).
Therefore, the absolute values of labeling density do not
directly reflect differences in the amount of each protein
between cells. Nevertheless, comparing the amount of labeling
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Figure 6. Immunogold labeling of type IV cells. (A) Labeling for caldesmon (CALD) is weak and present in both the cytoplasm (arrows)
and nucleus (arrowheads). (B) Labeling for AQPI is virtually absent. (C) Labeling for S-100 is moderate to strong in the cytoplasm and
slightly stronger in the nucleus. (D) Labeling for o.I Na,K-ATPase is weak to moderate and in the cytoplasm (white arrows), nucleus (white
arrowheads), and on the plasma membrane (black arrows). Scale bars = 2 ym.
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Figure 7. Immunogold labeling of typeV cells. (A) Labeling for caldesmon (CALD) is weak and present mainly in the cytoplasm (arrows).
(B) Labeling for AQPI is weak to moderate and primarily on the membranes of fine processes near the cell body (arrowheads) and wider
processes that extend into the scala vestibuli (sv) (inset). (C) Labeling for S-100 is moderate to strong in the cytoplasm of the cell body
and fine processes, sparing the mitochondria (inset). (D) Labeling for o.l Na,K-ATPase is moderate and primarily on the plasma membrane
in both fine processes and the wider processes extending into scala vestibuli (sv) (inset). Scale bars:A—C = 2 ym; B inset, D,and D inset = |
um; Cinset = 0.25 pym.
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Figure 8. Labeling for CK-BB in typeV fibrocytes. The labeling is
weaker in the cell body (cb) than the processes (p), which extend
out into the scala vestibuli (sv). Scale bar = | pm.

for each antibody within each type of fibrocyte provides a
unique identifier that could be used to assess fibrocyte type
in instances where a subset or even only one type may be
present (e.g., cultures, or where degeneration has occurred,
or where cells have been transplanted). Because caldesmon
labeling effectively produced the same pattern as AQP1, and
was not possible at the EM level on the same animals as the
other markers, it has been omitted from this comparison,
which is shown in Table 2 for two of the samples used. The
ratio of markers (expressed as AQP1:a.1Na,K-ATPase:S-100)
is unique to each fibrocyte type, with the exception of type 11
and type V, which could be confused in this analysis as they
differed between the two samples. Note also the labeling
density was consistently lower in one sample than the other,
suggesting differences in preservation of antigenicity. Thus,
absolute values cannot be used, only ratios or relative values
calibrated appropriately.

Triple Labeling

The ratio method applied above could also be employed by
labeling serial sections for each antibody individually or

after triple labeling a single section. It is evident from Table
2 that labeling density in some samples can be greater than
others; this presumably reflects differences in processing
and preservation of antigenicity. We therefore chose to triple
label sections from a sample with high labeling efficiency
(4109). Because all the primary antibodies are raised in the
rabbit, to ensure that there was no cross-labeling, the first
and second procedures were each followed by exposure to
paraformaldehyde vapor for 1 hour at 60C (Mahendrasingam
et al. 2003). Paraformaldehyde vapor treatment for greater
than 30 minutes at 80C eliminates cross-reactivity of the
secondary antibodies to the primary species in ultrathin
cryosections (Bastholm et al. 1987). We adapted this proce-
dure slightly by reducing the temperature to minimize loss
of antigenicity in the tissue while lengthening the procedure
to ensure maximal reduction of cross-reactivity. However,
the paraformaldehyde step itself reduces antigenicity with
the second or third antibody; thus, antibodies in the second
or third procedure following the paraformaldehyde step usu-
ally show reduced labeling. We therefore labeled sequen-
tially for AQP1, alNa,K-ATPase, and S-100 in order of
increasing labeling strength when used individually. Finally,
gold particle size also affects labeling efficiency, with higher
labeling density produced by smaller particles in otherwise
similar conditions. Because S-100 labels very strongly, we
only partially applied this last criterion; we elected to use a
larger particle size for S-100 (15 nm) than the others, even
though it was the last antibody in the sequence. For AQP1,
the first antibody, we used 10 nm gold, and for Na,K-
ATPase, the second antibody, we used 5 nm gold to enhance
its labeling relative to AQP1.

Examples of a type II cell (rich in Na,K-ATPase and
S-100) and a type III cell (rich in AQP1) after triple labeling
are shown for comparison in Figure 11. These cells came
from the same section of spiral ligament, within a short dis-
tance of each other, and the labeling pattern is consistent
with the individual labeling runs performed on all the other
samples. The labeling density for AQP1 was high in type II1
and low in type II, while for S-100 and Na,K-ATPase, the
opposite occurred as predicted from the individual runs. We
took 10 random pictures of all five types of fibrocytes from
the same section, including both apical and basal spiral liga-
ment to ensure a sufficient sample size, and counted the
number of gold particles of each size per cell (Figure 11).
This showed the same pattern of relative labeling as seen in
individual samples but gave a more equitable ratio than that
obtained by comparing the actual labeling density across
different sections because of the depression of labeling den-
sity for Na,K-ATPase and S-100 (Table 2). The patterns for
each cell type were unique (Figure 11) but closest for type
V and type 11, as noted previously (Table 2), indicating there
was little cross-reactivity. We conclude that triple labeling
is an effective way to evaluate cell type in any given
sample.
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Figure 9. Histograms showing the relative labeling density in fibrocytes from each sample (left) and the mean across all four samples
(right) for caldesmon (above line) (samples |B, 2B, 3B,and 5A),AQP1,S-100,and o.l Na,K-ATPase (below line) (samples Hide,4109,4178,
and 4179). Caldesmon and AQPI are most highly expressed in type lll fibrocytes, with the latter to a greater extent. S-100 is expressed
to a similar extent in types |, 1l,and V and is only weakly present in types lll and IV. 0.1 Na,K-ATPase is expressed most strongly and to a
similar degree in type Il and typeV fibrocytes and more weakly in types |, lll, and IV. Bars = SEM.
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Figure 10. Histograms showing the ratio of labeling density
for 0.1 Na,K-ATPase on the cell body to labeling density on fine
processes for all types of fibrocytes in all samples (upper) and
the mean across the four samples (lower). In nearly all samples
and fibrocytes, the ratio is less than one, showing a tendency
for a.lNa,K-ATPase to be enriched on the plasma membrane
of the fine processes rather than the cell body. From the mean
values, this ratio is lowest for type Il cells and highest for type |
cells. Bars = SEM.

Discussion

In this study, we have provided quantification of expression
of several different possible fibrocyte marker proteins and
obtained information on their subcellular localization. The
calcium-cytoskeletal-regulating protein, caldesmon (Wang
2008), is present in the cytoplasm of all fibrocytes and
sometimes in the nucleus but is strongest in type III cells.
The water-transporting channel, AQP1 (Carbrey and Agre
2009), is associated with the plasma membranes, as would
be expected, and also in cytoplasm. It is expressed in all
cells but most strongly by a factor of about 6 times more in
type III cells than any other. This implies that these cells
have some function associated with water regulation. The
protein S-100, a member of a family of intracellular and
extracellular calcium-modulated signaling proteins (Donato
2001), is expressed in all the cells but is markedly more
strongly present in types I, II, and V. Its pattern is primarily
cytoplasmic, as might be expected, and it is also strongly
present in the nucleus. The alNa,K-ATPase, a sodium
potassium pump (Jorgensen 1985), is primarily membrane
associated; moderate in types I, III, and IV; and high in type
IT and type V cells. The qualitative data, however, indicate
that there is also cytoplasmic labeling, which may be
indicative of high turnover, and this cytoplasmic labeling is
more evident than in the membrane in type III cells. This
raises the possibility that type III cells could be recruited to
express this protein functionally if, for example, other
fibrocytes degenerate, as can happen in some mouse mod-
els (Wu and Marcus 2003; Mahendrasingam et al. 2011).
The enzyme, CK-BB, is cytoplasmic, involved in energetic/
metabolic processes (Wallimann et al. 1992), and follows a

Table 2. A Summary of the Comparative Labeling Densities for Three Markers

Marker (Absolute Values)

Single Labeling Ratio

Triple Labeling Ratio

Sample AQP Na,K-ATPase S-100 AQP:Na,K-ATPase:S-100 AQP:Na,K-ATPase:S-100
4109

| 0.032 8.1 7.424 | 253 232 | 1.8 53
Il 0.08 34 9.472 | 425 118 | 4.9 7.2
1] 0.368 9 0.448 | 24 | | 0.24 0.45
\% 0.032 3.8 1.184 | 119 37 | 0 0.3
\'% 0.032 28.7 12.512 | 897 391 | 1.4 2.6
4178

| 0.016 5.7 5.792 | 356 362 NA NA NA
Il 0016 20.1 8.128 | 1256 508 NA NA NA
[} 0.176 2 0.192 | I | NA NA NA
v 0.032 1.3 0512 | 41 16 NA NA NA
\ 0.032 17.83 4.448 | 557 139 NA NA NA

Note:The absolute values of labeling density (particle density in arbitrary units, adjusted for magnification) and the ratio of density of labeling per fibro-
cyte type for the three antibodies to AQPI, Na,K-ATPase, and S-100 are given for single labeling in two different animal samples (4109 and 4178) and
equivalent ratios for triple-labeled sections of animal 4109. NA = not applicable.
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similar distribution pattern, in terms of relative labeling
density, to Na,K-ATPase. Interestingly, like Na,K-ATPase,
this labeling was denser in the processes than the cell body
in type V cells. The significance of this is unclear.

Figure 11.Triple labeling for AQPI, Na,K-ATPase, and S-100. (A)
In type Il fibrocytes, labeling with all three markers is visible, as
indicated by the large, intermediate, and small arrows indicating
I5 nm (S-100), 10 nm (AQPI), and 5 nm (Na,KATPase) gold
particles, respectively. (B) In type lll fibrocytes, only the 10 nm and
5 nm particles are visible in this example because of the lower
expression of S-100. Scale bars = 200 nm. (C) Histogram showing
the relative amount of labeling for each antibody in the triple-
labeled sample. Counts were conducted in 10 images of each
fibrocyte type in one section and the proportion of each particle
size displayed for each type.The patterns are unique for each type,
but note that the most similar pattern is found between type Il
and typeV fibrocytes, which are hard to distinguish.

The data presented here show that antibodies used to these
five marker proteins will distinguish between all of the types
of fibrocytes, except between type Il and type V fibrocytes.
By looking across all the fibrocyte types, type III can be dis-
tinguished from all of the others by strong cytoplasmic label-
ing for caldesmon or membrane labeling for AQP1. When
coupled with S-100 labeling, which is strongly cytoplasmic
in types I, II, and V, type IV can be distinguished because it
does not label strongly for any of these proteins. Type I can
be distinguished from types Il and V by its weaker a1Na,K-
ATPase labeling, which is similar to that of type III and IV
fibrocytes. In fact, the caldesmon antibodies are less useful at
the EM level because AQP1 labeling produces an even stron-
ger distinction between type III and other fibrocytes; given
that a different embedding procedure is needed for caldes-
mon labeling, at least with the antibodies used here, this sim-
plifies the characterization, requiring only LR White (Agar
Scientific) embedding. Thus, labeling with AQP1, S-100,
and a1Na,K-ATPase will be as effective as with all four anti-
bodies, although caldesmon is still useful at the LM level.

In some respects, these results differ from those of other
studies. For example, Qu et al. (2007) suggested that type V
fibrocytes have a lower expression of Na,K-ATPase than
type 1I; our data suggest that these two cell types have a
similar profile of all the markers tested and are also similar
for the glutamate transporter GLAST (Furness et al. 2009).
In fact, their morphological similarity and their protein
expression suggest that these cells are probably functionally
very similar and differ primarily in their location. Other
markers are also possible; connective tissue growth factor
(CTGF), a possible marker for type IV fibrocytes, accord-
ing to Adams (2009), also labeled other cell types in our
immunofluorescence and failed to label well at the EM
level (unpublished observations), so it has not been reported
quantitatively here. Another alternative for type IV cells,
transforming growth factor B (Adams 2009), might also be
a useful indicator, but we have not used it here, as distin-
guishing type IV cells is achievable with the antibodies we
have used. The major difficulty we have encountered is dis-
tinguishing type II from type V cells.
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In addition to providing good quantification of the label-
ing, another advantage of the EM technique for character-
izing the protein expression in fibrocytes is that it allows
better subcellular localization. To illustrate this, we tested a
prediction, based on the qualitative observations, that
plasma membrane labeling of a1Na,K-ATPase was denser
on the fine processes than on the membrane around the cell
bodies. This was quantified and showed a significant differ-
ence between the two in all fibrocyte types in nearly all
samples. The difference was most evident in type II cells,
which may allow them to be distinguished from type V
fibrocytes, which otherwise do not differ from type II.

To apply this technique to characterize native fibrocytes
or cells that have been transplanted where multiple com-
parisons between different types are possible is relatively
straightforward, by labeling with the three antibodies,
AQP1, alNa,K-ATPase, and S-100 on different sections.
Application of the method in situations where only one or
two cell types are present, however, would be more chal-
lenging. This would be the case, for instance, in cultures
that may contain only one type or where some fibrocytes
havedegenerated suchasintheaging cochlea(Mahendrasingam
et al. 2011) or where cells have been transplanted and no
native cells are present. Here, the best way may be to look
at the ratio of labeling between the different antibodies on a
single cell. Although this labeling could be performed on
serial sections through a cell, each incubated in a separate
antibody, triple labeling on a single section is also a good
way to provide this information. When this was performed
on our material, ratios of absolute values of labeling density
for AQP1, alNa,K-ATPase, and S-100 profiles could be
obtained from both different sections or from triple labeling
of a single section that distinguished all except type II and
V cells.

In cultures or sections of the lateral wall, triple labeling
at the LM level with three antibodies on the same cells—
caldesmon or AQP1, S-100, and a.1Na,K-ATPase—while it
is not quantitative to the same extent as EM, may provide
sufficient information to identify cell type. However, cul-
ture cells, like the lateral wall, can also be embedded and
sectioned for EM (Qu et al. 2007), so in principle, triple
labeling or labeling on serial sections with immunogold
could also be performed to assess the relative amount of
protein expression. In the latter case, the labeling could be
simultaneously calibrated by labeling sections of native spi-
ral ligament containing all fibrocyte types from tissue fixed
and embedded at the same time as the culture samples,
using the same protocol. With these refinements, applica-
tion of this approach should be invaluable in identifying
fibrocyte types in culture or after cellular transplantation. A
combination of these techniques as appropriate would give
reliable identification of the different fibrocyte types.
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