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The pancreatic islet is a complex mini-organ comprising 
numerous cell types. These include the well-recognized 
endocrine α, β, δ, and pancreatic polypeptide (PP) cell 
types, producing predominantly the hormones glucagon, 
insulin, somatostatin, and pancreatic polypeptide, respec-
tively (Baetens et al. 1979; Halban 2004). The extensive 
intra-islet capillary network comprises endothelial cells, 
together with supporting pericytes and fibroblasts (Ballian 
and Brunicardi 2007; Olsson and Carlsson 2006). Sympa-
thetic and parasympathetic fibers innervate the islet (Ahren 
2000) and also require supporting cells such as Schwann 
cells (Smith 1975). The normal control of glucose metabo-
lism requires exquisite integrated regulation of all of these 
cell types.

To achieve this, communication between these cells is 
required. This can be mediated by direct cell-cell contact 
(Orci et al. 1975) and/or via the extracellular matrix (ECM) 
(Hammar et al. 2004; Sorokin 2010). The islet ECM has 
been the focus of some recent studies that have demon-
strated the presence and organization of several collagen 
and laminin isoforms, together with the expression of a 
variety of cell surface integrins that relay matrix signals into 
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Summary

The pancreatic islet comprises endocrine, vascular, and neuronal cells. Signaling among these cell types is critical for islet 
function. The extracellular matrix (ECM) is a key regulator of cell-cell signals, and while some islet ECM components have 
been identified, much remains unknown regarding its composition. We investigated whether hyaluronan, a common ECM 
component that may mediate inflammatory events, and molecules that bind hyaluronan such as versican, tumor necrosis 
factor–stimulated gene 6 (TSG-6), and components of inter-α-trypsin inhibitor (IαI), heavy chains 1 and 2 (ITIH1/ITIH2), and 
bikunin, are normally produced in the pancreatic islet. Mouse pancreata and isolated islets were obtained for microscopy 
(with both paraformaldehyde and Carnoy’s fixation) and mRNA. Hyaluronan was present predominantly in the peri-islet 
ECM, and hyaluronan synthase isoforms 1 and 3 were also expressed in islets. Versican was produced in α cells; TSG-6 in α 
and β cells; bikunin in α, β, and δ cells; and ITIH1/ITIH2 predominantly in β cells. Our findings demonstrate that hyaluronan, 
versican, TSG-6, and IαI are normal islet components and that different islet endocrine cell types contribute these ECM 
components. Thus, dysfunction of either α or β cells likely alters islet ECM composition and could thereby further disrupt 
islet function.  (J Histochem Cytochem 60:749–760, 2012)
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the cell (Hammar et al. 2004; Hughes et al. 2006; Irving-
Rodgers et al. 2008; Kaido et al. 2004; Nikolova et al. 2006; 
Virtanen et al. 2008). Integrin-laminin interactions have 
been shown to be important in regulating insulin release 
from β cells, underscoring the importance of ECM compo-
nents in regulating β-cell function (Parnaud et al. 2006). 
Despite these studies, much still remains unknown regard-
ing the composition of the islet ECM and the roles of other 
ECM components such as proteoglycans and hyaluronan in 
islet structure and function.

Proteoglycans are a diverse family of extracellular and 
cell surface molecules comprising a core protein covalently 
linked to one or more glycosaminoglycan (GAG) chains. 
The heparan sulfate proteoglycan, perlecan, is present in the 
human (Kahn et al. 1999) and mouse islet (Irving-Rodgers 
et al. 2008) and is expressed and released from cultured β 
cells (Potter-Perigo et al. 2003). Cell surface heparan sul-
fate has been shown to be critical for internalization of the 
transcription factors BETA2/NeuroD and PDX-1 by cul-
tured β cells (Noguchi et al. 2007; Ueda et al. 2008). Insulin 
release and islet morphology are both disrupted following 
degradation of islet heparan sulfate or transgenic disruption 
of islet heparan sulfate synthesis, respectively (Takahashi et 
al. 2009). Recent studies have shown a key role for heparan 
sulfate in β cell survival (Ziolkowski et al. 2012). On the 
other hand, the presence of other proteoglycans/glycosami-
noglycans in the islet has not been reported.

Hyaluronan is a large GAG composed of repeating disac-
charides of N-acetyl glucosamine and glucuronic acid and 
differs from other GAGs in that the disaccharides do not 
undergo sulfation (Laurent and Fraser 1992). Hyaluronan is 
a common ECM component that has been implicated in 
angiogenesis, cell motility, wound healing, cell adhesion, 
and inflammation (Jiang et al. 2007; Tammi et al. 2002; 
Toole et al. 2002). Hyaluronan exerts its biological effects 
by forming complexes with a number of other molecules. It 
is well established that, in many tissues, high molecular 
weight hyaluronan exists in the ECM as link protein–stabi-
lized complexes with chondroitin sulfate proteoglycans, 
such as versican, which are important in regulating cell pro-
cesses, such as proliferation (Evanko et al. 1999). Hyaluronan 
chains can also be organized into cross-linked networks via 
interactions with both tumor necrosis factor–stimulated gene 
6 (TSG-6) and inter-α-trypsin inhibitor (IαI) (Baranova et al. 
2011; Day and de la Motte 2005; Zhao et al. 1995). The pres-
ence of both of these hyaluronan binding proteins is essen-
tial for ovulation; transgenic deletion of either TSG-6 or the 
IαI light chain component bikunin results in female infertil-
ity (Fulop et al. 2003; Zhuo et al. 2001). However, while 
these hyaluronan networks are critical for physiological pro-
cesses, formation of cross-linked networks of hyaluronan 
also occurs during pathological processes such as inflamma-
tion. Indeed, in the islet, hyaluronan has been detected 

during insulitis in the nonobese diabetic (NOD) mouse 
model of type 1 diabetes (Weiss et al. 2000), and hyaluronan 
content is increased in the whole pancreas from individuals 
with pancreatic cancer (Fries et al. 1994; Masuda et al. 1989; 
Theocharis et al. 2000), suggesting a pathogenic role for this 
molecule. Whether hyaluronan is a component of normal 
islets has not previously been described. In this study, we 
sought to determine whether hyaluronan and its binding 
partners versican, TSG-6, and IαI (comprising IαI heavy 
chains 1 and 2 [ITIH1 and ITIH2] and the light chain 
bikunin) are present in normal mouse islets and to determine 
which islet cells are the source of these ECM molecules.

Materials and Methods
Mouse Pancreas Specimens, Islet Isolation, 
and Dissociated Cell Preparation

Pancreata from male and female mice (C57BL/6 or F1 
C57BL/6 × DBA/2 background; n=8) were used for tissue 
procurement using paraformaldehyde (PFA) (n=8) or 
Carnoy’s fixation (n=6); 6 mice were used for islet isolation 
for whole islet mRNA analysis, and a further 10 mice were 
used for islet isolation in order to obtain enriched β cell and 
non–β cell (α/δ cell) samples. Note that, for the latter, islets 
from three to four mice were pooled prior to generating 
each enriched cell sample. Animals were euthanized under 
pentobarbital anesthesia, and pancreata and/or pancreatic 
islets were harvested, as we have done previously (Hull et 
al. 2005; Hull et al. 2007). These studies were approved by 
the Institutional Animal Care and Use Committee of the 
Veterans Affairs Puget Sound Health Care System.

For cell sorting, isolated islets were pooled from three to 
four mice and dissociated to single cells using Cell 
Dissociation Solution (Sigma-Aldrich; St. Louis, MO). Islet 
cells were sorted on a BD Aria II high speed cell sorter (BD 
Biosciences; Franklin Lakes, NJ) based on fluorescence at 
488 nm (detecting flavin adenine dinucleotide autofluores-
cence) and forward light scatter (a measure of cell size), 
resulting in the separation and collection of β cell- and non-
β cell (α/δ cell)-enriched populations (Cirulli et al. 1993). 
Cell sorting was performed on three independent islet cell 
preparations, which were harvested for mRNA analyses. 
Effective separation of cell populations was verified by 
analysis of insulin, glucagon, and somatostatin mRNA lev-
els in each cell population, normalized to levels in β cell- 
and α/δ cell-enriched populations, respectively. Insulin 
mRNA levels were 1.00 ± 0.06 versus 0.01 ± 0.006, while 
glucagon mRNA levels were 0.04 ± 0.007 versus 1.00 ± 
0.01 in the β cell- and α/δ cell-enriched populations, and 
somatostatin mRNA levels were 0.11 ± 0.02 versus 1.00 ± 
0.13 in the β cell- and α/δ cell-enriched populations, 
respectively.
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Immunohistochemical Procedures

Pancreas specimens were immersion-fixed in phosphate-
buffered PFA (4% w/v) or Carnoy’s fixative (10% acetic 
acid, 60% methanol, 30% chloroform, all v/v) overnight 
and were kept in 70% ethanol prior to processing. Specimens 
were dehydrated in a series of graded ethanol, followed by 
xylene, paraffin infiltration, and embedding. Five-mm sec-
tions were cut.

After deparaffinization, endogenous peroxidases were 
blocked using H2O2 in methanol and tissue sections rehy-
drated in a series of graded ethanol. For hyaluronan affinity 
histochemistry, rehydrated tissue sections were blocked in 
1% (w/v) bovine serum albumin (BSA) in phosphate- 
buffered saline (PBS) for 1 hr at room temperature and 
incubated overnight at 4C with biotinylated hyaluronan 
binding protein (in house; 4 μg/ml) (Evanko et al. 1998). 
After two PBS washes, the tissue sections were incubated 
with the Vector “Elite” ABC-HP kit (Vector Labs; 
Burlingame, CA) in a moist chamber for 30 min at room 
temperature. Detection was performed using the Vector 
NovaRed substrate (Vector Labs) for 10 min at room tem-
perature. The sections were counterstained with Gill no. 3 
hematoxylin. For versican immunohistochemistry, the same 
protocol was used except the sections were digested with 
0.2 U/ml of chondroitinase ABC to expose versican epit-
opes prior to blocking in 5% nonfat milk (w/v), 1% (v/v) 
normal goat serum, and 1% (w/v) BSA in PBS. The specific 
primary antibody used was a rabbit anti-mouse versican 
polyclonal antibody (6 μg/ml) that recognizes the βGAG 
domain of versican (catalog no. AB1033; Chemicon/
Millipore, Billerica, MA). This was followed by biotinyl-
ated goat anti-rabbit immunoglobulin G (IgG) antibody 
(Jackson ImmunoResearch; West Grove, PA) for 1 hr at 
room temperature. For TSG-6 immunohistochemistry, the 
same protocol was used as for versican immunohistochem-
istry but without chondroitinase pretreatment. Primary anti-
bodies were rabbit anti-mouse TSG-6 (RAM-1; 1:160) 
(Carrette et al. 2001) or polyclonal goat anti-mouse TSG-6 
(8 μg/ml, catalog no. AF2326; R&D Systems, Minneapolis, 
MN). Both antisera showed the same staining patterns 
under all conditions examined; data are shown for the 
RAM-1 antibody only. For ITIH1 and ITIH2, sections were 
blocked with either Animal Free block (Vector Labs) or 
CAS Blocker (Invitrogen; Carlsbad, CA). Primary antibod-
ies for ITIH1 and ITIH2 were tested alone and in combina-
tion. We determined that the staining pattern for each 
individual antibody was identical and that a combination of 
both primary antibodies together (2.5 μg/ml for each, cata-
log no. sc33944 and sc21978, both raised in goat; Santa 
Cruz Biotechnology, Santa Cruz, CA) with overnight incu-
bation at 4C worked optimally. The remaining protocol was 
as for TSG-6 immunohistochemistry, with appropriate bio-
tinylated anti-goat IgG (Vector Labs). For bikunin, Triton 

X-100 (0.05% v/v) was included in the blocking buffer, pri-
mary antibody solution, and wash buffers. Sections were 
blocked with 5% (v/v) normal donkey serum and 1% BSA 
(w/v) in PBS. The primary antibody was rabbit anti-mouse 
bikunin (BIK-N-127; 1:800). The remaining protocol was 
as for TSG-6 immunohistochemistry.

For Carnoy’s-fixed sections, immunohistochemistry pro-
cedures were identical to those for PFA-fixed sections, with 
the following exceptions. For ITIH1/ITIH2, antigen retrieval 
(incubation in 1 mM EDTA, pH 8, at 95C for 20 min) was 
used; Triton X-100 (0.05% v/v) was added to wash buffers, 
and immunostaining was visualized by donkey anti-goat 
horseradish peroxidase (HRP) (3.2 μg/ml; Jackson 
ImmunoResearch) in place of biotinylated antibodies/ABC. 
Negative controls for staining included the use of hyaluron-
idase-treated sections for hyaluronan staining or appropriate 
irrelevant IgG for all other immunohistochemistry.

Double immunofluorescent staining was performed for 
versican, TSG-6, ITIH1/ITIH2, or bikunin, together with 
insulin, glucagon, or somatostatin, respectively, in order to 
determine cellular localization of these molecules. This 
double staining was performed on PFA-fixed pancreata 
only, because the alcohol present in Carnoy’s fixative 
extracts insulin (Scott 1912) as well as other peptide hor-
mones from the pancreas, meaning that Carnoy’s fixative 
cannot be used for insulin, glucagon, or somatostatin stain-
ing. Staining was as described for versican and ITIH1/
ITIH2 above, except for the use of Alexa Fluor 488–conju-
gated IgG (5 μg/ml; Invitrogen) in place of biotin-ABC-
Nova Red. For visualization of TSG-6 and bikunin, a 
tyramide amplification system was used (Life Technologies; 
Carlsbad, CA). HRP goat anti-rabbit IgG (1:100) and Alexa 
Fluor 488 tyramide (1:100) were prepared following the 
manufacturer’s instructions. The amplification reaction was 
incubated for 10 min. Insulin and glucagon monoclonal 
antibodies (catalog no. I2018 and G2654, respectively; 
Sigma-Aldrich) were both diluted 1:1000, and somatostatin 
monoclonal antibody (MS12; a kind gift from Dr. John 
Ensinck, University of Washington, Seattle, WA) (Ensinck 
et al. 2002) was diluted 1:250. For visualization of insulin, 
glucagon, and somatostatin immunostaining, an appropriate 
Alexa Fluor 546-conjugated IgG (5 μg/ml; Invitrogen) was 
used. Appropriate IgGs were used as negative controls for 
both sets of primary antisera.

RNA Isolation and Real-Time Polymerase 
Chain Reaction
Islets or dispersed cells were harvested for total RNA isolation 
using the High Pure RNA isolation kit (Roche Applied 
Science; Indianapolis, IN) and reverse-transcribed using the 
High Capacity cDNA Reverse Transcription kit (Applied 
Biosystems; Foster City, CA). For real-time polymerase chain 
reaction (PCR), all reagents were supplied by Applied 
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Biosystems, unless otherwise noted. Relative quantitation of 
hyaluronan synthase isoform 1 (Has1), Has2, Has3, and versi-
can gene expression was performed using TaqMan Gene 
Expression Assays Mm00468496_m1, Mm00515089_m1, 
Mm00515092_m1, and Mm01283063_m1, respectively. 
Briefly, 100 ng cDNA was amplified in 1X TaqMan Gene 
Expression Master Mix with a 250-nM TaqMan probe in a 
20-μl reaction. Amplification of TSG-6, ITIH1, ITIH2, and 
bikunin was performed using 100 ng cDNA in 1X Power Sybr 
Green PCR Master Mix and 1-μM primers. Melting curve 
analysis confirmed that only one product was amplified. 
Expression was normalized to eukaryotic 18S rRNA 
Endogenous Control part no. 4333760. All reactions were run 
using the standard program for 50 cycles on an ABI7900HT 
thermocycler. All samples were performed in duplicate, and 
copy number estimates were generated from a standard curve 
created by using a selected reference cDNA template and 
TaqMan probe (Shih and Smith 2005). Primers for TSG-6, 
ITIH1, ITIH2, and bikunin (α-1-microglobulin/bikunin pre-
cursor [AMBP]) were designed with NCBI Primer-BLAST 
and synthesized by Sigma-Aldrich and are as follows: TSG-6F: 
5′ATTTGAAGGTGGTCGTCTCG3′, TSG-6R: 5′GTTTC 
ACAATGGGGTATCCG3′, ITIH1F: 5′CGGCTCGGAGA 
TTGTGGTGGCT3′, ITIH1R: 5′TCCTCGTCCACTAGG 
CAGGTTGC3′, ITIH2F: 5′CTTTGCTCCTGAGAACCT 
GG3′, ITIH2R: 5′ATCGTCTTCATTGCCTCCAC3′, 
AMBPF: 5′AGGA GGGGGCGACAGAAACAGAG3′, and 
AMBPR: 5′GTCC GTCTTCTGGTACGCCCCA3′. Data for 
mRNA expression are provided as mean ± standard error of 
the mean of the estimated copy number, normalized to 18S 
rRNA, and differences between enriched primary islet cell 
populations were analyzed by the t-test (with p<0.05 being 
considered statistically significant).

Results
ECM Staining in PFA- or Carnoy’s-Fixed, 
Paraffin-Embedded Normal Mouse Pancreas

Hyaluronan staining was visible in the PFA-fixed pancreas 
in the peri-islet ECM (Fig. 1A, arrows). However, this peri/
intra-islet staining was seen only in a few islets per section 
and did not encompass the whole islet periphery. The vast 
majority of islets in all eight PFA-fixed pancreas sections 
had no visible hyaluronan staining. Because hyaluronan 
matrices are better visualized in tissue fixed with acid- 
ethanol-based fixatives rather than PFA or formalin alone 
(Evanko et al. 2009; Lin et al. 1997), we also performed 
staining on Carnoy’s-fixed pancreas samples. In contrast to 
PFA, with Carnoy’s fixation, hyaluronan staining was 
abundantly present around islets in all sections (Fig. 1B) 
and was also infrequently present within islets in associa-
tion with intra-islet capillaries (Fig. 1B, arrows). The latter 
staining pattern was also rarely observed in the PFA-fixed 

pancreas (Fig. 1A, arrowhead). Hyaluronan staining around 
the exocrine lobules was also much more intense with 
Carnoy’s than with PFA fixation (example denoted in Fig. 
1B with arrowheads). Specificity of this staining was 
shown by hyaluronidase pretreatment in both PFA- (Fig. 
1C) and Carnoy’s-fixed pancreas sections (Fig. 1D).

Versican immunoreactivity was present in scattered islet 
cells in seven of eight PFA-fixed pancreata (Fig. 1E). The 
localization was similar with both fixatives; however, intra-
cellular versican staining was more intense in Carnoy’s-fixed 
tissue (Fig. 1F). Irrelevant IgG controls are shown for PFA- 
and Carnoy’s-fixed samples (Fig. 1G, H, respectively). 
TSG-6 staining in PFA-fixed sections was present as diffuse 
immunoreactivity throughout the islet, which was more 
intense than in the surrounding exocrine tissue; this was pres-
ent in five of eight mice. Intense immunoreactivity in scat-
tered islet cells and/or in cells around the periphery of the 
islet was also observed in seven of eight animals (Fig. 1I, 
arrows). Both staining patterns (diffuse vs intense scattered 
cells) were observed in islets from the same mice. Localization 
patterns for TSG-6 immunoreactivity were similar with the 
RAM-1 antibody and with that from R&D Systems (data not 
shown); thus, staining is shown for the RAM-1 antibody 
only. In the Carnoy’s-fixed pancreas, intense TSG-6 staining 
in scattered cells was present, but the diffuse islet staining 
was much reduced (Fig. 1J). IgG controls are shown for PFA- 
and Carnoy’s-fixed samples (Fig. 1K, L, respectively). 
ITIH1/ITIH2 immunoreactivity in the PFA-fixed pancreas 
was faintly present in islets (Fig. 1M) in a pattern similar to 
the diffuse staining observed with TSG-6 (Fig. 1I). ITIH1/
ITIH2 cytoplasmic immunoreactivity was only observed in 
this pattern, being present in all islets analyzed. Some ITIH1/
ITIH2 immunoreactivity was also detected in the peri-islet 
ECM (Fig. 1M, arrows), but this was not present in all cases. 
ITIH1/ITIH2 immunoreactivity was much less intense in the 
Carnoy’s-fixed pancreas, being virtually undetectable (Fig. 
1N). IgG controls are shown for PFA- and Carnoy’s-fixed 
samples (Fig. 1O, P, respectively). Bikunin immunoreactivity 
was observed in the PFA-fixed pancreas as diffuse staining 
throughout the islet (Fig. 1Q), with some scattered cells dem-
onstrating intense staining (Fig. 1Q, arrows). Again, this 
staining pattern was the only one observed. Faint diffuse 
staining was also present throughout the islet in the IgG con-
trol for bikunin (Fig 1S), suggesting that the low-level stain-
ing was at least in part nonspecific, with scattered 
bikunin-positive cells showing specific staining.

In Carnoy’s-fixed pancreata, bikunin, like TSG-6, 
intense staining in scattered islet cells was clearly visible, 
while the diffuse staining was absent (Fig. 1R). IgG con-
trols are shown for PFA- and Carnoy’s-fixed samples (Fig. 
1S, T, respectively). Negative controls showed an absence 
of staining in all cases except for bikunin (Fig. 1S), as 
described above. Of note, no differences were observed in 
staining patterns between genders.
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Figure 1. Representative images showing staining for islet extracellular matrix (ECM) components in paraformaldehyde (PFA)– or 
Carnoy’s-fixed, paraffin-embedded mouse pancreas samples. Hyaluronan affinity staining of PFA-fixed pancreata resulted in faint staining 
in the peri-islet ECM of some islets (A, peri-islet staining denoted by arrows). Hyaluronan staining was much more intense with Carnoy’s 
fixation (B). Hyaluronan was generally observed in peri-islet localization but was also sometimes seen associated with intra-islet capillaries 
(A, B, arrowheads). Hyaluronidase (H’ase) pretreated, negative control sections are shown for (C) PFA- and (D) Carnoy’s-fixed tissue. 
Versican immunoreactivity was cytoplasmic and present in scattered islet cells in all cases with both PFA (E) and Carnoy’s fixation (F), 
with the latter showing more intense staining. Immunoglobulin G (IgG) controls are shown for (G) PFA- and (H) Carnoy’s-fixed tissue. 
Tumor necrosis factor–stimulated gene 6 (TSG-6) immunoreactivity was also cytoplasmic (I), labeling scattered islet cells (I, arrowheads) 
in many islets, with diffuse staining also being present. In Carnoy’s-fixed tissue (J), diffuse TSG-6 staining was markedly reduced, while 
scattered islet cells were still intensely stained. IgG controls are shown for (K) PFA- and (L) Carnoy’s-fixed tissue. Inter-α-trypsin inhibitor 
heavy chain 1 (ITIH1)/inter-α-trypsin inhibitor heavy chain 2 (ITIH2) immunoreactivity was exclusively present in PFA-fixed tissue as faint, 
diffuse staining throughout the islet (M), with occasional staining appearing in the peri-islet ECM (M, arrows). In contrast, ITIH1/ITIH2 
staining was absent in Carnoy’s-fixed tissue (N); staining was also absent in IgG control (O) PFA- or (P) Carnoy’s-fixed samples. Bikunin 
immunoreactivity was present as both diffuse staining throughout the islet (Q) and also as scattered islet cells (Q, arrows). With Carnoy’s 
fixation, only scattered islet cell staining was observed (R). A small amount of staining was observed in the PFA control for bikunin staining 
(S), while the corresponding Carnoy’s-fixed control was negative (T). Scale bar = 100 µm (all panels correspond with the scale bar in A 
unless otherwise noted).
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Localization of ECM Components in Islet 
Endocrine Cells

Given that hyaluronan localization in islets was predomi-
nantly extracellular (i.e., in the ECM surrounding the islet), 
while versican, TSG-6, ITIH1/ITIH2, and bikunin immu-
noreactivity was predominantly intracellular, we next 
sought to determine which islet endocrine cell types dem-
onstrated immunoreactivity for versican, TSG-6, ITIH1/
ITIH2, and bikunin. This co-localization was performed 

using PFA-fixed material due to the effect of Carnoy’s fixation 
to extract peptide hormones, thus precluding our ability to 
perform double staining in Carnoy’s-fixed material.

Immunofluorescence for versican (Fig. 2A), TSG-6 (Fig. 
2G), ITIH1/ITIH2 (Fig. 2M), and bikunin (Fig. 2S) was com-
parable to our findings in Figure 1. For clarity, insulin immu-
nostaining alone is shown in Figure 2B, H, N, and T. Versican 
immunoreactivity was present in glucagon-producing α cells 
(Fig. 2D) but was absent from insulin-producing β cells (Fig. 
2C) and somatostatin-producing δ cells (Fig. 2E). IgG 

Figure 2. Immunofluorescent staining for versican (A, C–E, green), tumor necrosis factor–stimulated gene 6 (TSG-6) (G, I–K, green), 
inter-α-trypsin inhibitor heavy chain 1 (ITIH1)/inter-α-trypsin inhibitor heavy chain 2 (ITIH2) (M, O–Q, green), and bikunin (S, U–W, 
green) alone is shown in the left column (A, G, M, S, respectively). For clarity, insulin immunostaining alone is shown in the second column 
(B, H, N, T). Then, versican, TSG-6, ITIH1/ITIH2, and bikunin immunoreactivity are shown together with insulin (third column: C, I, O, U), 
glucagon (fourth column: D, J, P, V), or somatostatin (fifth column: E, K, Q, W). Appropriate immunoglobulin G (IgG) controls are shown in 
F, L, R, and X. Versican staining co-localized with glucagon staining (orange staining in D) but not with insulin (C) or somatostatin (E). TSG-
6 staining co-localized with both insulin (I) and glucagon (J) but not somatostatin (K). ITIH1/ITIH2 staining co-localized only with insulin 
(O) but not glucagon (P) or somatostatin (Q), while bikunin staining co-localized with insulin (U), glucagon (V), and some somatostatin-
positive cells (W, arrows). Scale bar = 100 mm (all panels correspond with the scale bar in A unless otherwise noted).
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control for versican/hormone immunostaining is shown in 
Figure 2F. In contrast, TSG-6 staining was present in β cells 
(Fig. 2I) and α cells (Fig. 2J) but was not present in δ cells 
(Fig. 2K; IgG control shown in Fig. 2L). ITIH1/ITIH2 stain-
ing was localized to β cells exclusively (Fig. 2O) and was not 
detected in α or δ cells (Fig. 2P, Q, respectively; IgG control 
shown in Fig. 2R). Finally, bikunin immunoreactivity was 
present in β cells (Fig. 2U), α cells (Fig. 2V), and some δ cells 
(Fig. 2W, arrows). Of note, the IgG control for bikunin (Fig. 
2X) showed a complete absence of staining, confirming that 
islet and particularly β cell immunoreactivity for bikunin is 
indeed specific.

mRNA Levels of ECM Components in 
Isolated Mouse Islets and Enriched Primary 
β and α/δ Cell Samples

In order to provide an independent confirmation of the pro-
duction of these molecules in pancreatic islets, quantitative 

real-time PCR was performed on total islet cDNA from six 
mice. In line with our immunohistochemistry data, Has1 
and Has3 were expressed in islets, with Has2 being at or 
below the level of detection (Fig. 3A). Versican mRNA was 
present in all islet samples at low levels (Fig. 3B), while 
TSG-6 was quite abundantly expressed (Fig. 3B). ITIH1 
and ITIH2 mRNA were both detected (Fig. 3C), and 
bikunin was also abundantly expressed in normal mouse 
islets (Fig. 3D).

In primary β cells, Has1 and Has3 mRNA were present 
at low levels, while Has2 was absent (Fig. 4A). Has3 was 
the only isoform for which mRNA was detectable in pri-
mary α/δ cells (Fig. 4A). In line with our immunostaining 
data, versican mRNA levels were higher in primary α/δ 
cells than in β cells (p<0.05) (Fig. 4B), while TSG-6 mRNA 
levels were equivalent between the enriched cell popula-
tions (Fig. 4C). ITIH1 mRNA was detected and tended to be 
more abundant in β cells (Fig. 4D), while both ITIH2 and 
bikunin mRNA appeared to be present in both cell types 

Figure 3. mRNA levels in isolated mouse islets (n=6; data are 
mean ± standard error of the mean). Hyaluronan synthase isoform 
1 (Has1) mRNA was present at low levels in mouse islets, Has2 
mRNA was close to or below the limit of detection, and Has3 
mRNA was expressed at intermediate levels between the other 
two isoforms (A). Versican mRNA was present in islets at low 
levels (B), while tumor necrosis factor–stimulated gene 6 (TSG-6) 
(B), inter-α-trypsin inhibitor heavy chain 1 (ITIH1) (C), inter-α-
trypsin inhibitor heavy chain 2 (ITIH2) (C), and bikunin (D) mRNA 
were abundant.

Figure 4. mRNA levels in samples of primary islet β cells (open 
bars; n=4) or α/δ cells (solid bars; n=4), defined according to 
enrichment for insulin or glucagon/somatostatin expression, 
respectively. Data are mean ± standard error of the mean. 
Hyaluronan synthase isoform 1 (Has1) mRNA was only detectable 
at low levels in β cells, Has2 mRNA was undetectable in both cell 
types, and Has3 mRNA was present at low levels in both cell 
types (A). Versican mRNA levels were higher in α/δ cells than in β 
cells (p<0.05) (B), tumor necrosis factor–stimulated gene 6 (TSG-
6) was abundant in both cell types (C), inter-α-trypsin inhibitor 
heavy chain 1 (ITIH1) was detectable with slightly higher levels 
present in β cells (D; note that this panel is plotted on a log scale), 
and inter-α-trypsin inhibitor heavy chain 2 (ITIH2) and bikunin 
mRNA were both abundant in both cell types with a greater 
abundance in α/δ cells (D).
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(Fig. 4D). Of note, there was significant variability among 
islet cell preparations with respect to the abundance of sev-
eral of the ECM components, but the relative abundance of 
each transcript was similar in β cell versus α/δ cell samples 
from each individual islet cell preparation.

Discussion
We have shown for the first time that hyaluronan is a normal 
component of islet ECM and that versican, TSG-6, and com-
ponents of IαI (ITIH1, ITIH2, and bikunin) are also expressed 
in normal mouse islets. Some differences were observed in 
the region of the islet and/or endocrine cell types to which 
each component is localized. Immunoreactivity and mRNA 
for versican are present predominantly in α cells, Has1, 
ITIH1 and ITIH2 are present predominantly in β cells, while 
Has3 and TSG-6 are present in both α and β cells, and 
bikunin is present in α and β cells and some δ cells.

Our data clearly show that hyaluronan is a normal and 
rather abundant component of the peri-islet ECM and is 
best visualized with Carnoy’s fixation, consistent with 
reports using other tissues (Evanko et al. 2009; Lin et al. 
1997). Because Carnoy’s fixation results in extraction of 
insulin from islets (Scott 1912), it is rarely used in the pan-
creas. However, this study demonstrates that it is extremely 
effective for the visualization of ECM components, espe-
cially hyaluronan. Our observation that hyaluronan is pres-
ent in the normal mouse islet ECM contrasts with another 
published study where hyaluronan was shown to be absent 
(Weiss et al. 2000). This discrepancy is most likely due to 
differences in the fixation approaches used between these 
two studies. Our finding is in line with those from many 
other tissues, which suggest hyaluronan is a widespread, 
perhaps even ubiquitous ECM component (Fraser et al. 
1997). Our observation that islets express low levels of the 
hyaluronan synthetic enzymes Has1 and Has3 further sup-
ports this finding. That Has2 mRNA was undetectable in 
islets was somewhat surprising, given that this is the most 
abundant Has isoform in several cells including smooth 
muscle cells (Pienimaki et al. 2001; Sussmann et al. 2004). 
In islets, Has1 and Has3 mRNA were detected in β cells and 
α/δ cells, suggesting that hyaluronan in the islet ECM could 
derive, at least in part, from local synthesis by different islet 
endocrine cell types. The significance of differential expres-
sion of the three Has isoforms is still a matter of some 
debate in the literature, but a recent study showed that dual 
knockout of Has1 and Has3 in a mouse model of cutaneous 
injury response resulted in a proinflammatory milieu 
including increased neutrophil recruitment (Mack et al. 
2011). Thus, constitutive expression of Has1 and Has3 in 
the islet may promote an anti-inflammatory environment. 
Based on this and literature from other tissues, we propose 
that, under normal conditions, hyaluronan acts to stabilize 
the islet ECM, providing tissue integrity cues and exerting 
its anti-inflammatory properties to maintain normal islet 

function (Jiang et al. 2007; Tammi et al. 2002; Toole et al. 
2002). Consistent with this, treatment of cultured β cells 
with exogenous high molecular weight hyaluronan has been 
shown to increase insulin secretion and content (Li et al. 
2006), and hyaluronan treatment decreased oxidative stress 
and neutrophil activation in a rat model of pancreatitis 
(Campo et al. 2004), suggesting that hyaluronan may be 
beneficial for islet/pancreas function.

Stabilization of hyaluronan-containing matrices is 
achieved in part through interaction with the many hyaluro-
nan binding proteins. Our observation that several of these 
are also normal products of the mouse islet supports the 
concept that these molecules may play a role in the mainte-
nance of normal islet homeostasis in an anti-inflammatory 
capacity. TSG-6 production has typically been described 
under conditions of inflammation, such as arthritis, where it 
has been shown to play a protective role (Mahoney et al. 
2011; Milner et al. 2006; Szanto et al. 2004). However, our 
observation that TSG-6 is expressed and produced in nor-
mal mouse islets is in line with recent data demonstrating 
constitutive TSG-6 expression in a number of tissues, 
including murine bone marrow (Mahoney et al. 2008), 
human skin (Tan et al. 2011), and human neutrophils (Maina 
et al. 2009). Interestingly, in neutrophils, TSG-6 is stored in 
secretory granules and released only in response to a pro-
inflammatory signal. Given that islet endocrine cells also 
contain secretory granules that store peptide hormones for 
subsequent release, it seems plausible that the same may 
occur for TSG-6 in the islet. The presence of TSG-6 has 
been described in islets from NOD mice, where it was co-
localized with infiltrating immune cells, while it was absent 
from normal mouse islets (Kvezereli et al. 2008). The rea-
son for the discrepant findings between the Kvezereli et al. 
(2008) study and our own is not clear, but it could be due to 
the different mouse backgrounds used (Balb/c vs C57BL/6 
or B6D2, respectively). Our demonstration of TSG-6 immu-
noreactivity with two independent antisera and detection of 
TSG-6 mRNA level in both islets and primary endocrine 
cells makes us confident that our observed production of 
TSG-6 in normal islets is genuine.

IαI is known to be critical for several biological pro-
cesses, including ovulation (Zhuo et al. 2001). Interestingly, 
despite the requirement of intact IαI for normal ovulation, 
IαI is not synthesized locally but rather enters the follicle 
from serum following the gonadotropin surge in the mouse 
(Powers et al. 1995) and is also present in follicular fluid in 
larger mammals (Clarke et al. 2006; Nagyova et al. 2004). 
In order to determine whether the islet synthesizes IαI, all 
three components (bikunin, ITIH1, and ITIH2) must be 
measured. The presence of IαI, or synthesis of its constitu-
ents, has not previously been described in mouse islets, 
although the presence of IαI light chain (bikunin) has been 
detected in whole human pancreata (Itoh et al. 1996). We 
observed ITIH1, ITIH2, and bikunin mRNA expression in 
whole mouse islets, demonstrating that islets can locally 
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produce all three components of IαI. Bikunin mRNA was 
also abundantly expressed in enriched primary β cells and 
α/δ cells, and its immunoreactivity was detected in all three 
islet endocrine cell types. In contrast, ITIH1 and ITIH2 
mRNA levels were detectable in β cells and/or α/δ cells but 
were much lower in the enriched primary endocrine cell 
populations than in whole islets. Further, double immuno-
fluorescence demonstrated that ITIH1 and ITIH2 were 
present exclusively in β cells. Thus, our immunofluores-
cence and mRNA data differ somewhat here. One explana-
tion for this discrepancy is that ITIH2 may also be present 
in another islet cell, which we did not evaluate by immuno-
fluorescence (e.g., pancreatic polypeptide cells). 
Alternatively, the minor cross-contamination of our α/δ cell 
fraction with β cells may confound our mRNA data in this 
regard. Interestingly, for ITIH1, ITIH2, and bikunin (and 
also TSG-6), the mRNA levels in enriched islet cells were 
noticeably higher than in intact islets. One explanation for 
this is that intact islets were cultured for at least 24 hr prior 
to RNA extraction, whereas fluorescence-activated cell–
sorted cells were harvested on the day of isolation. Thus, 
expression of these ECM molecules may be downregulated 
in islets with prolonged in vitro culture.

Our finding that the chondroitin sulfate proteoglycan 
versican is localized to α cells but not β cells is consistent 
with our previous work in cultured immortalized β cells, 
which show that β cells do not express versican mRNA 
(unpublished observation) and do not produce large molec-
ular weight chondroitin sulfate proteoglycans (Potter-
Perigo et al. 2003). Further, immunoreactivity for the 
keratan sulfate proteoglycan lumican has been described in 
α cells from human islet specimens (Ping Lu et al. 2002), 
while we found no keratanase-sensitive material to be pro-
duced by β cells (Potter-Perigo et al. 2003) (unpublished 
observation). In contrast, we have shown that β cells syn-
thesize predominantly heparan sulfate proteoglycans 
(Potter-Perigo et al. 2003). These data suggest that islet 
endocrine cells synthesize distinct populations of proteo-
glycans. The differentiated phenotype of islet endocrine cell 
types is associated with a specific gene signature, which our 
data suggest includes a specific subset of proteoglycans. 
Heparan sulfate proteoglycans have already been demon-
strated to be important for β cell function and survival 
(Noguchi et al. 2007; Takahashi et al. 2009; Ueda et al. 
2008; Ziolkowski et al. 2012). Whether versican is similarly 
important for α cells is an area of future investigation.

The lack of co-localization of versican, TSG-6, or IαI con-
stituents with hyaluronan in the islet ECM seems at first to be 
an unexpected finding. However, hyaluronan that is saturated 
with other binding proteins (such as versican, TSG-6, and 
IαI) may not readily be detected. Similarly, antibody binding 
sites for versican, TSG-6, and IαI may be masked upon bind-
ing to hyaluronan. However, hyaluronidase pretreatment of 
pancreas sections did not reveal staining for any of these 

proteins in the islet ECM (data not shown). Thus, we propose 
that the local concentrations of these molecules in the ECM 
are likely to be significantly lower than those seen intracel-
lularly. This is consistent with the concept that they may be 
stored intracellularly (e.g., in hormone-containing secretory 
granules), as has been shown for TSG-6 immunolocalization 
in neutrophils, and provides an explanation for the observa-
tion of the predominant intracellular localization of versican, 
TSG-6, and IαI components in the present study.

Whether altered localization of these molecules occurs 
in models of islet dysfunction is the focus of future studies. 
For example, under disease conditions, co-localization of 
hyaluronan with its binding molecules might occur in an 
attempt to stabilize the islet ECM. Dysregulation of the islet 
ECM is known to occur in diabetes. One well-described 
example of this is the deposition of the β cell peptide islet 
amyloid polypeptide (also known as amylin) as amyloid in 
the islet ECM in type 2 diabetes (Cooper et al. 1987; 
Westermark 1972; Westermark et al. 1987). Heparan sulfate 
proteoglycans, which are normally present in the islet ECM, 
are components of these amyloid deposits and are thought 
to play an important role in their formation (Hull et al. 2004; 
Hull et al. 2007). Further, islet fibrosis is another example 
of ECM dysregulation that has been described in several 
rodent models of diabetes (Homo-Delarche et al. 2006; 
Nakamura et al. 1995; Tikellis et al. 2004). Both islet fibro-
sis and particularly islet amyloid deposition have negative 
consequences for islet function, with fibrosis contributing 
to islet hypoxia and amyloid deposition being associated 
with β cell apoptosis and decreased β cell mass (Donath  
et al. 2008; Jurgens et al. 2011).

In summary, we have for the first time identified the 
expression and location within the islet of specific compo-
nents of a family of ECM components. Production of differ-
ent ECM components by distinct islet cell types illustrates 
the complexity of this system and may be important in 
maintaining islet morphology and function. These findings 
form a basis for future studies that will evaluate the role of 
these specific ECM components in normal islet develop-
ment and function as well as mediate or protect against islet 
dysfunction and destruction in diabetes.
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