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Abstract Diabetes represents a major endemic disease

throughout the world, and different therapeutic methods are

used to treat the disease. Xenotransplantation of pig islet

cells is a potential treatment for type 1 diabetes, but studies

of protein expression in distinct islet cells are rare. ZnT8, a

member of the slc30A gene family, is involved in islet

endocrine hormone release and is a diabetes auto-antigen,

raising the question of whether ZnT8 expression is regu-

lated similarly in pig and human pancreas. We used nested

RT-PCR to detect ZnT8 expression in pig pancreas and

polyclonal antibody to examine possible co-localization

with other islet hormones. Immunohistochemistry of

sequential serial sections as well as double immunostaining

of pancreatic tissues with antibodies against ZnT8, insulin,

glucagon, and somatostatin shows that pig ZnT8 is exclu-

sively co-expressed in insulin-producing, but not in glu-

cagon- or somatostatin-producing cells. The absence of

ZnT8 in glucagon-producing cells in pig islets indicates

that zinc homeostasis is mediated by a different cellular

mechanism compared with human islet cells. Our findings

provide important information about the cell-type-specific

expression of ZnT8 in porcine islet cells, which should be

taken into account when evaluating different xenotrans-

plantation approaches.
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Introduction

The limited number of human donors for organ trans-

plantation is a primary motivation for investigating animal

models that may provide suitable organs. Such models

include pigs, old-world primates, and as recently high-

lighted, new-world primates (Mohanasundaram et al.

2011). Compared with the primate groups, pigs have sev-

eral advantages. They are easier to handle and breed,

possess a high reproductive rate, and are widely used for

genetic manipulation and cloning (Renner et al. 2013).

Different pig tissues have been tested for their applicability

in xenotransplantation. Pancreatic islet cells in particular

have been used extensively ever since it was shown that

transplanted porcine islet cells have the potential to reverse

type 1 diabetes in nonhuman primates (Sun et al. 1996;

Cardona et al. 2006, 2007; Hecht et al. 2009). However, the

usefulness of organs or specific cell types for xenotrans-

plantation requires cellular compatibility to lower the risk

of possible cellular and physiological incompatibilities.

In islet B cells, zinc is needed to crystallize insulin and

support the dense packaging of this essential molecule in

small vesicles (Dodson and Steiner 1998). The absorption

of zinc into islet cells is mediated by special transporters,

which belong to the solute carrier group (slc). This group is

classified into 51 different families responsible for the

transport of multiple solutes, such as charged and

uncharged organic molecules as well as inorganic ions

(Hediger et al. 2004). Inorganic zinc is transported by two

solute carrier families, slc39 and slc30 (Eide 2004; Pal-

miter and Huang 2004). Both families comprise additional

subfamilies but only one is known for mammalian species,

denoted as slc39A and slc30A (Eide 2004; Palmiter and

Huang 2004). In addition, both groups differ in their

structural formation and in physiological effects. The
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slc39A subfamily controls zinc influx from the extracel-

lular fluid and from intracellular vesicles into the cyto-

plasm, whereas the slc30A subfamily serves as a regulator

of intracellular zinc levels. These processes take place

either by efflux from cells or by influx into intracellular

vesicles (Gaither and Eide 2001; Eide 2006). Both sub-

families contain a number of different members. There are

up to 14 (ZIP1-14) for the slc39A group and 10 (ZnT1-10)

for the slc30A group (Cousins et al. 2006). The members of

both groups are broadly distributed not only among dif-

ferent cellular compartments such as the plasma mem-

brane, endoplasmic reticulum, Golgi apparatus, and

secretory vesicles (Kambe 2011), but also in different

mammalian organs. However, data on the slc39A tissue

distribution in mammalians are limited to eight members

(Zip1-2, Zip4-8, Zip12), as detected via mRNA transcripts

(Eide 2004; Kambe et al. 2004). In contrast, slc30A tissue

localization has been determined for almost all members

(Cousins et al. 2006; Wang and Zhou 2010; Kambe 2011).

One slc30A subfamily member, ZnT8, has been detec-

ted in only a few mammalian organs, such as adipose tissue

(Smidt et al. 2007), blood lymphocytes (Overbeck et al.

2008), the thyroid gland (Murgia et al. 2009), and the

pancreas (Chimienti et al. 2004, 2005; Murgia et al. 2009;

Mohanasundaram et al. 2011). Most primate and mouse

species show localized ZnT8 expression in islet B and A

cells, whereas in B cells, ZnT8 functions in the intracellular

uptake of zinc into secretory vesicles, modulating insulin

biosynthesis and secretion, the function of ZnT8 in A cells

remains unclear (Gyulkhandanyan et al. 2008).

The link of ZnT8 to diabetes auto-antigenicity as well as

the use of porcine islet cells for xenotransplantation

approaches raises the question of how ZnT8 expression is

regulated in pig islet cells. We therefore investigated cell-

type-specific expression of ZnT8 in pig pancreatic tissue by

double immunostaining techniques to assess its possible

co-localization with other islet hormones. We found that

ZnT8 is expressed in insulin-containing B cells but not in

glucagon- or somatostatin-containing cells. Furthermore,

RT-PCR experiments confirmed the local expression of

ZnT8 in the pancreas.

Materials and methods

Animals and tissue preparation

Six pigs of the German Landrace breed ranging in age from

6 to 10 months were obtained from the experimental sta-

tion of animal husbandry and small animal breeding of the

University of Hohenheim. Pigs were housed and fed under

the same conditions and slaughtered at different time

points. Immediately after slaughter, pancreatic tissue was

removed, sectioned, and divided into two parts. One part

was placed in RNAlater (Life technologies, Darmstadt,

Germany) before use for RT-PCR analysis, and the other

one was immersion-fixed in Bouin’s solution for 48 h and

after subsequent dehydration embedded in paraffin

according to standard procedures. For immunohistochem-

ical staining, serial sections were cut to a thickness of

3-5 lm and mounted on Superfrost glass slides (R.

Langenbrinck, Emmendingen, Germany).

ZnT8 antibody and dot-blot assay

A synthetic peptide sequence corresponding to the N-ter-

minal region of the pig ZnT8 (amino acids 52–67) was

synthesized, conjugated to the N-terminus of keyhole

limpet hemocyanin (KLH), and used to immunize two

rabbits (Charles River, Kissleg, Germany). Antisera titers

against the ZnT8 peptide were tested by enzyme-linked

immunosorbent assay (ELISA).

Antibody specificity was tested by dot-blot assay as

follows: four aliquots (1 lg/lL) of KLH, peptide, pig, and

bovine serum albumin (BSA) were spotted on nitrocellu-

lose membranes (Whatman, Dassel, Germany). Two addi-

tional aliquots of the primary and secondary antibodies

were used as controls. Membranes were blocked for 1 h

with blocking solution (5 % nonfat dry milk in PBS buffer,

0.05 % Tween20). After rinsing three times with washing

solution (PBS buffer, 0.05 % Tween20), membranes were

incubated with primary antiserum (anti-ZnT8) in PBS

buffer overnight at three final dilutions (1:600, 1:1,000, and

1:3,000). Membranes were then rinsed again with washing

solution and incubated for 1 h in PBS buffer containing

peroxidase-conjugated goat anti-rabbit immunoglobulin

(IgG) (1:4,000) (Sigma-Aldrich, Taufkirchen, Germany).

Thereafter, membranes were rinsed again with washing

solution and incubated with developer (3.35 mM 4-chloro-

1-napthol solved in 20 % methanol, 80 % TBS-buffer,

0.02 % hydrogen peroxide) to visualize immunoreactive

dots. The entire procedure was performed at room

temperature.

Immunostaining

Serial sections were prepared for co-localization studies of

ZnT8 with insulin, glucagon, and somatostatin, respec-

tively. The primary and secondary antibodies used are

listed in Table 1.

Immunostaining of pancreatic tissue was performed as

follows. Sections were deparaffinized in clean xylene,

rehydrated through a series of graded ethanol solutions, and

incubated with 10 % hydrogen peroxide for 10 min to

block endogenous peroxidase activity. After rinsing in PBS

buffer, specimens were incubated with 10 % normal goat
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or rabbit serum blocking solution (Dako, Hamburg, Ger-

many) for 30 min to reduce nonspecific immunoreactions.

Samples were then incubated overnight with high speci-

ficity anti-ZnT8 antibody (1:2,000) in a humidity chamber

at 5 �C. After overnight incubation, slides were rinsed and

treated with biotinylated secondary goat anti-rabbit IgG

(1:400) for 30 min at room temperature. After a final PBS

buffer wash and incubation with streptavidin–biotin–

horseradish peroxidase (Merck-Millipore, Darmstadt,

Germany) for 30 min at RT, the reaction product was

visualized with 3, 30-diaminobenzidine (DAB) chromogen

(Biotrend, Cologne, Germany).

Co-localization double immunostaining studies were

performed as previously described (Schweiger et al. 2005).

In brief, sections were first immunostained for ZnT8 and

visualized by DAB reaction (brown). After several rinses in

PBS buffer, sections were incubated twice for 2 min with

LinBlock (Linaris, Wertheim, Germany). Thereafter, slides

were rinsed again in PBS buffer and immunostained for

glucagon or somatostatin using the ABC method and

visualized by DAB (black).

The specificity of the staining reaction was demon-

strated by serial dilution of the primary antigen, which

resulted in a gradual decrease in signal intensity. Finally,

all specimens were counterstained with hematoxylin,

dehydrated, cleared with xylene, and mounted in Entellan

(Merck, Darmstadt, Germany) for light microscopy

examination.

Immunohistochemical controls

The control experiments were performed as follows: (1)

normal goat or rabbit serum was substituted for primary

antibody, (2) omitting the primary antibodies and incu-

bating with secondary antibodies alone, and (3) incubation

with the DAB reagent alone to exclude the possibility of

nonsuppressed endogenous peroxidase activity. No specific

staining was observed in control experiments.

RNA extraction

Total RNA was isolated from 15 mg of pancreatic tissue

using a RNA isolation kit (Promega, Mannheim, Ger-

many). To rule out contamination by genomic DNA, iso-

lated RNA was treated with RNA-free DNase according to

the manufacturer’s protocol (Promega). Thereafter, RNA

was quantified by measuring the A260/280. The RNA

yields ranged from 1 to 2 lg per extraction. RNA quality

was checked by 12.5 % polyacrylamide gel electrophoresis

and silver staining (GE Healthcare, Freiburg, Germany).

Primer sequences

Primers specific for insulin and ZnT8 were selected from

the NCBI nucleotide database (Table 2). The ZnT8 primer

sequence covered the corresponding amino acid sequence

of the peptide chosen for anti-ZnT8 polyclonal antibody

production.

Performing RT-PCR and nested-PCR

Total RNA (1–2 lg) was denatured with a 500 ng mixture

of oligo-dN and oligo-dT primers at 70 �C for 5 min, then

slowly chilled to 25 �C and stored on ice. Thereafter, this

mixture was used for reverse transcription in a 20 lL

volume according to the manufacturer’s protocol (Pro-

mega). Reactions were incubated at 40 �C for 45 min

followed by an additional 15 min at 70 �C and chilled on

ice. After first-strand cDNA synthesis, amplification of

insulin was carried out in 50 lL under the following con-

ditions: denaturation at 94 �C for 2 min, followed by 35

cycles denaturation at 94 �C for 45 s, annealing at 63 �C

for 45 s, and extension at 72 �C for 1.5 min. The last step

was followed by a final extension at 72 �C for 7 min.

For ZnT8, we applied a two-step nested-PCR amplifi-

cation as described above, with a few alterations. The

annealing temperature was 58 �C in both steps, and at the

end of the first PCR step, the probes were purified using a

PCR purification kit (Macherey–Nagel, Düren, Germany)

before using it in the second PCR.

PCR amplification products were visualized after elec-

trophoresis on a 12.5 % polyacrylamide gel and visualized

using a silver-staining kit (GE Healthcare).

Additionally, to rule out possible contamination by

genomic DNA in RNA probes, the RT-PCR was performed

without reverse transcriptase enzyme or RNA as well as

without cDNA. No spurious DNA fragments were detec-

ted. ZnT8 PCR products were purified quantified and

sequenced (Eurofins MWG Operon, Ebersberg, Germany).

Table 1 Details of the antibodies used for immunohistochemistry

staining

Antigen Host Dilution Manufacturer

ZnT8 Rabbit 1:2,000 Own production

Insulin Mouse 1:4,000 ThermoFisher, Dreiech,

Germany

Glucagon Mouse 1:4,000 Sigma-Aldrich,

Taufkirchen, Germany

Somatostatin Rabbit 1:2,000 Dako, Hamburg,

Germany

Rabbit IgG Goat 1:400 Dako, Hamburg,

Germany

Mouse IgG Rabbit 1:300 Dako, Hamburg,

Germany
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Results

We detected specific immunostaining of ZnT8 in endocrine

islet cells in pancreatic paraffin sections (Fig. 1a), with a

characteristically strong signal localized to secretory granule

structures in the cytoplasm. No immunoreactivity was

observed in exocrine or centroacinar cells, fibroblasts, or

blood vessels. Based on the number of cells and localization

pattern, the data suggested that insulin-producing B cells

(Fig. 1b) has the strongest ZnT8 expression. To exclude

possible co-expression of ZnT8 in other endocrine cell types,

we performed double immunostaining using antibodies

against glucagon and somatostatin. These data indicated that

both glucagon- and somatostatin-containing cells do not co-

express ZnT8 (Fig. 1c, d). Glucagon-containing A cells are in

close proximity to B cells but do not show immunoreactivity

for ZnT8 (Fig. 1c). The same is true for somatostatin-pro-

ducing cells, which are fewer in number and located mostly in

the periphery of islets (Fig. 1d). Taken together, the double

immunostaining data show that ZnT8 expression in porcine

islet cells is restricted to insulin-producing B cells and is not

co-expressed in other endocrine islet cell types in pig.

We also tested antibody specificity in a dot-blot assay

with several dilutions. ZnT8 antibody reacted in a dilution

of 1:1,000 to the KLH-coupled and KLH-uncoupled pep-

tides but displayed no reactivity to serum albumin proteins

(Fig. 2). In addition, antibody pre-absorbed with antigen

failed to stain peptide spots.

To confirm ZnT8 local expression at the RNA level, we

applied the nested RT-PCR technique. By this method, we

generate two different PCR products (Fig. 3) whose

nucleotide sequence matched the predicted nucleotide

sequence of pig ZnT8 (XM_001925124.3) published in the

NBCI nucleotide database (Fig. 4).

Discussion

Zinc deficiency in islet cells results in dysfunctional islet

hormone release. This may be caused by a ZnT8

deficiency or by ZnT8 autoantibodies, as has been dis-

cussed in recent studies, to be responsible for develop-

ment of type 1 or type 2 diabetes (Wenzlau et al. 2008;

Lemaire et al. 2009; Nicolson et al. 2009; Pound et al.

2009; Rutter 2010; Wijesekara et al. 2010). In this con-

text, numerous investigations of human, new-world pri-

mate, and rodent pancreatic tissue performed by

immunohistochemical and molecular biology methods

show that ZnT8 is localized not only in islet B cells but

also in glucagon-producing A cells (Murgia et al. 2009;

Nicolson et al. 2009; Mohanasundaram et al. 2011). In

this report, we demonstrate that ZnT8 protein as well as

ZnT8-mRNA is expressed in porcine pancreatic tissue.

Moreover, we show by immunohistochemical techniques

that ZnT8 protein appears to be expressed primarily in

insulin-producing B cells. The strong positive immuno-

reactivity is thereby restricted to small secretory granules

localized to B-cell cytoplasm. These subcellular distribu-

tion patterns are in accordance with what has been

described for other species (Murgia et al. 2009; Nicolson

et al. 2009; Mohanasundaram et al. 2011). Interestingly,

our double immunostaining experiments did not reveal co-

localization of ZnT8 in glucagon- or somatostatin-con-

taining cells. This finding is new and indicates that a

different cellular mechanism may exist in porcine endo-

crine islet A and D cells, regarding zinc uptake and

release as compared with other species (Gyulkhandanyan

et al. 2008; Murgia et al. 2009; Nicolson et al. 2009;

Mohanasundaram et al. 2011). It is therefore thought that

additional intracellular localized zinc-binding proteins

may control zinc homeostasis in these pig islet cells.

Metallothioneins are localized in human B cell as well as

in A cell (Tomita and Matsubara 2000). These molecules

are known to play an important physiological role in the

regulation of intracellular metabolism of metal ions

(Maret 2000). However, the possibility cannot be exclu-

ded that other members of the slc30A or slc39A gene

family, instead of ZnT8, are involved in regulating the

uptake, release, and storage of zinc. This seems unlikely,

however, since it has been shown in rodents that

Table 2 Details of the primers

used for RT-PCR and nested-

PCR

Gene

name

GenBank Accession

number

Sequence 50 ? 30 Product

size (bp)

Insulin NM_001109772 Sense CCCCGGCCCAGGCCTTCGTGA 111

Antisense CCCGACGGGCCTTGGGCGTGTAG

ZnT8-0 FJ588029 Sense CTCCAGCAGAAACCCTTGAATAAA 479

Antisense ACTGCGCAGCTTGAAACGATAA

ZnT8-1 FJ588029 Sense CGAGTCGGGAGCCATCAATCAC 373

Antisense TGGGTACAGCAGGCGTTCACAA

ZnT8-2 FJ588029 Sense TTGCTGGGAGTCTTGCTGTCAT 250

Antisense ACGGTGGCTTGGATCTGGTAAT
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alternative zinc transporter molecules in islet A cells are

expressed at a very low level in comparison with ZnT8

(Nicolson et al. 2009; Zhong et al. 2012). To clarify the

manner in which zinc homeostasis is regulated in gluca-

gon- and somatostatin-containing cells of the pig pan-

creas, further investigations are needed.

Fig. 1 Cell-specific immunolocalization of ZnT8 in pig pancreas

using serial sections with antibodies against ZnT8 (a) and insulin (b).

Double immunostaining with antibodies in (c) against ZnT8 (brown)

and glucagon (black) and in (d) against ZnT8 (brown) and somato-

statin (black). Comparison of serial sections (a) and (b) clearly

demonstrates that B cells are strongly immunostained for ZnT8

antigen. Double immunostaining in (c) and (d) further shows that

glucagon- or somatostatin-containing cells do not co-localize with

ZnT8 expression. The inserts in (c) and (d) illustrate that ZnT8-

expressing cells (brown) are separated from cells expressing glucagon

(black) or somatostatin (black)

Fig. 2 Dot-blot assays demonstrating the specificity of rabbit anti-

serum directed against ZnT8 protein at a dilution of 1:1,000. KLH-

coupled and uncoupled peptides (Antig.) probes stain positive. Pig

serum albumin (PSA) and BSA are negative. Primary antibody (p-AK)

and peroxidase-coupled secondary antibody (s-AK) are used as

controls

Fig. 3 Nested-PCR was used to detect the presence of ZnT8 in

porcine pancreas. Lane 1 molecular size marker (0.5 kb), lane 2

pancreatic cDNA with ZnT8-1 primers, lane 3 no-template control

with ZnT8-1 primer pair, lane 4 pancreatic cDNA with ZnT8-2

primers, lane 5 no-template control with ZnT8-2 primer pair, lane 6

pancreatic cDNA with insulin primers, lane 7 no-template control

with insulin primer pair. PCR products migrated at the expected sizes,

373, 250, and 111 bp for ZnT8-1, ZnT8-2, and insulin, respectively

Histochem Cell Biol (2013) 140:677–684 681
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Our RT-PCR results indicate that ZnT8 translation may

be tightly regulated in the pig pancreas, as we found only

local mRNA insulin expression but not for ZnT8 protein,

although immunohistochemical detection of ZnT8 showed

the same intensity as for insulin. Using the nested-PCR

technique, we obtained the expected PCR products for

ZnT8, which were verified by sequence analysis. Strong

regulation of genomic DNA has been reported for zinc-

binding proteins, including zinc transporters (Jackson

et al. 2008). For example, their gene expression is con-

trolled by zinc-responsive transcription factors in a zinc-

dependent manner (Heuchel et al. 1994; Langmade et al.

2000; Jackson et al. 2007; Coneyworth et al. 2012). In the

case of ZnT8, a complex mechanism of zinc-dependent

Fig. 4 Alignment between the

predicted ZnT8 (slc30A8)

mRNA as published in the

NBCI database

(XM_001925124.3) and the

nucleotide sequences obtained

by sequencing of two different

PCR products amplified with

the ZnT8-1 and ZnT8-2 primer

pairs. The alignment

demonstrates strong similarity

between the nucleotide

sequences of the two PCR

products with sequence of the

predicted nucleotide sequence

of pig ZnT8 mRNA
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regulation at the genomic DNA level has not yet been

confirmed.

In conclusion, the results presented here indicate that pig

ZnT8 is expressed in a cell-type-specific manner in insulin-

producing B cells. This and the fact that pig ZnT8 is not co-

expressed in glucagon- or somatostatin-producing cells as

shown in human, new-world primate, and rodent islets are

of particular importance regarding xenotransplantation

approaches using porcine islet cells.
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