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INTRODUCTION 

This project focuses on a recently discovered protein, CaTl, originally found in 
intestinal cells but which is now known to be present in a number of tissues. Gene 
expression analysis indicates that CaTl is present at high levels in the prostate (10-50- 
fold higher levels than in most other organs). The physiological role of CaTl is 
unknown; however, it has been functionally characterized by cloning, gene transfer and 
electrophysiological measurements in cell lines and frog eggs. These experiments have 
revealed that CaTl is a calcium-selective channel of the outer cell membrane. It appears 
to function as a calcium entry pore, whereby ionic calcium enters the cell in response to 
defined triggers. CaTl is a not the type of calcium channel that is "voltage-gated", such 
as those present in electrically excitable cells. Evidence indicates, however, that CaTl 
may be a type of "store-operated " calcium pore. These types of channels are known to 
play a role in cell growth and survival regulation. 

Our laboratory recently demonstrated that expression of the CaTl gene is 
associated with human prostate cancer progression (Peng et al, 2001). Experiments with 
prostate cancer cell lines also indicate that CaTl expression increases under conditions of 
androgen deprivation. These findings, along with the known properties of CaTl and 
store-operated calcium channels, indicate that CaTl may play an important functional 
role in regulating prostate cancer cell survival, including under conditions of androgen 
suppression. The link between a calcium entry channel and androgen-independent 
prostate cancer is highly novel, and potentially related to mechanisms of progression of 
hormone-insensitive cancer and to epidemiological data pointing to increased risk of 
prostate cancer from consumption of dairy products. 

In this Idea Development Award, we proposed two primary objectives: (1) 
develop new probes (antibodies) to study the CaTl protein in tissues; and (2) use 
molecular and cell biological methods to explore the functional role of CaTl in prostate 
cancer cells. 

BODY 

Task 1.  Develop specific antibodies against CaTl and characterize its expression 
pattern(s) in human prostate cancer tissues. 

Antibodies against human CaTl 

A 19 amino acid peptide corresponding to the intracellular carboxyl terminus of 
CaTl was used to generate affinity-purified anti-CaTl antibodies in rabbit and chicken. 
The region of CaTl corresponding to this peptide is highly conserved between human 
and mouse (95% identity, 18/19), but poorly conserved between CaTl and the related 
channel protein, CaT2/ECaC. Human and mouse CaT2/ECaC demonstrate only 25% 
(5/19) and 30% (6/19) identity, respectively, with the CaTl peptide (Figure lA, Zhuang 
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et al., Appendix; NOTE: ALL figures numbers refer to the figures in the Zhuang et al 
paper in the Appendix). The R65291 rabbit anti-CaTl antibody decorated the plasma 
membrane predominantly when FLAG-tagged Call was expressed inX. laevis oocytes 
following injection of Call cRNA, consistent with the conclusion that Call is a 
membrane protein with 6 membrane-spanning helices (Figure IB). Both rabbit anti- 
CaTl and M2 anti-FLAG antibodies produced the same labeling pattern (Figure IB), 
suggesting that they recognize the same protein. This was further confirmed by the 
finding that both antibodies (anti-CaTl and anti-FLAG) detected an identical 86 kD band 
in Western blots of lysate from FLAG-CaTl expressing oocytes (Figure IC). This band 
was not detected using lysate from human CaT2/ECaC cRNA injected oocytes (data not 
shown). 

Having confirmed that the rabbit antibody detects CaTl expressed in X. laevis 
oocytes, and that the protein localizes to the plasma membrane as anticipated from its 
primary structure and fimctional characteristics, we next tested our ability to detect CaTl 
in mammalian cells. HEK293 cells were transiently transfected with expression plasmids 
encoding an EGFP-CaTl protein or unmodified EGFP and the cells were sorted by flow 
cytometry. In cells expressing the EGFP-CaTl fusion protein, green fluorescence was 
present in the plasma membrane (Figure ID). In the control cells expressing EGFP only, 
green fluorescent labeling was homogenous throughout the cytosol. Immunoblotting 
with the rabbit anti-CaTl and the CH2747 chicken anti-CaTl antibodies, and the anti- 
FLAG M2 antibody detected a specific CaTl band in all blots (Figure IE). However, the 
chicken IgY antibody detected CaTl with substantially lower background than the rabbit 
antibody. In addition to detecting CaTl, the rabbit antibody labeled a 160 kD protein 
present in HEK293 cells transfected with pIRES empty vector (IRES) as well as pIRES- 
CaTl-transfected HEK293 cells (FCaTl) (Figure 1 E). The 160 kD protein detected by 
the rabbit antibody was immunoprecipitated and identified by mass spectrometry as early 
endosomal antigen 1 (EEAl), even though EEAl appears not to contain sequences motifs 
that resemble CaTl. The reason for this cross-reaction is unclear, however the R65291 
antibody does not recognize an EEAl-like band inZ laevis oocytes. 

To determine whether the chicken anti-CaTl antibody recognizes the mouse 
protein, we expressed the mouse CaTl tail fused to GST in E. coli. Figure IF 
demonstrates that the chicken antibody detected the fusion protein in IPTG-induced E. 
coli whereas signal was not detected in samples from uninduced E. coli. The same band 
was also detected with an anfi-GST monoclonal antibody (data not shown). This 
indicates that the chicken IgY recognizes both mouse and human CaTl, despite the fact 
that the serine at position 724 is occupied by glycine in the mouse CaTl protein. The 
chicken anfi-CaTl antibody, which recognizes a single band on Western blots (Figure 
IE), was used for subsequent immunohistochemistry experiments. 
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Distribution ofCaTl in mouse digestive tissues 

A characteristic apical membrane staining pattern was revealed in the mouse 
digestive tract when this tissue was probed with the chicken anti-CaTl antibody (Figure 
2). Positive labeling was detected in the esophagus, stomach, duodenum, ileum, cecum, 
and colon. Call staining was essentially restricted to epithelial cells; no other tissue 
compartments demonstrated convincing staining above background. CaTl staining 
localized predominantly to the apical epithelial membrane in all segments of the digestive 
tract except esophagus (Figure 2 C-L, O, P). No basolateral labeling was detected in the 
mouse intestinal epithelia. 

In the mouse pancreas, strong CaTl labeling was detected in the exocrine acinar 
cells. No labeling was detected in islets of Langerhans. Within the pancreatic acinar 
cells, strong staining was restricted to the secretary pole, although much weaker 
basolateral staining was also observed (Figure 2 M, N). 

The specificity of the CaTl immunofluorescent labeling was confirmed by 
Western blotting of mouse pancreas membrane extract. Chicken IgY against human CaTl 
recognized mouse CaTl in pancreas membrane extract, but not in mouse liver membrane 
extract (not shown). 

Distribution of CaTl in human gastrointestinal tract and exocrine glands 

To confirm and extend our observation of CaTl expression patterns in mouse 
gastrointestinal tract and exocrine pancreas, we investigated the distribution of CaTl in 
human gastrointestinal tract and in exocrine glands using commercially available slides. 
CaTl expression was found in the epitheUal cells of esophagus (Figure 3 A, E), stomach 
(Figure 3 B, F), small intestine (Figure 3 C, G), and large intestine (Figure 3 D, H), 
similar to the pattern observed in the mouse. In stomach, small intestine, and large 
intestine, CaTl staining was largely confined to the apical epithelial cell surface. The 
stratified esophageal epithelia demonstrated strong CaTl expression in the superficial 
layers (Figure 3A, E). One difference from the mouse was that membrane staining of 
CaTl was observed in the deeper spherical epithelial cells in human esophageal sections 
(Figure 3 A, E). 

In the human exocrine pancreas (Figure 3 I), apical membrane and granular 
staining in acinar cells within the secretary pole was predominant. Very weak basolateral 
staining in acinar cells was also observed. Labeling became more obvious when the 
sections were stained for a longer period (data not shown). A serial pancreas section 
probed with pre-immune chicken IgY as a negative control, and in which no staining was 
detected, is shown in Figure 3 L. 
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Human exocrine glands in addition to the pancreas (breast tissue and sweat gland) 
were also stained with the chicken IgY. The mammary gland showed very strong 
staining on the inner surface of ductal epithelial cells and weak signals on the basolateral 
membrane (Figure 3 J). Sweat gland epithelial cells gave the same staining pattern, 
however no difference in immunoreactivity was observed between the inner duct and 
basolateral surfaces (Figure 3 K). 

Elevated expression ofCaTl in various human tumors 

A commercial grid of human tumors and matched normal tissues was used to 
evaluate the expression of CaTl in various cancer types. At least two cases of tumor and 
normal counterpart of each tumor type were examined. Images were captured in the light 
microscope under identical conditions. All normal tissues, including breast (A), ovary 
(B), thyroid (C), colon (D), and prostate (E), exhibited substantially weaker staining than 
their matched tumor tissues (Figure 5A1-E1). All of the tumor sections showed a 
histological pattern typical of invasive adenomas and a stronger immunohistochemical 
reaction than their normal tissue counterparts. We also observed that staining was 
weaker in one case of well-differentiated breast adenocarcinoma and thyroid 
adenocarcinoma in comparison to corresponding poorly differentiated tumors (data not 
shown). CaTl was primarily localized to the cell membrane in breast and ovary tumors 
(Figure 5A2, B2), while both cytoplasm and cell membranes stained positively in thyroid, 
colon and prostate adenocarcimona (Figure 5C2, D2, E2). Interstitial tissues adjacent to 
tumor cells were charactistically clear of CaTl staining. 

KEY RESEARCH ACCOMPLISHMENTS 

• Developed and characterized two anti-CaTl antibodies 
• Verified that the CH2747 chicken anti-CaTl antibody recognizes CaTl 

specifically in cells and tissue sections 
• Used the CH2747 antibody to demonstrate for the first time that CaTl localizes to 

the apical membrane of intestinal absorptive cells in mouse and human 
• Discovered that CaTl protein is highly expressed in a number of exocrine organs, 

including pancreas, prostate, and mammary gland, suggesting an as-yet 
unrecognized role for this channel protein in secretory epithelia 

• Discovered that CaTl protein is expressed at elevated levels in comparison with 
normal tissues in a series of prostate, breast, thyroid, colon and ovarian 
carcinomas, consistent with previous reports by our group and others that CaTl 
mRNA is up-regulated in prostate cancer tissues. 

REPORT ABLE OUTCOMES 

One original research article was published as a result of funding from this grant: 
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Zhuang, L., Peng, J-B., Tou, L., Takanaga, H., Adam, R.M., Hediger, M.A., and 
Freeman, M.R. (2002) Calcium-selective ion channel, CaTl, is apically localized in 
gastrointestinal tract epithelia and is aberrantly expressed in human malignancies. Lab. 
Invest. 82:1755-1764. 

CONCLUSIONS 

We have developed, characterized and reported the use of the first anti-CaTl 
antibody suitable for immunodetection of the CaTl protein in tissues. Our findings 
provide the first conclusive demonstration that CaTl is an apical ion entry channel in 
absorptive epithelial cells of the gastrointestinal (GI) tract. We have provided evidence 
of extensive expression of CaTl throughout the multiple functional segments of the 
alimentary canal. We have also provided new evidence that CaTl has an unknown 
function in a variety of exocrine organs. Finally, we have expanded our initial 
observations on CaTl gene expression in prostate cancer (Peng et al., 2001) to include 
several other epithelial malignancies where CaTl protein is now demonstrated to be 
expressed. These findings indicate that CaTl is likely to serve as a component of 
transcellular calcium transport mechanisms in many tissues and epithelial cancers. These 
data have recently been published in the journal. Laboratory Investigation (Zhuang et 
al., 2002). 
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Calcium-Selective Ion Channel, CaT1, Is Apically 
Localized in Gastrointestinal Tract Epithelia and Is 

Aberrantly Expressed in Human Malignancies 
Liyan Zhuang, Ji-Bin Peng, Liqiang Tou, Hitomi Takanaga, Rosalyn M. Adam, 
Matthias A. Hediger, and Michael R. Freeman 
The Urologic Laboratory (LZ, RMA, MRF), Department of Urology, Children's Hospital Boston, and Department of 

Surgery, Han/ard Medical School, Membrane Biology Program (J-BP, HT, MAH) and Renal Division (J-BP, HT, 

MAH), Department of Medicine, Brigham and Women's Hospital and Harvard Medical School, and Han/ard- 

Thorndike and Charles A. Dana Research Laboratories (LT), Division of Bone and Mineral Metabolism, Department 

of Medicine, Beth Israel Medical Center, Han/ard Medical School, Boston, Massachusetts 

SUMMARY: CaT1 is a highly selective calcium entry channel that has been proposed to be responsible for apical calcium entry 
in the vitamin D-regulated transcellular pathway of Ca^^ absorption; however, the lack of a Call antibody suitable for 
immunohistochemistry has prevented the direct testing of this hypothesis by the localization of Call protein in the 
gastrointestinal tract and other tissues. In this study, we developed two CaT1 antibodies and have used them to establish for the 
first time that CaT1 localizes to the apical membrane of intestinal absorptive cells, thereby providing the first direct evidence that 
this protein is in fact an apical entry channel in the gastrointestinal tract. In addition, we found that Call protein is highly 
expressed in a number of exocrine organs including pancreas, prostate, and mammary gland, suggesting an, as yet, 
unrecognized role in secretory epithelia. Finally, we found Call protein to be present at elevated levels in comparison with normal 
tissues in a series of prostate, breast, thyroid, colon, and ovarian carcinomas, consistent with previous reports of up-regulation 
of CaT1 mRNA in prostate cancer tissues. Our findings indicate that Call is likely to serve as a component of transcellular 
calcium transport mechanisms in many tissues and epithelial cancers. {Lab Invest 2002, 82:1755-1764). 

Calcium, a critical component of teeth and bones, 
Is one of the most important minerals in verte- 

brate physiology. The Ionic form of calcium (Ca^"^) Is 
also an Intracellular messenger that mediates aspects 
of muscle contraction, nerve transmission, enzyme 
and hormone secretion, and many other biological 
processes, such as cell cycle regulation and pro- 
grammed cell death. The Ca^"^ concentration In the 
circulation and extracellular fluid Is maintained fairly 
constant through the action of calcitrophic hormones 
on three major organs: the Intestine, the kidney, and 
the bone, where calcium Ions are absorbed, reab- 
sorbed, and deposited, respectively. 

Intestinal Ca^^ absorption is an Important determi- 
nant of calcium homeostasis, as all bodily calcium is 
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ultimately obtained from the diet through Intestinal 
absorption. Ca^"^ enters the circulation through a 
paracellular route via tight junctions between the ab- 
sorptive cells of the gut and a transcellular route 
across enterocyte apical and basolatera! membranes. 
When dietary Ca^^ concentration In the lumenal side 
Is higher than the blood side, Ca^"^ enters primarily 
through the paracellular route. When dietary calcium Is 
low, the transcellular route Is unregulated and be- 
comes dominant In Ca^"^ absorption. The transcellular 
pathway Involves a calcium entry channel In the apical 
membrane and a calcium pump (PMCA1) In the baso- 
lateral membrane. Several lines of evidence Indicate 
that the recently identified Ca?^ selective channel, 
CaT1, Is responsible for apical entry of Ca^"^ Into 
enterocytes (Barley et al, 2001; Peng et al, 1999, 
2000a; Van Cromphaut et al, 2001); however, subcel- 
lular and tissue localization of the CaTI protein has not 
been described. 

CaT1 and CaT2 (also known as ECaC) are the two 
Ca^^-selective channels In the transient receptor po- 
tential V (TRPV) channel family, which consists of six 
members. The other members of this family are non- 
selective cation channels, Including the VR1 receptor, 
a capsaicin and heat-gated channel, and the osmore- 
ceptor OTRPC4A'R-OACA/RL-2/Trp12, which are ac- 
tivated by decreases In osmolarlty (Liedtke et al, 2000; 
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Montell et al, 2002; Strotmann et al, 2000). These 
channel proteins have six membrane-spanning helices 
and a pore region and are structurally related to the 
TRP channels. CaT1 and CaT2/ECaC were originally 
isolated from rat intestine and rabbit kidney and have 
been proposed to be responsible for the Ca^' entry 
step of transceilular Ca^* absorption/reabsorption in 
the intestine and the kidney, respectively (Hoenderop 
et al, 1999; Peng et al, 1999). The two channels exhibit 
constitutive activity when expressed in Xenopus laevis 
oocytes and show saturation kinetics with K^ values 
in the <1-mM range. CaTI generates an inwardly 
rectifying current and the current-voltage relationship 
indicates that hyperpolarized potentials favor ion tran- 
sit through the channel. CaTI is activated by low 
intracellular Ca^"" and inactivated at high concentra- 
tions. Interestingly, when CaTI expression levels are 
not high, CaTI is also activated by passive and active 
intracellular Ca^^ store depletion. The overall biophys- 
ical properties of CaTI closely resemble those of the 
Ca^"" release-activated ICRAC channel (Yue et al, 
2001). Therefore, in addition to CaTI's role as an 
apical Ca^^ entry channel in the transceilular Ca^' 
transport pathway, CaTI might also serve as an 
integral component of the capacitative Ca^^ entry 
pathway in other cells. 

The CaTI and CaT2/ECaC genes are located on 
adjacent positions on human chromosome 7 (Muller et 
al, 2000a; Peng et al, 2001a); however, their tissue 
distributions at the mRNA level in mouse and human 
are distinct. CaT2/ECaC expression is restricted pri- 
marily to the distal tubules of the kidney, whereas 
CaTI mRNA is expressed in the intestine, placenta, 
and exocrine organs such pancreas, prostate, salivary 
gland, and testis (Hoenderop et al, 2000; Muller et al, 
2000b; Peng et al, 2000b, 2001a). The expression 
pattern of CaTI mRNA in many exocrine tissues 
suggests that it plays a fundamental role in secretion. 
However, in the absence of information on the sub- 
cellular location of the CaTI protein, its potential role 
in exocrine cell function cannot be assessed. 

Elevation of CaTI mRNA expression in human pros- 
tate cancer tissues was recently reported by us and by 
another group (Peng et al, 2001b; Wissenbach et al, 
2001). However, because of the lack of a CaTI anti- 
body, the question of whether the CaTI protein was 
similarly elevated was not addressed in these studies. 
Furthermore, it has yet to be investigated whether 
elevated CaTI expression in tumor tissue is a phe- 
nomenon unique to prostate cancer or whether this 
may be a common theme in tumors of epithelial origin. 

In this study, we investigated the distribution of the 
CaTI protein in the gastrointestinal tract in mouse and 
human by means of immunocytochemistry and West- 
ern blot analysis. We also investigated the distribution 
of CaTI protein in exocrine organs and studied its 
expression in tumor tissues. Our results show that 
CaTI is apically localized in most digestive and exo- 
crine tissues. We also provide evidence that elevation 
of CaTI expression may be a common event in 
cancers of epithelial origin. 

Results 

Antibodies Against Human CaTI 

A 19-amino acid peptide corresponding to the intra- 
cellular carboxyl terminus of CaTI was used to gen- 
erate affinity-purified anti-CaTI antibodies in rabbit 
and chicken. The region of CaTI corresponding to this 
peptide is highly conserved between human and 
mouse (95% identity, 18/19) but poorly conserved 
between CaTI and CaT2/ECaC. Human and mouse 
CaT2/ECaC demonstrate only 25% (5/19) and 30% 
(6/19) identity, respectively, with the CaTI peptide 
(Fig. 1A). The R65291 rabbit anti-CaTI antibody dec- 
orated the plasma membrane predominantly when 
FLAG-tagged CaTI was expressed in X. laevis oo- 
cytes following injection of CaTI cRNA, consistent 
with the conclusion that CaTI is a membrane protein 
with six membrane-spanning helices (Fig. IB). Both 
rabbit anti-CaTI and M2 anti-FLAG antibodies pro- 
duced the same labeling pattern (Fig. IB), suggesting 
that they recognize the same protein. This was further 
confirmed by the finding that both antibodies (anti- 
CaTI and anti-FLAG) detected an identical 86-kD 
band in Western blots of lysate from FLAG-CaTI 
expressing oocytes (Fig. 1C). This band was not 
detected using lysate from human CaT2/ECaC cRNA- 
injected oocytes (data not shown). 

Having confirmed that the rabbit antibody detects 
CaTI expressed in X. laevis oocytes and that the 
protein localizes to the plasma membrane as antici- 
pated from its primary structure and functional char- 
acteristics, we next tested our ability to detect CaTI in 
mammalian cells. HEK293 cells were transiently trans- 
fected with expression plasmids encoding an EGFP- 
CaTI protein or unmodified EGFP, and the cells were 
sorted by flow cytometry. In cells expressing the 
EGFP-CaTI fusion protein, green fluorescence was 
present in the plasma membrane (Fig. ID). In the 
control cells expressing EGFP only, green fluorescent 
labeling was homogeneous throughout the cytosol. 
Immunoblotting with the rabbit anti-CaTI and the 
CH2747 chicken anti-CaT1 antibodies and the anti- 
FLAG M2 antibody detected a specific CaTI band in 
all blots (Fig. IE). However, the chicken IgY antibody 
detected CaTI with substantially lower background 
than the rabbit antibody. In addition to detecting 
CaTI, the rabbit antibody labeled a 160-kD protein 
present in HEK293 cells transfected with pIRES empty 
vector (IRES) as well as piRES-CaTI-transfected 
HEK293 cells (FCaTI) (Fig. IE). The 160-kD protein 
detected by the rabbit antibody was immunoprecipi- 
tated and identified by mass spectrometry as early 
endosomal antigen 1 (EEA1) (Mu et al, 1995), even 
though EEA1 appears not to contain sequence motifs 
that resemble CaTI. The reason for this cross-reaction 
is unclear; however, the R65291 antibody does not 
recognize an EEA1 -like band in X. laevis oocytes. 

To determine whether the chicken anti-CaTI anti- 
body recognizes the mouse protein, we expressed the 
mouse CaTI tail fused to GST in Esclierichia coli. 
Figure IF demonstrates that the chicken antibody 
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Figure 1. 
Characterization of antibodies against CaT1. A, Alignment of tfie synttietic peptide and human CaTl, CaT2, mouse CaTl and CaT2. B, immunofluorescence labeling 
of human CaT1 expressed in X. laevis oocytes. (a) No labeling is visible on the membrane of a control oocyte labeled with the R65291 rabbit anti-serum, (b) Membrane 
labeling of FLAG-tagged human CaTl expressed in X. laevis oocytes using R65291 rabbit anti-serum, (c) Labeling pattern, similar to that shown in (b), elicited by 
the anti-FLAG l\/I2 monoclonal antibody in a section obtained from the same oocyte used in (b). In (a) and (b), FITC-conjugated IgG was used as secondary antibody, 
whereas in (c), Texas red-coniugated secondary antibody was employed. Original magnifications: x200. C, A band of ~86 kD was detected with both polyclonal 
R65291 antiserum (1:500) and FLAG m monoclonal antibody (1:500) in samples of lysates from X laevis oocytes expressing CaTl. The higher molecular weight 
bands in both blots likely represent dimers of human CaTl. No specific bands at the expected sizes were detected in samples from water-injected control oocytes. 
D, IVlembrane staining of human CaTl in transfected HEK293 cells. When EGFP was expressed alone (ie, in the pIRES or pEGFP-C3 vector transfected cells, labeled 
as IRES and EGFPC3, respectively) or separately with CaTl (ie, in pIRES-CaTIFlag transfected cells, labeled as FCaTI), EGFP was expressed in the cytosolic 
compartment, not in the membrane. In contrast, when EGFP was fused with CaTl, ie, in the pEGFP- C3CaT1 (CaTl C3)-transfected ceils, green fluorescence was mostly 
detected on the plasma membrane. Original magnifications: x200. E, Westem blot analysis of CaTl expression in HEK293 cells using R65291 and CH2747 antibodies. 
The lysates of HEK293 transfected with pIRES vehicle and pIRES-FCaTI were fractionated by 4 to 20% linear gradient gel, electrotransferred to polyvinylidene 
difiuoride membrane, then probed with R65291 (1:500), CH2747 (1:20,000), and FLAG M2 antibodies (1:500). The expected CaTl bands were demonstrated in all 
three membranes in FCaTI transfected cells. The prominent band at 160 kD observed in the rabbit R65291 anti-human CaTl panel is due to cross-reaction with EEA 
1 (see text for details). F, To determine whether the CH2747 chicken IgY reacts with mouse CaTl, a GST-mouse CaTl C-terminus fusion protein was expressed In 
£ coil The IPTG induced and noninduced control bacteria were lysed with Laemmli buffer and fractionated by SDS-PAGE. The electrotransferred polyvinylidene 
difiuoride membrane was probed by CH2747 chicken IgY (1:20,000). The anticipated band of ~39 kD was observed only in IPTG-induced £ coll 
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detected the fusion protein in IPTG-induced E. coli, 
whereas signal was not detected in samples from 
uninduced E. coli. The same band was also detected 
with an anti-GST monoclonal antibody (data not 
shown). This indicates that the chicken IgY recognizes 
both mouse and human GaTI despite the fact that the 
serine at position 724 is occupied by glycine in the 
mouse CaT1 protein. The chicken anti-CaTI antibody, 
which recognizes a single band on Western blots (Fig. 
1E), was used for subsequent immunohistochemistry 
experiments. 

Distribution of CaTI in Mouse Digestive Tissues 

A characteristic apical membrane staining pattern was 
revealed in the mouse digestive tract when this tissue 
was probed with the chicken anti-CaT1 antibody (Fig. 
2). Positive labeling was detected in the esophagus, 
stomach, duodenum, ileum, cecum, and colon. CaT1 
staining was essentially restricted to epithelial cells; no 
other tissue compartments demonstrated convincing 
staining above background. CaT1 staining localized 

predominantly to the apical epithelial membrane in all 
segments of the digestive tract except esophagus 
(Fig. 2, C-L, O, P). No basolateral labeling was de- 
tected in the mouse intestinal epithelia. 

In the mouse pancreas, strong CaTI labeling was 
detected in the exocrine acinar cells. No labeling was 
detected in islets of Langerhans. Within the pancreatic 
acinar cells, strong staining was restricted to the 
secretory pole, although much weaker basolateral 
staining was also observed (Fig. 2, M and N). 

The specificity of the GaTI immunofluorescent la- 
beling was confirmed by Western blotting of mouse 
pancreas membrane extract. Ghicken IgY against hu- 
man GaTI recognized mouse GaTI in pancreas mem- 
brane extract but not in mouse liver membrane extract 
(not shown). 

Distribution of CaTI in Human Gastrointestinat Tract and 
Exocrine Glands 

To confirm and extend our observation of CaT1 ex- 
pression patterns in mouse gastrointestinal tract and 

Figure 2. 

Localization of CaT1 in mouse gastrointestinal tract and exocrine pancreas. Immunofluorescence labeling was employed on cryopreserved sections of mouse Gi tract 
The ctiicken IgY against human CaT1 was used at 1:100 dilution. The FITC-conjugated secondary antibody was used to visualize the expression pattern of the CaT1 
protein. The labeling was demonstrated in the epithelial cells of esophagus (A), stomach (C), duodenum (E), ileum (G), cecum (I), and colon (K) The same view was 
also captured using another filter for DAPI staining: the DAPI-stained nuclei were blue and give the contour of the tissues: esophagus (B), stomach (D) duodenum 
(F), Ileum (H), cecum (J). and colon (L). The labeling of pancreas is shown in M, where the apical surface of the acinar cells was stained. The merged images of 
CaTI labeling and DAPI staining in pancreas, duodenum, and stomach are illustrated in N, 0, and P. Original magnifications: A-L, x100: M-P, x400 
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exocrine pancreas, we investigated tiie distribution of 
CaT1 in human gastrointestinal tract and in exocrine 
glands using commercially available slides. CaT1 ex- 
pression was found in the epithelial cells of esophagus 
(Fig. 3, A and E), stomach (Fig. 3, B and F), small 
intestine (Fig. 3, C and G), and large intestine (Fig. 3, D 
and H), similar to the pattern observed in the mouse. In 
stomach, small intestine, and large intestine, CaT1 
staining was largely confined to the apical epithelial 
cell surface. The stratified esophageal epithelia dem- 
onstrated strong CaT1 expression in the superficial 
layers (Fig. 3, A and E). One difference from the mouse 
was that membrane staining of CaT1 was observed in 
the deeper spherical epithelial cells in human esoph- 
ageal sections (Fig. 3, A and E). 

In the human exocrine pancreas (Fig. 31), apical 
membrane and granular staining in acinar cells within 
the secretory pole was predominant. Very weak baso- 
lateral staining in acinar cells was also observed. 
Labeling became more obvious when the sections 
were stained for a longer period (data not shown). A 
serial pancreas section probed with preimmune 
chicken IgY as a negative control and in which no 
staining was detected is shown in Figure 3L. 

Human exocrine glands in addition to the pancreas 
(breast tissue and sweat gland) were also stained with 
the chicken IgY. The mammary gland showed very 
strong staining on the inner surface of ductal epithelial 
cells and weak signals on the basolateral membrane 
(Fig. 3J). Sweat gland epithelial cells gave the same 

staining pattern; however, no difference in immunore- 
activity was observed between the inner duct and 
basolateral surfaces (Fig. 3K). 

Elevated Expression of CaTl in Various Human Tumors 

A commercial grid of human tumors and matched 
normal tissues was used to evaluate the expression of 
CaT1 in various cancer types. At least two cases of 
tumor and normal counterpart of each tumor type 
were examined. Images were captured in the light 
microscope under identical conditions. All normal tis- 
sues, including breast (A), ovary (B), thyroid (C), colon 
(D), and prostate (E), exhibited substantially weaker 
staining than their matched tumor tissues (Fig. 4, 
A1-E1). All of the tumor sections showed a histologi- 
cal pattern typical of invasive adenomas and a stron- 
ger immunohistochemical reaction than their normal 
tissue counterparts. We also observed that staining 
was weaker in one case of well-differentiated breast 
adenocarcinoma and thyroid adenocarcinoma in com- 
parison with corresponding poorly differentiated tu- 
mors (data not shown). CaT1 was primarily localized to 
the cell membrane in breast and ovary tumors (Fig. 4, 
A2 and B2), while both cytoplasm and cell membranes 
stained positively in thyroid, colon, and prostate ade- 
nocarcinoma (Fig. 4, C2, D2, E2). Interstitial tissues 
adjacent to tumor cells were characteristically clear of 
CaT1 staining. 
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Figure 3. 
Localization of CaT1 in human gastrointestinal tract and exocrine glands. The epithelia of esophagus (A, E), stomach (B, F), small intestine (C, G), large intestine (D, 
H), pancreas (I), and mammary gland (J) showed positive staining. The apical surface of the epithelia demonstrated the strongest staining intensity, and in some 
cases, apical cytoplasm also stained. Other tissue compartments (eg, muscle) demonstrated no staining. In sweat gland of the skin (K), both basolateral membranes 
and apical surface membranes demonstrated a strong positive reaction. A serial section of human pancreas showed no staining with preimmune chicken IgY (L). 
Original magnifications: A-D, x200; E-L, x400. 
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Figure 4. 
Immunohistochemical staining of CaT1 in human normal and tumor tissues. Ttie normal human mammary gland (A), prostate (E), and large intestine (D) showed 

positive staining by the epithelia. There was no specific staining in normal human ovary (B) and thyroid (C). The staining of mammary (Al). ovary (Bl). thyroid (C1). 

colon (D1), and prostate (El) adenocarcinoma demonstrated a stronger positive reaction than their normal counterparts. Magnified views of expression patterns of 
human CaTI in A1-E1 tumor tissues are shown in A2-E2. Original magnifications: A-E, A1-E1, x200; A2-E2, x400. 
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Discussion 

Call has been proposed to be an apical entry channel 
In the transcellular pathway of calcium transport, 
which Is the principal pathway of vitamin D-regulated 
calcium Ion absorption (Barley et al, 2001; Peng et al, 
1999; Slepchenko et al, 2001; Van Cromphaut et al, 
2001; Wood et al, 2001). A recent study has also 
Implicated CaTl as a Ca^^ release-activated ICRAC 

channel and, consequently, as potentially the primary 
mediator of store-operated calcium influx In a wide 
range of cells (Yue et al, 2001). Although CaTl mRNA 
expression was evaluated previously in tissues and 
prostate tumors, no Information about tissue or tumor 
distributions of the CaTl protein has been published. 
In this study, we report the development of two CaTl 
antibodies. Including a monospecific anti-CaTI 
chicken IgY antibody suitable for immunostaining of 
mouse and human tissues. We have used these new 
reagents to demonstrate for the first time (1) that CaT1 
localizes to the plasma cell membrane in X. laevis 
oocytes, a cell type where It has been functionally 
characterized, and (2) that CaTl Is aplcally localized In 
cells of the gastrointestinal tract, thereby providing the 
first direct evidence for the hypothesis that CaT1 
serves as an apical entry channel In digestive tract 
cells. We also (3) confirmed the expression of the 
CaTl protein In several exocrine organs, and (4) we 
provide the first evidence that CaT1 upregulatlon 
appears to be a common feature in a variety of 
epithelial tumors In human. 

The rabbit and chicken anti-CaTI antibodies were 
generated against the last 19 amino acids of the 
human CaTl carboxyl terminus. Both antibodies were 
able to discriminate between CaTl and the closely 
related ion channel, CaT2/ECaC, In X. laevis oocytes. 
The CaTl tail region was chosen for the immunogen 
peptide because this domain of the protein Is not 
conserved In CaT2/ECaC. Although the immunogen 
peptide sequence differs by one amino acid residue 
between human and mouse, this difference did not 
diminish the chicken antibody's ability to recognize 
the mouse protein. Although generated via the same 
antigen, the chicken IgY was a significantly cleaner 
detection reagent than the rabbit antibody. Immuno- 
preclpltation and mass spectrometric analysis demon- 
strated that the rabbit antibody cross-reacted with an 
abundant membrane protein, early endosomal antigen 
1 (EEA1), and therefore this antibody was not used for 
Immunostaining. The reason for this cross-reaction is 
unknown, as we could find little or no homology 
between the Immunogen peptide and the EEA1 se- 
quence. The greater evolutionary distance between 
chicken and human/mouse, in comparison with rabbit. 
Is likely to account for the greater specificity seen with 
the chicken antibody. 

The expression of CaTl in gastrointestinal epithelial 
cells Is consistent with the previously reported mRNA 
expression pattern (Peng et al, 2000b); however, our 
study Is the first to report CaTl expression throughout 
the entire digestive tract, from esophagus to colon. 
Localization of the CaTl protein on the brush border 

apical surface of Intestinal villi in duodenum, small 
Intestine, and colon Is consistent with CaTI's pro- 
posed role as a major transcellular mediator of Ca^"^ 
transport out of the intestinal lumen. Other Ion chan- 
nels and transporters have been found to localize to 
the apical surface of enterocytes in a similar pattern to 
the one we have observed for CaTl (Gelbel et al, 2000; 
Marshall et al, 2002; Martel et al, 2000; Murer et al, 
2001; Sangan et al, 2002). 

Interestingly, stomach Is generally considered not to 
play a major role in Ca^"^ absorption; however, our 
study has shown strong CaTl expression In mouse 
and human stomach. In the high-magnification view, 
stronger labeling was observed on the upper seg- 
ments of the gastric glands In comparison with the 
lower segments (Fig. 2P). The epithelial cells lining 
most of the gastric surfaces and pits secret mucus to 
protect the epithelium from the acidic gastric fluid, 
while epithelial cells lining the lower segments of the 
gastric glands are primarily chief cells, which function 
to secret pepsin. We postulate that expression of 
CaTl in mucus-secreting cells of the stomach may 
serve to restore Intracellular Ca^^ balance after mucus 
secretion and consequent depletion of stored calcium 
pools (Yue et al, 2001). 

Our study Is also the first to report CaTl expression 
In the mammary gland and In the sweat gland, con- 
sistent with Its anticipated expression in pancreas, 
prostate, and salivary gland. These findings suggest a 
role for CaTl in exocytotic secretory processes. Ca^* 
Influx constitutes a key stimulus for exocytosis in 
pancreas (Lang, 1999) and salivary gland (Ambudkar, 
2000; Bird et al, 1998). Another potential function for 
CaTl in exocrine epithelia would be In clearance/ 
reuptake of the Ca^"^ released Into the aclnar and 
ductal lumena following secretory events (Hug et al, 
1996). CaTl in the mammary gland and the prostate is 
primarily localized to the lumena! surface of the epi- 
thelial cells; however, in the sweat gland, CaTl Is 
located on both the lumenal and basolateral mem- 
brane surfaces (Fig. 3K). These differences may reflect 
a divergence In underlying physiological functions for 
Ca^"^ influx In different exocrine organs. In murlne and 
human pancreas, we also detected the expression of 
CaTl on the basolateral surface of aclnar cells In 
addition to high levels of expression in the apical 
membrane. Basolateral expression of CaTl may be 
related to the need for calcium entry from the 
circulation. 

We were surprised to find high levels of CaTl 
expression In esophageal stratified epithelia. Because 
this part of the upper digestive tract is not known as a 
site of calcium absorption, this result Is consistent with 
the view that CaTl plays another functional role In vivo 
In addition to its calcium transport function. It Is well 
known that calcium ions are Important mediators of 
cell survival and cell death signaling programs, and 
stratified squamous epithelia are rapidly self-renewing 
cell populations. Consequently, CaTl expression In 
stratified epithelia, as observed In mouse and human, 
suggests a potential role In cell proliferation and cell 
survival mechanisms that come Into play following 
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tissue damage. Call mRNA expression has been 
reported in murine skin (Weber et al, 2001). We also 
detected a CaT1 protein expression pattern in skin 
similar to the pattern we observed in the esophagus 
(data not shown), consistent with the hypothesis that 
CaT1 plays a role in rapid tissue renewal. 

We also analyzed CaT1 expression in several hu- 
man malignancies and their normal tissue counter- 
parts. Although our sample size for each tumor type 
was small, an apparent increase in CaT1 protein was 
evident in breast, thyroid, colon, ovarian, and prostate 
carcinomas. This finding is consistent with two previ- 
ous reports demonstrating that elevation of CaT1 
mRNA expression correlates with features of aggres- 
sive disease in prostate cancer. In all tumors exam- 
ined, CaT1 was confined to normal and cancer cells; 
specific labeling in the surrounding stroma was negli- 
gible. We believe that the apparent association be- 
tween Call expression and the cancer phenotype 
reported here should be studied in greater depth. 
Because Ca^* flux is a prominent mediator of both 
survival and apoptotic signaling mechanisms in tumor 
cells, CaT1 overexpression could indicate a functional 
role for this protein in tumorigenesis, progression, or 
metastatic dissemination. Consistent with this asser- 
tion, we found that well-differentiated breast cancer 
and thyroid cancers expressed lower levels of Call 
protein than their poorly differentiated counterparts. 
Our development of a CaT1 antibody suitable for 
semiquantitative immunostaining as well as Western 
blot analysis in whole-cell lysates allows these find- 
ings to be tested with more statistically robust sample 
populations. 

In summary, our study for the first time has demon- 
strated expression patterns of the selective calcium 
entry channel, CaT1, in human and mouse tissues and 
in a series of human tumors. Our findings suggest that 
Call serves as a major calcium transporter in the 
gastrointestinal tract and may be the primary mediator 
of calcium entry into the body. However, our results 
also suggest that Call acts in other tissues, possibly 
in a homeostatic and protective role, and may also be 
a component of tumor cell proliferation and/or survival 
mechanisms. Further investigation into the physiolog- 
ical functions of CaT1 is ongoing. It is conceivable that 
molecular targeting of Call may represent a novel 
therapeutic strategy for multiple malignancies via the 
regulation of calcium uptake. 

Materials and Methods 

Antibodies 

Anti-serum R65291 was generated in rabbits against a 
peptide with a sequence corresponding to the last 19 
amino acid residues of the carboxyl terminus of hu- 
man Call. The peptide was synthesized by Biosource 
International, Inc. (Hopkinton, Massachusetts). 
Chicken IgY (anti-serum CH2747) was isolated and 
purified from the eggs of chickens that were injected 
and boosted with the identical synthetic peptide (Aves 
Labs, Tigard, Oregon). Other primary and secondary 

antibodies used are commercially available. These 
include anti-/Aequorea victoria green fluorescent pro- 
tein (GFP) polyclonal antibody (Living Colors A.v. 
peptide antibody) (Clontech, Palo Alto, California), 
anti-FLAG M2 mouse monoclonal antibody (Sigma, 
St. Louis, Missouri), fluorescein (FITC)-conjugated Af- 
finiPure donkey anti-rabbit IgG and FITC-conjugated 
donkey anti-chicken IgY (Jackson ImmunoResearch, 
West Grove, Pennsylvania), and peroxidase- 
conjugated rabbit anti-chicken IgG and donkey anti- 
rabbit Ig G (Pierce, Rockford, Illinois). 

Constructs 

To express FLAG- and EGFP-tagged CaTI In mam- 
malian cells, human CaTI cDNA with a FLAG tag 
positioned at the CaTI N-terminus was introduced 
into pIRES and pEGFP-C3 vectors (Clontech) using a 
PCR approach. To accomplish this, two primers (5'- 
CAT TCT CGA GCA CCC CAT GGA CTA CAA GGA-3' 
and 5'-CAT TAG TCG ACT CAG ATC TGA TAT TCC 
CAG-3') were used to amplify the coding region of 
FLAG-CaTI. This DNA fragment was then introduced 
into the above vectors using the restriction enzyme 
sites (Xiio\ and Sa/I) designed into the primers. The 
integrity of the constructs was confirmed by DNA 
sequencing. When transfected into mammalian cells, 
the two constructs produce FLAG-tagged human 
CaTI (designated as FCaTI) and FLAG- and EGFP- 
tagged human CaTI (designated as CaTICS), 
respectively. 

Expression of GST-Mouse CaTI C-Terminus Fusion 
Protein in E. coli 

The GST/mouse CaTI C-terminus (636-729) fusion 
protein was cloned into pGEX4T-1 using EcoR I and 
Xho\ sites. Briefly, the cDNA of the C-terminal region 
of mouse CaTI was amplified by RT-PCR from Balb/c 
mouse cecum total RNA. The 5' primer was CAA GCC 
GAA TTC GAC AGG CAA GAT CTC AAC AGA CAA 
CGC A and the 3' primer was CAA CCG CTC GAG 
GTG AGA GCC AAC ATT CAG ATC TGG TAG TCC. 
The amplified cDNA was inserted into pCR-bluntll- 
TOPO by using bacterial strains (TOP10) (Invitrogen, 
Carlsbad, California). After digestion with EcoR I and 
X/jol (NEB, Beverly, Massachusetts), the insert cDNA 
was religated with pGEX4T-1 (Castle Hill, NSW, Aus- 
tralia) in bacterial strain DH5a. To express the fusion 
protein, the bacteria transformed with the recombi- 
nant protein were cultured with IPTG for 2 hours. After 
centrifugation, the pelleted bacteria were analyzed 
with SDS-PAGE (12.5% SDS-PAGE), and Westem 
blotting was carried out with the CH2747 chicken IgY. 

Cell Growth, Transfection, and Fixation 

HEK293 cells were grown in Dulbecco's MEM (DMEM) 
supplemented with 10% fetal bovine serum (FBS; 
Invitrogen) at 37° C and 5% COg. The plasmids were 
prepared using the Maxi Plasmid Kit (Qiagen, Valen- 
cia, California). LipofectAMINE 2000 (Invitrogen) was 
employed as a DNA carrier for transient transfection 

1 /oZ   Laboratory [nvestigntioti • December 2002 • Volu me 82 • Number 12 



CaTl in Gastrointestinal Tract and Tumors 

according to the manufacturer's specifications. 
Briefly, the DNA-liposome complex was prepared by 
mixing plasmids and LipofectAMINE 2000 in Opti- 
MEM I Reduced Serum Medium (Invitrogen) and incu- 
bating the mixture at room temperature for 20 min- 
utes. The DNA-liposome mixture was then diluted with 
Opti-MEM I Reduced Serum Medium and added to 
95% confluent HEK293 cells plated on six-well plates. 
After 5 hours of incubation at 37° C, the mixture was 
replaced with fresh DMEM supplemented with 10% 
serum. After 24 hours of incubation at 37° C and 5% 
COg, the cells were trypsinized and resuspended in 1 
ml DMEM growth medium. Cells with high levels of 
green fluorescence were isolated by flow cytometry. 
The sorted cells were plated on six-well plates in the 
growth medium containing 100 U/ml penicillin and 100 
U/ml streptomycin. Twenty-four hours later, medium 
was replaced with fresh DMEM containing 750 ;xg/ml 
G418 (Invitrogen). As cells reached 70-90% conflu- 
ence, they were passaged into eight-well chamber 
slides (Falcon; Becton Dickinson, Franklin Lakes, New 
Jersey) and grown to 60-70% confluence by over- 
night incubation at 37° C, 5% COg. Followed by a brief 
wash in PBS, the slides were immersed into prechilled 
(-20° C) methanol for 5 minutes and then were 
mounted with Vectashield (Vector Laboratories, Bur- 
lingame, California) after a brief wash in PBS. 

Expression of CaTl in Xenopus laevis Oocytes 

In vitro synthesis of capped CaT1 RNA, injection of 
RNA into X. laevis oocytes, and oocyte culture were 
performed as previously described^'^°. Oocytes were 
embedded into optimal cutting temperature com- 
pound (Tissue-Tek, Tokyo, Japan) and kept at -80° C 
until used. 

Whole-Cell Lysate Preparation 

The transfected I-IEK293 cells and the X. laevis oo- 
cytes were rinsed twice with PBS and solubilized with 
50 mM Tris-HCI, pH 7.4, 1% Nonidet P-40, 0.25% 
Na-deoxycholate, 150 mM NaCI, and COMPLETE pro- 
tease inhibitor cocktail tablet (Roche, Mannheim, Ger- 
many). After 30 minutes incubation on ice, the insolu- 
ble material was removed by centrifuging the cell 
lysates at 15,000 rpm for 15 minutes at 4° C. Super- 
natants were collected as whole-cell lysates. The 
protein concentration was determined with the Bio- 
Rad DC protein assay kit (Bio-Rad Laboratories, Her- 
cules, California). 

PAGE and Immunobiotting 

Equal amounts of total cell lysate from transfected 
HEK293 cells and X. laevis oocytes were solubilized in 
Laemmli sample buffer and subjected to SDS- 
containing polyacrylamide gel electrophoresis (PAGE) 
using a linear gradient precast gel (BMA, Rockland, 
Maine). The protein in the gel was subsequently elec- 
trotransferred to a polyvinylidene fluoride membrane 
(Immobilon-P; Millipore, Massachusetts). After block- 
ing with 5% milk, the various anti-sera were used at 

the dilutions indicated in the figure legends. Immuno- 
complexes were visualized on film using horseradish 
peroxidase-conjugated secondary antibodies and the 
Supersignal Chemiluminescence System (Pierce, 
Rockford, Illinois). 

Normal and Tumor Human Tissue Slides 
and Immunohistochemistry 

The normal human digestive tissue set was purchased 
from Novagen (Madison, Wisconsin). Human Normal- 
Grid and TumorGrid multitissue control slides were 
obtained from Biomeda (Foster City, California). On 
the slides were included human esophagus (n = 1), 
stomach (n = 3), small intestine (n = 3), large intestine 
(n = 3), pancreas (n = 6), breast (n = 2), thyroid (n = 
5), skin (n = 3), ovary (n = 4), and prostate (n = 5). 
Adenocarcinoma tissues were from colon (n = 2), 
breast (n = 2), thyroid (n = 2), prostate (n = 3), and 
ovary (n = 2). The slides were deparaffinized in xylene 
and then rehydrated in gradient alcohol and water. 
After blocking in 5% BSA in PBS at room temperature 
for 30 minutes, the slides were incubated with anti- 
CaTI chicken IgY CH2747 (1:300 diluted) overnight at 
4° C. Following a 5-minute wash in PBS at room 
temperature (three times), a horseradish peroxidase- 
conjugated secondary donkey anti-chicken antibody 
was added at 1:1000 dilution and incubated at room 
temperature for 1 hour. Immunoreactivity was demon- 
strated using the DAB (3,3'-diaminobenzidine tetrahy- 
drochloride) chromagen system (ABC Elite kit; Vector 
Laboratories). Controls for nonspecific immunoreac- 
tivity were performed with preimmune chicken IgY in 
place of anti-human CaTl antibody. 

Immunofluorescence Labeling of Mouse Tissues 

Mouse (Balb/c) tissues were dissected and immedi- 
ately washed three to five times in cold PBS, then 
embedded into optimal cutting temperature com- 
pound (Tissue-Tek, Tokyo, Japan). After sectioning on 
a cryostat at 5 /xm, the slices were mounted on 
Super/Plus slides (Fisher Scientific, Pittsburgh, Penn- 
sylvania), and slides were kept at 80° C until used. For 
immunostaining, slides were equilibrated at room tem- 
perature until no moisture was visible, then immersed 
in prechilled methanol (-20° C) for 5 minutes. After 
5-minute washes (three times) in PBS, the slides were 
blocked with 10% milk in PBS for 30 minutes at room 
temperature. The CH2747 antiserum was used at 
1:100 dilution in 2% BSA at room temperature for 1 
hour. After washing, the secondary fluorescein iso- 
thiocyanate (FITC)-labeled anti-chicken IgY was 
added for 45 minutes. Slides were mounted with 
Vectashield with DAPI (Vector Laboratories) and were 
visualized under a fluorescence microscope (Olym- 
pus, Tokyo, Japan) equipped with a digital camera 
and controlled by a computer. Mice were maintained 
in facilities accredited by the American Association for 
Accreditation of Laboratory Animal Care, and all ex- 
periments were conducted in accordance with the 
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principles and procedures outlined in the NIH Guide 
for the Care and Use of Laboratory Animals. 
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