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The non-obese diabetic mouse (NOD) is the most characterized

model used to study insulin-dependent type 1 diabetes mellitus

(IDDM) and Sjögren’s syndrome (SS). In a previous report, we

found NOD.E2f12/2 mice show a greater progressive develop-

ment to IDDM and SS compared to NOD mice. Our previous data

indicated a progressive decrease in regulatory T cells

(CD41CD251) and a decrease in the systemic secretion systems

for insulin, and saliva was associated with the progression of

IDDM and SS. Therefore, to define the mechanism of early-onset

IDDM SS in E2F-1 deficient NOD mice required further inves-

tigation by producing E2F-1 deficient NOD/SCID mice in which

the T and B cells do not develop. The purpose here was to

analyze the essential function of the E2F-1 molecule in the

development of IDDM and SS; and the dysfunction of the

pancreas islet and salivary gland in the NOD background using

NOD/SCID mice. We produced NOD/SCID.E2f12/2 mice using

homologous recombination; determined diabetes development;

measured saliva and insulin production; and performed a

histological analysis. The deficient mice showed a decreasing

volume of saliva; no infiltration of lymphocytes into salivary

glands; no development of diabetes; and no protein localization

of FGFR-2b in the ducts of the salivary gland that regulates

submandibular gland proliferation and morphogenesis. There-

fore, we considered a deficiency in E2F-1 induces a decrease in

regulatory T cells and an increase in auto-reactive T cells;

however, the E2F-1 deficiency is not associated with T and B

cells-independent dysfunction of pancreatic b cell in insulin

secretion. Further, the E2F-1 deficiency is associated with T and

B cells-independent dysfunction of the salivary gland exhibits a

decrease in saliva production volume. We suggest E2F-1 may be

also associated with the differentiation of exocrine cells in the

duct where FGFR-2b is expressed in the salivary gland. The E2F-

1 deficient NOD/SCID mouse model is useful for showing the

development of the salivary gland; and is also useful for various

experiments in humanized mice. Exp Biol Med 234:1525–1536,

2009
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Introduction

The non-obese diabetic mouse strain (NOD) remains

the most characterized model used for the study of insulin-

dependent type 1 diabetes mellitus (IDDM) (1, 2) and

Sjögren’s syndrome (SS); and is a complex model for

immune dysregulation involving genetics, sensitivity to

exogenous factors, and defects in central and peripheral

tolerance (3). IDDM and SS are chronic multisystem and

autoimmune disorders (4–6) that spontaneously develop in

NOD mice at 4–6 months of age (7). The development of

IDDM is characterized by the infiltration of T lymphocytes,

dendritic cells, and monocytes into the islets of the pancreas

as well as the terminal destruction of b cells (7, 8). Sjögren’s

syndrome is an autoimmune, chronic inflammatory disease

that is characterized by focal mononuclear cell infiltration of

the exocrine glands accompanied by loss of secretory

function associated with oral and ocular dryness (9, 10).

Although some genetic loci related to diabetes (idd-loci)

were found to contribute to inflammatory changes in the
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exocrine glands, it seems that diabetes and SS-like disease

can develop independently from each other (11). Diabetes

development in NOD mice is restricted to the expression of

MHC I-Ag7 (12); whereas NOD.B10D2 mice show exocrine

gland lymphocytic infiltration typical of SS-like disease

while diabetes is absent (13). The exchange of the H2

haplotype suggests a different specificity from the sponta-

neous autoimmune disease such as IDDM or SS.

E2F factors are involved in the regulation of a number

of important cellular events: cell cycle progression,

apoptosis, and DNA damage. Further, the E2F family

contributes to carcinogenesis in many human tumors (14).

The E2F family of transcription factors consists of eight

members (E2F-1 to 8). E2F-1, E2F-2, and E2F-3a are potent

transactivators that can transiently bind and activate E2F

target promoters (15–17). E2F-4, E2F-5 and possibly E2F-

3b most likely contribute to the repression of cell growth.

The most characterized member of the E2F family is E2F-1,

which is activated by the cyclin-Cdk-Rb pathway and plays

a major role modulating cellular processes in disease (14,

18, 19). In addition to cellular processes, E2F-1 has

important roles in the induction of apoptosis (18, 20).

Several recent studies demonstrate that a mutation in the

E2F-1 gene of mice causes enhanced T lymphocyte

proliferation, leading to testicular atrophy, splenomegaly,

salivary gland dysplasia, and other systemic and organ-

specific autoimmunity (21–26). However, it is uncertain

whether the function of E2F-1 has an influence on the

development of IDDM and SS. To address this issue, we

generated E2F-1-deficient NOD mice in our previous study

(7). E2F-1-deficient NOD mice present a profound decrease

in immuno-regulatory CD4þCD25þ T cells; whereas their

splenocytes produced significantly increased levels of IFN-c
in response to antigenic stimulation in vitro. Because of

these defects, E2F-1 homozygous mutant NOD mice are

highly predisposed to the development of IDDM and SS

(27). E2F-1 was also required for the maintenance of the

endocrine and exocrine compartments (28). The combina-

tion of E2F-1 deficiency and the NOD gene background

may lead to decreased production of saliva and insulin in

addition to enhanced auto-reactive Th1-type T cells. To

clarify whether the mechanism involving development of

auto-reactive T cells and/or T and B cells-independent

dysfunction of the pancreatic b cells and the salivary gland is

related with early-onset diabetes and decreased production

of saliva, we produced E2F-1-deficient NOD/Prkdcscid/scid

(SCID) mice. These mice were generated using homologous

recombinations where T and B cells do not develop in order

to observe E2F-1 function in the NOD background mice

without an auto-reactive response. Further, to test the

essential function of the E2F-1 molecule in the mice, we

surveyed for diabetes development; measured saliva and

insulin production; and performed a histological analysis in

NOD/SCID, E2F-1 heterogeneous and homogeneous defi-

cient NOD/SCID mice.

Materials and Methods

Generation of E2F-1-Deficient NOD/SCID Mice.
We previously reported the E2f1�/� allele was functionally

disrupted using the insertion of a neomycin-resistant gene

(neoR) that had been backcrossed from the original chimeric

stock and mixed with the 129/SV and C57BL/6 genome into

the NOD inbred N5 backcross generation background (27).

To generate the tenth backcross (N11) generation of NOD.

E2f1�/� mice that are closely related to the NOD back-

ground, the NOD.E2f1�/� mice BC5 generation (previously

reported) were backcrossed with NOD mice to produce

backcrosses 6 (BC6), BC7, BC8, BC9, BC10, and BC11.

The NOD/SCID mice were originally purchased from

Jackson Laboratory (Bar Harbor, ME). To generate NOD/

SCID.E2f1�/� mice, the N11 generation of NOD.E2f1�/�

mice were mated with NOD/SCID mice to produce (NOD.

E2f1�/� mice 3 NOD/SCID) F1 mice, and then the

heterozygous F1 mice were further mated with NOD/SCID

mice to produce the first-generation BC1 mice. BC1 mice

were surveyed for the absence of mouse IgM in serum and

for the presence of neoR. The BC1 heterozygous mice were

then mated with BC1 mice that have neoR but produce no

mouse IgM; thus producing intercross mice. The mice were

housed and maintained in polypropylene mouse cages using

pine chips. The experimental design was approved in

accordance with the guidelines established by the animal

office at the National Institute of Infectious Diseases

(approval number: 408024). The experiments to produce

NOD/SCID.E2f1�/� mice were approved by the genetic

recombination safety committee at the National Institute of

Infectious Diseases (approval number: ki20–31).

PCR. The heterozygous carriers of the E2f1�/� allele

were used as breeders; and each backcross generation was

identified by blood typing the DNA taken from the tail using

PCR with the primers (59-AGGATCTCGTCGTGACC-

CATGGCGA-39) and (59-GAGCGGCGATACCGTAAAG-

CACGAGG-39) that generated a 271-bp product from

within the neoR insert. Each amplification cycle was

performed using a PTC-200 (MJ Research, Watertown,

MA) and consisted of denaturation at 958C for 5 minutes;

and 35 cycles: primer annealing at 968C for 1 minute and

extension at 688C for 5 minutes. A separate genomic PCR

assay to detect the wild-type allele (392-bp) or mutant E2f1
allele (271-bp) was performed using the L31 intron primer

(59-GCTGGAATGGTGTCAGCACAGCG-39) and the

E2f1 wild-type exon L26 primer (59-TCCAAGAATCA-

TATCCAGTGGCT-39) or the neoR gene primer. The E2F-1

was also genotyped using GGATATGATTCTTG-

GACTTCTTGG (E2F-1–59) and CTAAATCTGACCAC-

CAAACGC (E2F-1–39) primers. PCR (25 ll) was

performed using a PTC-200 for 39 cycles (948C, 1 minute;

588C, 1 minute; 728C, 1 minute); and 1 cycle (728C, 7

minutes); and then were analyzed using electrophoresis on a

2% agarose gel. A 100 base pair DNA ladder (TOYOBO

Co., LTD, Osaka, Japan) was used as a marker.
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Collection of Saliva and Determining Flow
Volume. At 16–20 weeks old, NOD/LtJ, N11 (NOD/

SCID.E2f1�/�), N11 (NOD/SCID.E2f1�/þ), and N11 (NOD/

SCID.E2f1þ/þ) mice under anesthesia by intraperitoneal

injection of 40;50 mg/kg sodium pentobarbital (Nembutal,

Dainihon Pharmaceutical, Osaka, Japan) were injected with

secretagogue, a mixture of isoproterenol (0.20 lg/100 g

body weight) and pilocarpine (0.05 lg/100 g body weight;

Sigma-Aldrich, St. Louis, MO) in PBS. Subsequently,

saliva was collected for 15 minutes from the mouth into 1.5

ml microfuge tubes using a micropipette. The total volume

was measured and calculated as per body weight; and the

samples were then stored at �808C for further analyses.

Histology Examination. Non-diabetic NOD, NOD/

SCID.E2f1�/�, NOD/SCID.E2f1�/þ, and NOD/SCID.E2f1þ/þ

mice were sacrificed by CO2 asphyxiation at 16–20 weeks

of age after the blood serum was collected from orbital sinus

under anesthesia by sodium pentobarbital. The mouse

pancreas or submandibular salivary glands was cut into

two equivalently sized sections where one of the sections

was frozen and embedded in OCT compound (Sakura

Finetechnical, Tokyo, Japan). The other section was

immediately placed in 10% buffered formalin (Wako

Chemical Co., Tokyo, Japan) for 96 hours prior to

embedding in paraffin and sectioning. The sections from

the formalin-fixed tissues were stained with hematoxylin

and eosin for histology observation of mononuclear cell

infiltration. Histology observations and photomicrography

were performed using an Olympus BX50WI microscope

(Olympus, Tokyo, Japan).

ELISA. For enzyme-linked immunosorbent assay

(ELISA), 96-well microtiter H-plates (Sumitomo Bakelite,

Tokyo, Japan) were coated overnight at 48C with 1/500 goat

anti-mouse immunoglobulin antibody (Cappel, West Ches-

ter, PA) in Na2CO3 coating buffer at pH 9.6. The plates

were washed with PBS containing 0.1% (v/v) Tween 20

(PBST) and blocked with 1% (wt/vol) skim milk in PBST

for 1 hour at 378C. Excess skim milk was removed by

washing three times with PBST then a 100 ll aliquot of a

two-fold serial dilution of sera from the BC1 (NOD.E2f1�/�

3 NOD/SCID mice) was added to the wells; and the

mixtures were incubated for 1 hour at 378C. The wells were

then washed five times with PBST; and further incubated for

1 hour at 378C with 100 ll 1/1000 alkaline phosphatase-

conjugated goat anti-mouse immunoglobulin M (both heavy

and light chains) antibodies (Zymed Laboratories, South

San Francisco, CA). After five washes with PBST, the

bound antibodies were detected after the addition of 100 ll

of 3 mg/ml para-nitrophenyl phosphate as a substrate and

incubation for 30 minutes at 378C. Absorbance at 405 nm

(A405) was measured using a microplate reader (Multiskan

Bichromatic; Laboratory Japan, Tokyo, Japan). After 1 hour

of incubation with the substrate, the ELISA antibody titer

was expressed as the reciprocal (Log2) of the highest

dilution showing an A405 of 0.1 above the control (skim

milk).

Immunohistochemistry. Immuno-staining was per-

formed using a Vecta Stain Elite ABC Kit (Vector

Laboratories, Burlingame, CA). The pancreases from the 4

month-old female non-diabetic NOD, NOD/SCID.E2f1�/�,

NOD/SCID.E2f1�/þ, and NOD/SCID.E2f1þ/þ mice were

snap-frozen in OCT Compound and cut into 6 lm serial

sections using a Cryostat (Microm, Zeiss, Germany) at

�208C. Endogenous peroxidase activity was inhibited using

incubation with methanol containing 0.3% H2O2. The slides

were washed in PBS; and the sections were incubated for 20

minutes with diluted normal blocking serum. Slides were

then stained with 1/100 anti-mouse insulin (H-86) poly-

clonal antibodies (SC-9168, Santa Cruz Biotechnology,

Santa Cruz, CA) or 1/100 anti-rabbit FGFR2 polyclonal

antibody (Abgent, San Diego, CA) in a humidity chamber

for 30 minutes at 378C. Sections were rinsed in PBS; stained

with biotinylated antibody solution for 30 minutes; and then

sections were incubated in peroxidase substrate solution. 3–

3-diaminobenzine tetrahydrochloridedehydrate (Vector Lab-

oratories) was used as the chromogen. After washing in

PBS, the sections were counterstained with methyl green

stain solution (Muto Pure Chemicals Co., Tokyo, Japan),

and then mounted with ENTELLANneu (Merck, Darmstadt,

Germany).

a-Amylase Activity and Protein Concentra-
tion. Whole saliva samples were examined for amylase

activity to hydrolyze starch using a Salivary a-Amylase

Assay Kit (Salimetrics, State College, PA). Saliva samples

were diluted with the a-amylase diluents to a final dilution

of 1:200. Eight microliters of the diluted saliva samples

were added to 320 ll preheated 378C a-amylase substrate

solution containing 2-chloro-p-nitrophenol and sodium

azide at 0.01%; and mixed immediately by inversion.

Absorbance was measured at 405 nm. The protein

concentration in the saliva samples was measured using a

Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules,

CA) based on the method of Bradford, an accurate

procedure for determining the concentration of solubilized

protein that involves the addition of an acidic dye to the

protein solution and subsequent measurement at 595 nm.

Statistical Analysis. The Kaplan-Meier cumulative

survival estimate and the log-rank test were used to compare

the incidence of diabetes and death. Comparative analyses

were performed using the one-way analysis of variance

(ANOVA) followed by Tukey’s honestly significant differ-

ence (HSD) post hoc test. A P , 0.05 was considered to be

statistically significant for two-tailed comparisons. All

statistical analyses were performed using the SPSS II

ver.11.0.1J (SPSS Inc., Chicago, IL).

Results

Replacement of the SCID Gene in NOD.E2f12/2

Mice. To produce F1 (NOD.E2f1�/�3 NOD/SCID) mice,

NOD.E2f1�/� mice were first mated with NOD/SCID mice.

Development of diabetes was observed in the F1 females at
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more than 3 months of age and in the F1 males at more than

5 months (Fig. 1). All of the diabetic mice died within 2

months of development of diabetes. As a next strain, BC1

mice were produced by backcrossing the F1 mice and the

NOD/SCID mice. BC1 mice were screened by PCR analysis

for the product of the neoR gene and using ELISA for IgM

production in serum. Typical data for BC1 mice are shown

in Figure 2. BC1 001 and BC4 004 did not produce IgM

(Fig. 2A) and did not possess the neoR gene (Fig. 2B), and,

therefore, were characterized as NOD/SCIDþ/þ.E2f1þ/þ.

BC1 002 did not produce IgM (Fig. 2A) but possessed the

neoR gene (Fig. 2B), and were characterized as NOD/

SCIDþ/þ.E2f1�/þ. BC1 003 produced IgM (Fig. 2A) but did

not possess the neoR gene (Fig. 2B), and were characterized

as NOD/SCID�/þ.E2f1þ/þ. BC1 005 produced IgM (Fig. 2A)

and possessed the neoR gene (Fig. 2B), and were

characterized as NOD/SCID�/þ.E2f1�/þ. All BC1 mice were

finally divided into four mice groups: NOD/SCID�/þ.E2f1�/þ,

NOD/SCID�/þ.E2f1þ/þ, NOD/SCIDþ/þ.E2f1�/þ, and NOD/

SCIDþ/þ.E2f1þ/þ. The NOD/SCIDþ/þ.E2f1þ/þ female and

male mice did not develop diabetes; however, dead mice

were observed at more than 80% of the population at the age

Figure 1. Survival of F1 (NOD.E2f1�/�3NOD/SCID) mice. The survival (-) and development of diabetes (- - -) of F1 [NOD/SCID x NOD.E2f-1�/�;
26 female (A) and 24 male (B)] were scored. The vertical short lines indicate month age limit survival and development of diabetes.

Figure 2. Screening for IgM production and neoR presence in BC1 (F1 3 NOD/SCID). Serum IgM from some (BC1 001;005) BC1 (F1 3 NOD/
SCID) was measured using ELISA (A). Presences of neoR from some BC1 mice were tested using PCR (B). Typical results are presented.
NOD/SCID and B10.D2 mice were used as a negative and positive control, respectively, in the ELISA. NOD/SCID and NOD.E2f1�/�were used
as a negative and positive, respectively, for controls in PCR analysis. Marker: 100 bp DNA ladder.
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Figure 3. Survival curves of BC1 (F1 3 NOD/SCID). BC1 mice were produced by backcrossing of F1 and NOD/SCID mice. The survival of BC1
[the respective numbers of female (A) and male (B) mice were: NOD/SCID�/þ.E2f1�/þ: n¼14 and 18, NOD/SCID�/þ.E2f1þ/þ: n¼14 and 15, NOD/
SCIDþ/þ.E2f1�/þ: n¼11 and 10, and NOD/SCIDþ/þ.E2f1þ/þ: n¼12 and 12, respectively] were scored. Vertical short lines indicate the month age
limit of survival and development of diabetes. Asterisks show significantly different relative levels of survival (* P , 0.05, NOD/SCIDþ/þ.E2f1þ/þ

vs. NOD/SCID�/þ.E2f1þ/þ, ** P , 0.01, NOD/SCIDþ/þ.E2f1þ/þ vs. NOD/SCID�/þ.E2f1�/þ).

Figure 4. Survival curves of intercross mice (NOD/SCID.E2f1�/�3 NOD/SCID.E2f1�/�). The intercross mice were divided into NOD/SCID.E2f1þ/þ

(21 female and 16 male), NOD/SCID.E2f1�/þ (52 female and 35 male), and NOD/SCID.E2f1�/� (21 female and 17 male). The survival of the
intercross mice for female (A) and male (B) were scored. Vertical short lines indicate the month age limit of survival and development of
diabetes.
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of 12 months (Fig. 3A and B). Development of diabetes was

observed in three of 14 NOD/SCID�/þ.E2f1�/þ and five of

14 NOD/SCID�/þ.E2f1þ/þ female mice; and in three of 18

NOD/SCID�/þ.E2f1�/þ and three of 15 NOD/SCID�/þ.E2f1þ/þ

male mice. However, the survival rate at 12 months was

significantly higher among the NOD/SCID�/þ.E2f1�/þ mice

and NOD/SCID�/þ.E2f1þ/þ mice compared to the NOD/

SCIDþ/þ.E2f1þ/þ mice (Fig. 3). The intercross mice were

produced by intercrossing NOD/SCIDþ/þ.E2f1�/þ mice

divided into three groups: NOD/SCIDþ/þ.E2f1þ/þ, NOD/

SCIDþ/þ.E2f1�/þ, and NOD/SCIDþ/þ.E2f1�/�mice; screened

for development of diabetes and insulitis, and the number of

dead mice at 12 months. No E2f1 expression was found

using PCR analysis in the NOD/SCIDþ/þ.E2f1�/� mice.

However, there were no significant differences in the

survival rate of females and males among the groups (Fig.

4A and B). They did not develop diabetes and insulitis at 12

months. Further, the immunohistochemistry analyses using

anti-insulin antibody, performed to define production of

insulin in b cells of the Langerhans islets, showed no clear

differences among the three groups (data not shown).

To study the role of E2F-1 in the function of the

salivary gland, the volume of secreted saliva at 15 minutes

after stimulation using isoproterenol and pilocarpine was

measured. The secretion of saliva decreased at many time

points after the stimulation in NOD/SCID.E2f1�/� females

and males in comparison to NOD/SCID.E2f1þ/þ mice (data

not shown). The secretion total volume was significantly

lower in females of NOD/SCID.E2f1�/� compared to NOD/

SCID and NOD non-diabetic mice at 15 minutes after the

stimulation (Fig. 5A). The secretion total volume was

significantly lower in NOD/SCID.E2f1�/þ compared to

NOD/SCID mice (Fig. 5A). In male mice, the secretion

volume was significantly lower in NOD/SCID.E2f1�/�

compared to NOD/SCID mice (Fig. 5B). We characterized

the saliva from three mice from each group where the

protein concentration and amylase activities were measured;

however, there were no significant differences in the three

groups and in the NOD mice (Fig. 6A, B, C, and D). After

recalculation using the protein concentration and saliva

production volume, the production of protein per minute in

1 ml of saliva was significantly lower in NOD/SCID.E2f1�/�

females as compared to NOD/SCID mice (Fig. 6E). In the

males, however, there were no significant differences among

the three groups and the NOD mice (Fig. 6F).

To determine the mechanism for decreased saliva

volume in the NOD/SCID.E2f1�/� mice, histological

analysis was performed on all intercross mice. Infiltration

of lymphocytes was observed in the salivary glands from

NOD mice but not in any of the intercross mice (Fig. 7).

Interestingly, the nuclear size was larger in the salivary

gland cells from NOD/SCID.E2f1�/� mice compared to

NOD/SCID and NOD mice (arrow, Fig. 8). Further, the

increase in the number of ducts was higher in the NOD/

SCID.E2f1�/� and NOD.E2f1�/� compared to the NOD/

SCID and NOD mice (Fig. 7). Expression of FGFR-2b is

associated with the development of the submandibular gland

(29–31) and E2F-1 activity. Therefore, the protein local-

ization was measured using immunohistochemistry with

anti-FGFR-2b polyclonal antibody in NOD, NOD/SCID,

NOD/SCID.E2f1�/þ, and NOD/SCID.E2f1�/� mice. The

protein localization of FGFR-2b was strongly observed in

NOD and NOD/SCID mice; weakly in NOD/SCID.E2f1�/þ

mice; and poorly around tissues of some ducts in NOD/

SCID.E2f1�/� mice (Fig. 9).

Figure 5. Salivary volumes for NOD, NOD/SCID, NOD/SCID.E2f1�/þ, and NOD/SCID.E2f1�/�mice [female (A) and male (B)]. Total volume of
secreted saliva per 100 g of body weight for each mouse was measured. Data are expressed as the means 6 SD of 5;7 mice. Asterisks show
significant differences (* P , 0.05: NOD/SCID vs. NOD/SCID.E2f1�/� in males, NOD/SCID vs. NOD/SCID.E2f1�/þ, and NOD vs. NOD/
SCID.E2f1�/� in females; ** P , 0.01: NOD/SCID vs. NOD/SCID.E2f1�/� in females).

1530 MATSUI-INOHARA ET AL

 at SAGE Publications on November 3, 2014ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/


Figure 6. Comparison of the biochemical change in saliva between NOD, NOD/SCID, NOD/SCID.E2f1�/þ, and NOD/SCID.E2f1�/� mice
[females: (A), (C), and (E); males: (B), (D), and (F)]. Protein concentration (A and B), amylase activity (C and D) and saliva protein/min (E and F)
were measured. Data are expressed as the means 6 SD for 5;7 mice per strain (* P , 0.05).
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Discussion

In our previous report (27), NOD.E2f1�/�mice showed

a more progressive development of diabetes and Sjögren

syndrome than did NOD mice. We found a decrease in

regulatory T cells (CD4þCD25þ) and expression of auto-

reactive Th1-type T cells, and the possibility of a

progressive reduction in the systemic secretion systems of

insulin and saliva. Therefore, we concluded that further

study of the mechanism of early-onset diabetes in E2F-1-

deficient NOD mice was required by producing E2F-1-

deficient NOD/SCID mice in which T and B cells do not

develop. Here we generated E2F-1-deficient NOD/SCID

mice, and surveyed for the development of diabetes,

insulitis, and production of saliva. The inhibition in

maturation of T cells and B cells in NOD.E2f1�/� mice

prevented naturally both diabetes and insulitis and the

infiltration of lymphocytes into salivary glands; and did not

prevent a decrease in the production of saliva. The

production of insulin in b cells from the islets in the wild-

type was not different compared to the E2F-1-deficient

NOD/SCID mice. Therefore, we determined the combina-

tion of the E2F-1 deficiency in the NOD background

induces a decrease in the regulatory T cells and an increase

in auto-reactive T cells as shown in the previous study (27);

and neither combination was associated with T and B cells-

independent dysfunction in the pancreatic b cells for insulin

secretion in this study. Moreover, the association of E2F-1

with T and B cells-independent dysfunction of the salivary

gland in the NOD background was another finding in this

study. E2F-1 induces spontaneous apoptosis. It was

previously postulated that tissue-specific E2F-1 dependent

apoptosis in exocrine glands may contribute to Sjögren’s

syndrome (32). Therefore, the regulation of E2F-1 may be

central to the production of saliva. In this study, the effects

Figure 7. Photomicrographs of submandibular glands at 4 months of age in NOD, NOD/SCID, NOD/SCID.E2f1�/�, and NOD.E2f1�/�mice (H-E
3200). The typical histology in a NOD and NOD/SCID mouse where the ducts are normally shown in the salivary gland is a control. Higher
numbers of ducts from NOD/SCID.E2f1�/� were found compared to NOD and NOD/SCID mice. A color version of this figure is available in the
online journal.
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of the E2F-1 deficiency were clearly observed in the NOD/

SCID background where a higher production volume of

saliva was expected compared to the B6 background (33,

34). The percent inhibition of saliva production volume (ll/

100 g BW) in NOD non-diabetic mice having the E2F-1

deficiency was slightly higher in NOD female mice (38.1%)

(27) than in NOD/SCID female mice (33.1%) (Fig. 5).

Therefore, we consider the contribution to develop auto-

reactive T cells in the progression of saliva decrease was

poor in NOD.E2f1�/�mice. The systemic dysfunction of the

salivary gland by E2F-1 deficiency is the principal reason

for the decrease in saliva in the mice.

Fibroblast growth factor (FGF) is thought to regulate

cellular proliferation, differentiation, and migration; and

also acts as a major ligand for the FGF receptor 2IIIb

(FGFR-2b) in mouse multi-organ development (29).

Further, FGF and FGFR-2b proteins play an important role

in angiogenesis and embryonic development. The expres-

sion of FGFR-2 is induced in the mid-to-late G1 phase of

the cell cycle. Transcription of mouse FGFR-2 was

activated by E2F-1 (35) that controls the G1 phase of the

cell cycle. In the above reports, it is suggested the signaling

of FGFR-2b with FGF-10 is associated with E2F-1 activity.

Interestingly, the interaction between FGF-10, one of the

FGF family, and FGFR-2b are required for the development

of the mouse’s submandibular glands (28–30). Further,

FGF-10 heterozygous mice are viable and fertile but display

hypoplasia of the submandibular and the lacrimal gland (36,

37). FGFR-2b signaling regulates submandibular gland

proliferation and morphogenesis (38). We believe, based on

both of the works cited above and here, that the saliva in the

strains of mice we developed had less volume because the

salivary glands do not develop because there is no signal of

FGFR-2 to FGF-10. Another phenotype in this study that

shows increasing numbers of ducts in the submandibular

glands was observed in E2F-1-deficient NOD/SCID mice in

comparison to the wild-type NOD/SCID mice. FGF-10 is

highly expressed in the condensing submandibular gland

Figure 8. Photomicrographs of submandibular glands at 4 months of age in NOD, NOD/SCID, NOD/SCID.E2f1�/þ and NOD/SCID.E2f1�/�mice
(H-E 3400). A typical histology for the NOD and NOD/SCID mouse where the normal nuclear size is shown in the salivary gland as a control.
The nuclear size of NOD/SCID.E2f1�/�mice was larger compared to the NOD and NOD/SCID mouse. A color version of this figure is available in
the online journal.
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mesenchyma; whereas FGFR-2b is found in the initial

epithelial bud that forms on the end of a single primary duct

(39). In a recent report, heparan sulfate modulates specific

FGF-10-mediated events such as proliferation, duct elonga-

tion, end bud expansion, and differentiation (40). The

protein localization of FGFR-2b disappeared in NOD/

SCID.E2f1�/� as compared to the NOD/SCID wild-type

mice. The reasons for the phenotype in E2F-1 and FGFR-2b

were clearly demonstrated here and in previous reports

where the immature development of ducts may be

associated with the increased number of ducts, decreasing

volume of saliva and expression of FGFR-2b in the ducts of

the salivary glands. A definitive analysis of the mechanism

regarding the relationship between FGF-10 and FGFR-2b in

the differentiation of duct and acinar cells in salivary glands

from E2F-1-deficient NOD/SCID mice requires further

molecular and genetic investigations.

The pancreas contains two distinct populations of cells

referred to as endocrine and exocrine cells. The insulin-

producing b cells are endocrine cells in the pancreas islets.

FGF-10 functions as a stimulator of pancreatic exocrine

development (41, 42). The pancreatic progenitor cells

present in the early pancreatic analogen can proliferate

and generate the full complement of pancreatic epithelial

cell types. FGFR-2b is linked to pancreatic epithelial cell

proliferation (43, 44). FGF-10 signaling mediated by the

Figure 9. Immunohistochemical protein localization of FGFR-2 in salivary glands from NOD, NOD/SCID, NOD/SCID.E2f1�/þ and NOD/
SCID.E2f1�/� mice. Photomicrographs of submandibular glands reacting with anti-FGFR-2 antibody are shown. A typical immunohistology
appearance in a NOD mouse where the ducts express FGFR-2 (red color) is shown as a positive control. The expression of FGFR-2 was poorly
observed in NOD/SCID.E2f1�/� mice.
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FGFR-2b receptor is required for the expansion and

differentiation of exocrine cells in the embryonic pancreas

(45). Therefore, we conclude that the inactivation of FGFR-

2b occurs through an E2F-1 deficiency that affects differ-

entiation of the exocrine cells in the salivary glands; but

does not affect the differentiation of the endocrine cells from

the b cells of the pancreas islets.

F1 (NOD.E2f1�/� 3 NOD/SCID) mice developed

diabetes because auto-reactive T cells with IgM and IgG

antibodies were also induced in SCID-heterologous

NOD.E2f1�/� mice. Two type strains of BC1 (F1 3 NOD/

SCID, NOD/SCID�/þ.E2f1þ/þ, and NOD/SCID�/þ.E2f1�/þ)

mice developed diabetes slightly but other strains, NOD/

SCIDþ/þ.E2f1þ/þ and NOD/SCIDþ/þ.E2f1�/þ, did not. In

contrast, the rate of death was significantly higher

among NOD/SCIDþ/þ.E2f1þ/þ mice than among NOD/

SCID�/þ.E2f1þ/þ or NOD/SCID�/þ.E2f1�/þ mice. Life is

shorter among the homozygous SCID mice than among

heterozygous SCID mice that develop diabetes in the NOD

genetic background. But the heterozygous recombination of

the E2F-1-deficient gene did not influence death in mice.

The intercross mice [BC1 (NOD/SCIDþ/þE2f1�/þ) 3 BC1

(NOD/SCIDþ/þ.E2f1�/þ)] did not develop diabetes but death

appeared at an age of more than 3 months. However, there

was no significant difference in survival rate among the

intercross mice groups; and therefore, the E2F-1 deficiency

did not affect the survival rate. The NOD/SCIDþ/þ.E2f1�/�

did not develop diabetes or decreased production of saliva,

and are a stable source for in vivo experiments where this

strain may be useful as a high-susceptibility model for oral

infections.

SCID and NOD/SCID mice are used for humanized

mouse experiments for engraftment of human tissues and

cells (46–49). Recently, NOG mice and SCID.IFN-c�/� were

also established as high recipients for engraftments (50, 51).

Many investigators are studying new types of humanized

mice. The NOD/SCID.E2f1�/� mouse is a new type of

humanized mouse that may be useful as a saliva-decreased

humanized mouse for oral infections by bacteria and viruses.

In conclusion, we created E2F-1-deficient NOD/SCID

mice showing a decreased volume of saliva; but not diabetes

insulitis or infiltration of lymphocytes into the salivary

glands. E2F-1 may be associated with the differentiation of

exocrine cells from duct cells where FGFR-2b is localized in

salivary glands. E2F-1 controls the regulatory T cells and

auto-reactive T cells in the development of diabetes in NOD

mice. E2F-1- deficient NOD/SCID mice may be useful for

various experiments on humanized mice and oral infections.
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