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Expression of cyclooxygenase-2 in intestinal goblet cells of pre-diabetic NOD mice È KINEN,1,5 C. LUO,1,2,3 V. J. O. LAINE,4 L. YLINEN,1,5 T. TEROS,1,5 M. MA 6 1 , 3 È K I and O. S I M E L L A. RISTIMA 1 The Juvenile Diabetes Research Foundation Center for Prevention of Type 1 Diabetes in Finland, University of Turku, Turku, Finland 2 Medicity Research Laboratory, University of Turku, Turku, Finland 3 Department of Pediatrics, University of Turku, Turku, Finland 4 Department of Pathology, University of Turku, Turku, Finland 5 Department of Anatomy, University of Turku, Turku, Finland 6 Department of Pathology, Molecular and Cancer Biology Research Program, Helsinki University Central Hospital, Biomedicum Helsinki, University of Helsinki, Helsinki, Finland ABSTRACT Cyclooxygenase, the rate-limiting enzyme in prostaglandin synthesis, is expressed in constitutive (COX-1) and inducible (COX-2) isoforms. The COX-2 has been proposed to be involved in development of autoimmune type 1 diabetes (T1D). We examined COX-2 expression in the gutassociated lymphoid tissue (GALT), and found COX-2 was strongly expressed in goblet cells of nonobese diabetic (NOD) mice at the apical villi at the age of 2.5 weeks, clearly before the onset of insulitis, while the expression in the control BALB/c mice was weak or absent at all ages (P < 0.001). Lipopolysaccharide (LPS) given intraperitoneally slightly increased COX-2 expression in the goblet cells and epithelium of both NOD and BALB/c mice. High-resolution confocal microscopy showed that the surroundings of the goblet cells contained no COX-2, implying that the enzyme is synthesized by the goblet cells. The COX-2 is secreted from goblet cells into the intestinal lumen along with mucins. The COX-2 concentration in the goblet cell of BALB/c and especially of NOD mice was markedly higher than that in the intraepithelial lymphocytes or lamina propria macrophages. High mucin COX-2 from goblet cells may increase luminal prostaglandin synthesis, alter epithelial permeability, modulate intestinal immune responses and modify functional properties of the lymphocytes in the GALT, which all may be important for the initiation of the autoimmune phenomenon in the NOD mice. Keywords cyclooxygenase (COX)-2, goblet cell, gut-associated lymphoid tissues (GALT), macrophage marker CD68, non-obese diabetic (NOD), type 1 diabetes (T1D). Received 11 July 2001, accepted 26 September 2001



In the intestine lymphocytes reside in organized lymphoid structures, but they are also abundant throughout the epithelial layer and the lamina propria (Kronenberg 2000). These mucosal lymphocytes respond promptly to bacteria, viruses and food antigens by in¯ammatory activation and expression of new cell surface proteins, and show functional properties of activated T cells by demonstrating cytolytic activity and secreting selected cytokines (Lefrancois 1991, Guy-Grand & Vassalli 1993). Balanced mucosal immune response to an antigen attenuates systemic response to the antigen, known as development of mucosal or oral tolerance, and



suppressive cytokines produced mainly by the T lymphocytes after food antigen exposure blunt the in¯ammatory immune responses. In this cascade of events, cyclooxygenase-2 (COX-2) dependent metabolites, believed previously to be produced in the gutassociated lymphoid tissue (GALT) mainly by lamina propria mononuclear cells or activated macrophages, were recently suggested to be important mediators in the development of mucosal tolerance (Newberry et al. 1999). It has been suggested that environmental factors that trigger and enforce the autoimmune pathogenesis
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of type 1 diabetes (T1D) are introduced to the body via the gastrointestinal tract, e.g. the homing and accumulation of GALT lymphocytes to the islets are regarded as prerequisites for insulitis and T1D (HaÈnninen et al. 1996, Toyoda & Formby 1998). The importance of GALT in T1D development is further supported by the common comorbidity of subjects with T1D to celiac disease (Savilahti et al. 1986), the strong adherence to the GALT of lymphocytes isolated from the pancreas of a child who died at the onset of T1D (HaÈnninen et al. 1993), and the induction of T helper 1 (Th1) and Th2 cytokines by intestinal bacteria, viruses or lipopolysaccharide (LPS) exposure (Krause et al. 2000). Furthermore, a4b7-integrin, the GALT mucosal vascular addressin homing receptor, involved in the recirculation of lymphocytes to the GALT, is expressed in and around the in¯amed islets (Paronen et al. 1997). Clearly, modulation of the b-cell directed autoimmunity is possible by manipulation of the GALT, e.g. by administration of insulin or other autoantigens via the mucosal route (Krause et al. 2000, HaÈnninen 2000). The COX-2 is the inducible isoform of the cyclooxygenase enzymes which catalyse the initial ratelimiting step in the formation of prostaglandins from arachidonic acid (Luo et al. 2001). In contrast to the constitutively expressed isoform COX-1, COX-2 is induced by a variety of pro-in¯ammatory cytokines, microbial agents and LPS (Luo et al. 2001). Surprisingly COX-2 is the dominant and constitutive isoform in pancreatic islets, where it may play an important physiological role (Robertson 1998, Sorli et al. 1998). Both activated T lymphocytes and macrophages release cytokines, in particular interleukin-1b, that induce coexpression of inducible nitric oxide synthase (iNOS) and COX-2 (Corbett et al. 1996). The subsequently formed nitric oxide and prostaglandins are probably important components in the initiation and maintenance of the islet in¯ammation and may directly participate in the destruction of the b cells in the islets (McDaniel et al. 1996). Aberrant constitutive COX-2 expression in at least some monocyte subspecies in patients with T1D may be caused by a genetic defect in the antigen-presenting cells (APC), affecting their immune responses (Litherland et al. 1999). Interestingly, COX-2 dependent prostaglandin E2 (PGE2) inhibits insulin secretion by the islets in vitro (Tran et al. 1999), and the inhibition of COX-2 delays the onset of diabetes in the non-obese diabetic (NOD) mice, a spontaneous animal model of T1D (Clare-Salzler 1998), and in mice receiving multiple low-doses of streptozotocin (Tabatabaie et al. 2000). In NOD mice, de®cient supply of essential fatty acids, including arachidonic acid, also prevents T1D development (Benhamou et al. 1995). 266
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Because of the proposed roles of COX-2 and GALT in the development of T1D, and because PGE2 has been demonstrated to differentially modulate type 1- and type 2-associated cytokine production (Betz & Fox 1991), we now studied whether COX-2 is expressed in GALT of naive or LPS-primed NOD and BALB/c mice. To our surprise, COX-2 protein was spontaneously strongly expressed in goblet cells in the small intestine of NOD mice at least from the age of 2.5 weeks onwards, i.e. much before the onset of insulitis, but expression was minimal in the control BALB/c mice even after LPS induction. The enhanced expression of COX-2 in the NOD goblet cells, which secrete mucus and other contents to the surface of the epithelial cells in the intestine, suggests that arachidonic acid-derived prostaglandins may alter the balance of the lymphocytes Th1±Th2 and modify other functions of the GALT during T1D development. M AT E R I A L S A N D M E T H O D S Animals Twelve female NOD and 12 female BALB/c mice were purchased from Bomholtgard (Ry, Denmark) at the age of 1 week together with their dams, while additional 11 NOD and 11 BALB/c mice were purchased at the age of 7 weeks. The mice were maintained in pathogen-free conditions in 12 : 12 h light : dark cycle and with free access to water and normal laboratory chow ad libitum. The NOD and BALB/c young were injected intraperitoneally (i.p.) at age of 1.5 weeks with LPS from Escherichia coli, serotype 055:B5 (Sigma, St Louis, MO, USA) 1 mg kg±1 in phosphate-buffered saline (PBS, pH 7.4), or with PBS only, and were killed with CO2 1-week later. The older NOD and BALB/c mice received i.p. injections of LPS (1 mg kg±1) or PBS at the age of 7 weeks and were killed at 14 or 17 weeks of age. The injections caused no apparent health problems to the mice. The contents of small intestine were immediately rinsed away with PBS. The equally sized proximal and distal parts of the small intestine were ®xed in formalin for 24 h. Paraf®n-embedded sections were prepared using standard procedure, and used for the periodic acidSchiff (PAS) staining, conventional optical immunohistochemistry and immuno¯uorescence confocal microscopies. The distal end of vas deferens from 6-week-old male BALB/c mice (from local animal facility) was used as positive control in immunohistochemistry and western blotting (McKanna et al. 1998, Luo & Kleczkowski 1999). The use of the animals was granted by the local animal authorities (Permission nos. 834/98 and 1050/00). Ó 2002 Scandinavian Physiological Society
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Antibodies Af®nity puri®ed rabbit antimouse COX-2 polyclonal antibody Cayman 160126, was used as the primary antibody and the COX-2 antigenic blocking peptide were purchased from Cayman Chemical (Ann Arbor, MI, USA). Macrophage marker CD68 antihuman monoclonal antibody was obtained from DAKO (Glostrup, Denmark). Biotin-conjugated goat antirabbit immunoglobulin, used as the secondary antibody, horseradish peroxidase (HRP)-streptavidin and diaminobenzidine were purchased from Zymed (Burlingame, CA, USA). The ¯uorescein isothiocyanate (FITC)-conjugated polyclonal swine antirabbit immunoglobulin G (IgG) was obtained from DAKO Immunochemicals (Glostrup, Denmark). Alexa568conjugated goat antimouse IgG was obtained from MolecularProbe (Eugene, OR, USA). PAS staining Periodic acid-Schiff technique, which stains mucins, glycoproteins and other polysaccharides bright purple, was utilized according to a standard protocol (McManus 1946). Blocking test To con®rm the speci®city of the COX-2, af®nity puri®ed rabbit antimouse COX-2 antibody Cayman 160126 was tested using a COX-2 blocking antigenic peptide. The COX-2 antigenic peptide in a ®nal concentration of 10 lg mL±1 was incubated with af®nity puri®ed COX-2 antibody (®nal concentration of 2.5 lg mL±1) for 1 h at room temperature. The mixture was then regarded as the ®rst antibody and applied on the specimens as described underneath. Immunohistochemistry The two halves of the small intestine were ®xed in neutral-buffered formalin (10% formaldehyde) and embedded in paraf®n according to a standard protocol. After incubation of 5 lm thick sections at 37 °C overnight, the specimens were transferred to a humidi®ed chamber at 60 °C for 2 h before immunostaining. The sections were deparaf®nized in xylene, and then hydrated. The slides were then boiled in PBS buffer in a microwave oven for 10 min to retrieve the antigen (Nyhlin et al. 1997). The endogenous peroxidase was depleted by 3% H2O2 for 30 min. After two washes, 10% normal goat serum was used to block non-speci®c antigens. The sections were incubated with primary antibody, ®nal concentration 1.25 lg mL±1 (1 : 400, diluted in 3% bovine serum albumin in PBS) Ó 2002 Scandinavian Physiological Society
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for 4 h at room temperature. After two washes, the specimens were incubated with 1 : 400 dilution of the secondary antibody, biotin-conjugated goat antirabbit IgG at room temperature for 30 min, and then with 1 : 400 dilution of the HRP-streptavidin for 15 min at room temperature. The specimens were exposed to brown diaminobenzidine for 3 min and counterstained with haematoxylin, dehydrated in ethanol and xylene, and ®nally mounted under coverslips with permanent Mountex (BDH Laboratory, England, UK). The immunostaining of BALB/c and NOD mice specimens were carried out in random order. Omission of ®rst antibody in each experiment, and omission of secondary antibody was performed for negative control, respectively, while distal end of vas was used as positive control. Western blots For immunodetection, the tissue specimens of three BALB/c or NOD mice were directly poured in the protein extraction buffer [10 mM 3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulphonate (CHAPS), 2 mM ethylenediaminetetra-acetic acid (EDTA), 4 mM iodoacetate, 100 lM phenylmethylsulphonyl¯uoride (PMSF) in PBS pH 7.4] in a wt : vol ratio of approximately 200 mg mL±1, and gently homogenized. The protein concentration in the supernant was determined using Bio-Rad assay with bovine serum albumin as standard (Luo & Kleczkowski 1999). A total of 100 lg protein was resolved in 12% SDS±PAGE. The SDS± PAGE resolved proteins were transferred onto nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) using a Bio-Rad protein transfer apparatus. The immunodetection of COX-2 was carried out using 1 : 2500 dilution of rabbit anti-COX-2 (murine) polyclonal antibody (Cayman Chemical). The secondary antibody was biotin-goat antirabbit IgG (1 : 5000), the complex was detected with HRP-streptavidin (Zymed). Peroxidase activity was visualized using ECL ¯uorescence reagents (Amersham Pharmacia, Buckinghamshire, UK), and exposed on highly sensitive BioMax MS-1 ®lm (Kodak, New York, USA). Quantitative immunohistochemistry The proportion of goblet cells in the small intestine showing COX-2 immunoreactivity and the intensity of the immunostaining were estimated using an optical microscope with 400´ as follows: 0 ˆ colour-free in all goblet cells, 1 ˆ light staining in occasional goblet cells, 2 ˆ moderate staining in at least 20% of the goblet cells, 3 ˆ strong staining in at least 25% of the goblet cells. For this analysis at least 100 PAS positive goblet cells were estimated on each slide. To exclude 267
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non-speci®c background staining in the intestinal epithelium, only the apical parts of the villi (about 50% of the epithelium) were used in this analysis. Hyperplastic goblet cell areas observed in the intestinal villi of some mice were also excluded from this analysis. The numbers of positive goblet cells in the intestines stained immunohistochemically for COX-2 were randomly examined by a pathologist (VJOL). Immuno¯uorescence histochemistry and confocal microscopy Deparaf®nized and antigenically retrieved tissues were stained with rabbit antimouse COX-2 antibody (1 : 100 dilution) in 0.1% gelatine PBS alone, or with monoclonal antimouse COX-2 antibody (1 : 100), or with monoclonal CD68 antibody (1 : 100 dilution) for 30 min at 37 °C, washed ®rst with 0.1% gelatine PBS for 2 ´ 10 min, and then with PBS for 2 ´ 10 min. The FITC-conjugated swine antirabbit IgG in 1 : 100 dilution with 0.1% gelatine PBS for polyclonal COX-2 antibody, and Alexa568-conjugated goat antimouse IgG in 1 : 100 dilution for monoclonal COX-2 and CD68 antibodies were stained for 30 min at 37 °C, then washed with 0.1% gelatine in PBS for 2 ´ 10 min, and ®nally with PBS for 2 ´ 10 min. Slides were air-dried and mounted with 90% glycerol in PBS. The ¯uorescent FITC, or Alexa568-labelled specimens were scanned with Leica TCS SP confocal laser scanning microscopy (Leica Microsystems, Heidelberg, Germany). The 488 and 568 nm excitation laser lines of Omnichrome ArKr-laser (Melles Griot, Carlsbad, CA, USA) were used for FITC and Alexa568 excitation, respectively, or simultaneously for double stained specimens. Image and statistical analysis Immunohistochemical images were photographed with Leica DM RB E research microscope (Houston, TX, USA) using Leica DC 100 digital camera (Houston, TX, USA). The data were directly transmitted to a computer with L DC Viewer version 3.2 and saved as TIFF ®les. Confocal images were recorded as TIFF ®les with TCS NT software, version 1.6.587 (Leica Microsystems, Heidelberg, Germany). The image of exposed ®lm of western blot was captured by KODAK EDAS 120 camera (KODAK, New Haven, CT, USA) with an inverted light source, and transferred into computer using KDS 1D 2.0 software of KODAK, and saved in TIFF format. All images were edited using Adobe PhotoShop 6.0 without adding artefacts and without loss of original resolution. Nonparametric Kruskall±Wallis ANOVA and Mann±Whitney U-test were used to study the signi®cance of the differences in COX-2 immunoreactivity in the goblet cells of the NOD and BALB/c mice before and after the 268



Acta Physiol Scand 2002, 174, 265±274



administration of LPS. Values were expressed as mean ‹ standard errors of means (SEM). The statistical calculations were performed using Statistica Software (StatSoft, Tulsa, OK, USA). R E S U L TS COX-2 expression in intestinal goblet cells of 2.5-week-old BALB/c and NOD mice The PAS staining showed that goblet cells were evenly distributed in the basal and apical parts of the intestinal villi of BALB/c and NOD mice (Fig. 1a, b), and the number of the goblet cells was closely similar in the two strains of mice. Intraperitoneal injection of LPS 1 week before analysis had no in¯uence on the number or distribution of the goblet cells. Usually only the goblet cells at the apical parts of the villi stained positive for COX-2, whereas the basal goblet cells remained COX-2 negative. The goblet cells in the 2.5-week old and older BALB/c mice were almost all COX-2 negative (Fig. 1c), whereas the goblet cells in the NOD mice were mostly strongly COX-2 positive throughout the small intestine irrespective of whether optical or confocal microscopy was used (Fig. 1d±g). The number of the COX-2 positive cells and the intensity of the staining were closely similar in the distal and proximal parts of the small intestine of the NOD mice. The COX-2 antigenic blocking peptide completely blocked the binding of the af®nity puri®ed COX-2 antibody used for conventional and immuno¯uorescence histochemistry, indicating that the COX-2 staining was speci®c, i.e. the positive COX-2 signal was truly caused by the COX-2 antigen in the intestinal specimens. In addition, COX-2 was detected in NOD mice, but the enzyme was undetectable in BALB/c mice by western blotting (Fig. 3), con®rming further our ®ndings obtained by using conventional and immuno¯uorescence histochemistry. Effects of intraperitoneal LPS administration on COX-2 expression The goblet cells of the 2.5-week-old NOD mice showed intensive COX-2 staining 1 week after i.p. administration of control PBS, whereas COX-2 immunoreactivity in the goblet cells of similarly treated BALB/c mice was absent or negligible (Fig. 2; P < 0.001 in Kruskall±Wallis ANOVA). The LPS administration increased COX-2 immunoreactivity in the goblet cells of the NOD mice only slightly (P for the difference between the PBS and LPS treated NOD mice ˆ 0.07), and the response in the BALB/c mice was also minimal (P for the difference between the PBS and LPS treated BALB/c mice ˆ 0.30). Ó 2002 Scandinavian Physiological Society
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Figure 1 Representative images of small intestinal goblet cells of NOD and BALB/c mice at the ages of 2.5 and 14 weeks after i.p.



administration of PBS or LPS. The bars represent 10 lm. The samples in Figure 1c±i were stained with COX-2 antibody. (a, b) PAS staining of a cross-sectional view of the small intestinal villi in a 2.5-week-old mouse. (a) BALB/c mouse. ( b) NOD mouse. (c) A cross-sectional confocal microscopy view in a 2.5-week-old BALB/c mouse treated 1 week earlier with PBS, at least two goblet cells without COX-2 antigen are visible. (d) Immune staining of a cross-sectional view of villi in a 2.5-week-old NOD mouse treated 1 week earlier with PBS. The arrows indicate strongly COX-2 positive goblet cells. (e) Immune staining of the villi in a 14-week-old NOD mouse treated 7 weeks earlier with PBS. The red arrow points to an almost COX-2 negative goblet cell, while the black arrow points to another goblet cell with moderate COX-2 staining. (f ) Confocal microscopy view of the villi in a 2.5-week-old NOD mouse treated 1 week earlier with PBS. The upper white arrow points to a goblet cell containing granular COX-2 antigen; the lower white arrow points to granular COX-2 antigen remaining between the intestinal villi. This material was possibly released from an adjacent new COX-2 negative goblet cell (red arrow). ( g ) Confocal microscopy view of the villi in a 2.5-week-old NOD mouse treated 1 week earlier with LPS. An apparently COX-2 negative goblet cell (red arrow) contains some COX-2 antigen in other confocal image layers. Another goblet cell (white arrow) contains COX-2 antigen. ( h) Confocal microscopy view of a villus of a 2.5-week-old NOD mouse treated 1 week earlier with PBS. Zoom-in technique was used (630´, zoom-in factor: 2.8), the insert in the lower left corner shows the view with a 630´ original magni®cation. A goblet cell released granular COX-2 to the lumen, and some antigens remains at the outlet of the goblet cell, while the bottom part of the cell has no COX-2 antigen, suggesting that the repulsion is probably occuring via the regulated pathway. (i) Confocal microscopy view of the tip of a villus in a 2.5-week-old NOD mouse treated 1 week earlier with LPS (630´ original magni®cation, zoom-in factor: 1.8). A COX-2 antigen-containing goblet cell with the distribution of antigen cross the cell membrane (white arrow).



COX-2 secretion from the goblet cells With high magni®cation of the immunostained samples COX-2 was found accumulated inside the goblet cells only (Fig. 1d, e, black arrow), not the surrounding cells, Ó 2002 Scandinavian Physiological Society



suggesting that COX-2 was in situ synthesized, rather than accumulated from neighbouring cells. Confocal microscopy demonstrated that several COX-2 positive goblet cells secreted COX-2 (Fig. 1f, g, white arrow) and that the repulsed COX-2 granules were often seen 269
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COX-2 in 2.5-week-old BALB/c mice was undetectable, while COX-2 was present in 2.5-week-old NOD mice (Fig. 3). Differential accumulation of macrophage in BALB/c and NOD mice at different ages



Figure 2 The COX-2 protein immunoreactivity score (see Material



and Methods) in the small intestinal goblet cells in the NOD mouse and in the BALB/c mouse before and after the administration of LPS (n ˆ 6 in each group). The P-value for the difference between the NOD and BALB/c mice 1 week after i.p. injection of PBS vehicle is 0.02 (Mann±Whitney U-test). The P-value for the difference between the NOD and BALB/c mice 1 week after i.p. injection of 1 mg kg±1 of LPS is 0.0087.



blocked in the corner of adjacent villi (Fig. 1f). In most of the COX-2 secreting goblet cells distribution of the COX-2 concentration inside the goblet cells in the immunohistochemistry and in the zoom-in confocal microscopy suggested that the mucin secretion was probably occurring through typical regulated secretion (Fig. 1h, apparently all contents being repulsed explosively at the same time), while occasional goblet cells used constitutive secretory pathway (Fig. 1i, COX-2 may probably diffuse into the lumen, with ¯uorescent staining remaining evenly distributed inside the goblet cell). COX-2 in the goblet cells of NOD and BALB/c mice at 14 and 17 weeks of age The COX-2 positive goblet cells were still detectable in 14-week-old NOD mice although the absolute and relative number of positive cells had decreased markedly (Fig. 1e). The BALB/c goblet cells were almost fully COX-2 negative also at this age. The COX-2 positive regularly shaped goblet cells were almost absent in the NOD and BALB/c mice at the age of 17 weeks, especially in the NOD mice that had developed diabetes. However, COX-2 expression had increased slightly in the epithelial cells and lamina propria at this age similarly in the mice that had (data not shown) or had not received LPS (Fig. 1e), and irrespective of whether the mice had progressed to diabetes, while BALB/c mice had similar tendency after the age of 6 weeks (data not shown). Western blot analysis Using speci®c anti-COX-2 Cayman 160126, which has been widely used in western blotting (Smith et al. 1996), 270



Macrophages were not present in 2.5-week-old BALB/ c mice intestine (Fig. 4a), but were found in lamina propria of the small intestine in 17-week-old BALB/c (Fig. 4b) and NOD mice with CD68. The number of macrophages in 17-week-old diabetic mice was even higher than that in 17-week-old non-diabetic NOD mice, and COX-2 was slightly expressed in these macrophages as well (see red and light yellowish macrophages; Fig. 4b, c). At the age of 2.5 weeks, macrophages in BALB/c were almost absent, and started to become detectable at age of 4 weeks, while macrophages were clearly detected in NOD mice already at 2.5 weeks [Fig. 4d(1)±(3)]. D IS C U S S I O N This study shows that COX-2 was expressed in the goblet cells of the NOD mice from the age of at least 2.5 weeks onwards, i.e. when insulitis begins to develop in the mice. The COX-2 expression in goblet cells may be a genetically regulated abnormality, or an environmentally triggered secondary change caused by dysregulated cytokine balance, induced by ligation of APC and the T-cell receptor on the T-lymphocytes (Ashton-Rickardt et al. 1994, Charlton & Lafferty 1995, Gilroy & Colville-Nash 2000). Because exposure of the infant mice to LPS only slightly increased COX-2 expression in the goblet cells, a genetic defect in the regulation of COX-2 expression may be a more likely explanation to our ®ndings. This abnormal COX-2 expression may be because of changes in the af®nity of the COX-2



(a)



(b)



Figure 3 Comparison of COX-2 protein expression in BALB/c and



NOD mice by western blotting. Panel A, 2.5-week-old BALB/c mice, panel B, 2.5-week-old NOD mice. Lane 1, pancreas expressing constitutively COX-2; lane 2, whole intestine (a representative ®gure). Ó 2002 Scandinavian Physiological Society
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Figure 4 Macrophage accumulation in BALB/c and NOD mice small intestine. (a) Double staining for COX-2 and CD68 of a longitudinal



section of the villi in 2.5-week-old BALB/c mouse. ( b) Double staining for COX-2 and CD68 of a longitudinal section of the villi in 17-week-old BALB/c mouse. (c) Double staining for COX-2 and CD68 in 17-week-old NOD mouse with clinical diabetes. (d ) (1) COX-2 (green), (2) CD68 (red), and (3) the two colours overlaid in a double staining in a 2.5-week-old NOD mouse. Red arrows indicate COX-2 positive goblet cells (green); white arrows indicate CD68 positive macrophages (red). The bars represent 10 lm.



expression-regulating ligands and receptors, e.g. the peroxisome proliferator-activated receptors (PPARs), a group of nuclear receptors that are key regulators of glucose and energy homeostasis, are highly responsive to the COX-2 dependent prostaglandins (Gilroy & Colville-Nash 2000). The suggested events closely resemble the phenomenon when the APC and the helper T-cells interact in the NOD mice (AshtonRickardt et al. 1994, Alam et al. 1996). We further propose that COX-2 expression in the goblet cells of small intestine might be one of the reasons for the abnormal activation of T-lymphocytes, imbalance of the cytokines (Goebel et al. 1999), and abnormal pancreatic homing of autoreactive lymphocytes in the NOD mouse. Mucins are synthesized and secreted by the goblet and granular cells via two distinct mechanisms. When the regulated secretory pathway is used, large amounts of mucins are released within milliseconds by exocytosis of membrane-bound secretory granules in response to a sudden external signal, such as exposure to an in¯ammatory mediator. For this purpose mucins, COX-2 and other secreted components are stored by the cells in large quantities. The releasing signal to the goblet cells is usually an irritating stimulus rather than a hormone Ó 2002 Scandinavian Physiological Society



(Specian & Oliver 1999), which then releases stored mucin by expulsion to the cell surface in an explosive burst. When another secretory mechanism of the goblet cells, the constitutive pathway is used, small amounts of mucins and COX-2 are secreted from the goblet cells continuously without speci®c stimuli. Whichever pathway is used, the expulsion probably happens because of activity of cell's cytoskeleton movement, although the constitutive pathway may also be simply an over¯ow phenomenon (Specian & Oliver 1999). Strong immune responses in the intestinal lumen or within the GALT lead to active mucus secretion by goblet cells (Walker et al. 1977), and obviously large amounts of COX-2 are simultaneously released so that possibilities for production of PGE2 and other active prostaglandins in the mucus layer at the luminal surface of the epithelium increase markedly if phospholipase A2 (PLA2) is also activated. However, details of the function of COX-2 in the goblet cells and in the secreted mucus remain hypothetical, as the enzyme has previously been believed to be expressed in the intestine mainly in the GALT lymphocytes and activated macrophages. The BALB/c mice showed minimal or no COX-2 immunostaining in the goblet cells and the proportion 271
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of the goblet cells that contained any COX-2 was markedly smaller than in the NOD mice. The fact that COX-2 activity was found in the goblet cells at 2.5 and up to 14 weeks of age in the NOD mice suggests that COX-2 is constitutively expressed in the goblet cells. Some or all of the mucus-depleted empty-looking goblet cells (white in immunohistochemistry, dark in confocal microscopy) may just have released their contents of COX-2 and mucins, and the cells may be actively re-synthesizing COX-2 and mucins. Immunohistochemistry and confocal microscopy commonly showed out-pushed COX-2 granules in lumps between the villi suggesting that the contents were not immediately dissolved in the pre-existing mucin layer. The COX-2 is transiently expressed during ovine embryo development (Charpigny et al. 1997), and is strongly induced by LPS in rat foetal hepatocytes, but becomes undetectable in the hepatocytes after birth (Martin-Sanz et al. 1998). Consequently, excess of oxygen radical species and disturbed prostaglandin metabolism have been linked with diabetic embryopathy (Wentzel & Eriksson 1998). The COX-2 dependent PGE2 concentrations in 10-day-old rat embryos declined after exposure to high glucose in vitro and were low in vivo in the foetus if the dam had diabetes (Wentzel et al. 1999). Prostaglandin E2 clearly protected mouse embryos from hyperglycaemia induced anomalies (Wentzel & Eriksson 1998), but inhibited insulin secretion from postnatal perfused islets (Robertson 1998, Tran et al. 1999). Addition of N-acetylcysteine, an effective antioxidant, to high-glucose cultures restored PGE2 concentration in vitro, and to a high extent prevented development of foetal malformations. However, it failed to normalize COX-2 expression in the embryo (Goto et al. 1992). The COX-2, now demonstrated in goblet cells of the NOD mice already at the age of 2.5 weeks, is probably expressed already during the foetal period, although postnatal induction by exposure of the mice to some environmental luminal COX-2 triggers cannot be excluded. The macrophages accumulated in intestine of NOD mice 2 weeks earlier than in BALB/c mice, and they were present in slightly higher amounts through all ages stained, suggesting that lymphocyte abnormality also promotes the accumulation of macrophages to the site in the NOD mice. The i.p. LPS injection, 1 mg kg±1 apparently insuf®ciently stimulated the macrophages to produce detectable amounts of COX-2 in NOD and BALB/c mice. However, the macrophages clearly were not the source of COX-2 activity in the goblet cells as macrophages were distantly located, and were not stained by the Cayman 160126 antibody. The negative immunohistochemistry staining of CD68 and COX-2 in 2.5-week-old BALB/c mice is consistent with our western blotting results. 272
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The mucosa in rat colon that had emptied its goblet cells increased its COX-2 messenger RNA (mRNA) 10fold after exposure to pharmacological doses of corticotropin releasing factor, and indomethacin, a nonspeci®c inhibitor of the prostaglandin synthesis, prevented mucin release in cultured colonic explants (Castagliuolo et al. 1996a,b). It was found that mast cells may have an important regulatory function in intestinal prostaglandin metabolism, and they may also in¯uence goblet cell COX-2 (Castagliuolo et al. 1998). The excessive COX-2 expression by the goblet cells in the small intestine of the NOD mice, but not by the BALB/c goblet cells suggests that COX-2 may have a role in the early pathogenesis of T1D. It is possible that PGE2, produced from arachidonic acid released from cellular membranes, modulates local activation and inactivation of T lymphocytes in the GALT, changing cytokine balance, and possibly also participating in the initiation of the diabetes-associated autoimmunity. In conclusion, COX-2 was synthesized in the goblet cells of NOD mice, and was probably released in response to unknown environmental stimuli. In addition to COX-2 from goblet cells, the appearance of macrophages in BALB/c mice delayed for 2 weeks. Our ®ndings suggest that COX-2 is released in excess to the small intestine of NOD mice in early age, where COX-2 may determine the rate of prostaglandin synthesis, modify expression of different cytokines, induce mononuclear cell in®ltration to the epithelium, and participate in maintenance of the intestinal immune homeostasis. Because COX-2 dependent prostaglandins have both in¯ammatory and anti-in¯ammatory actions (Gilroy & Colville-Nash 2000), studies of the COX-2 links of cytokines, PGE2 receptors, a4b7-integrin, PPARs and other factors are warranted. If our hypothesis for the role of COX-2 expression in the goblet cells is correct, diminishing COX-2 expression with oral administration of selective COX-2 inhibitors might be able to slow down the development of T1D in the NOD mouse and possibly also in man. We thank Dr Tauno Ekfors, Department of Pathology, University of Turku for the PAS stainings, Dr Markku Kallajoki, Department of Pathology and the late Dr Pekka Uotila (deceased on 10 August 2001), Department of Physiology, University of Turku for comments and discussion during the preparation of manuscript, and Ulla-Marjut Jaakkola, PhD, for help at the animal facilities. The project was supported by grants from Academy of Finland, Diabetes Research Foundation, Finland, Sigrid JuseÂliuksen Foundation, Novo Nordisk Foundation, and Juvenile Diabetes Research Foundation International (grants no. 197058 and 4-1999-731 to O.S.).
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