
1 
 1 
 2 
Preproglucagon (PPG) neurons in the hindbrain have IL-6 Receptor α (IL-3 
6Rα) and show Ca2+ influx in response to IL-6. 4  5  6  7 Fredrik Anesten1, Marie K Holt2, Erik Schéle1, Vilborg Pálsdóttir1, Frank Reimann3, 8 Fiona M Gribble3, Cecilia Safari1, Karolina P Skibicka1, Stefan Trapp2, John-Olov 9 Jansson1 10  11 Correspondence should be addressed to:  12 Prof. John-Olov Jansson  13 joj@neuro.gu.se 14 Medicinaregatan 11 15 Box 432 16 40530 Gothenburg, Sweden  17  18 1 Department of Physiology, Institute of Neuroscience and Physiology, The 19 Sahlgrenska Academy at the University of Gothenburg, S-413 45 Gothenburg, 20 Sweden  21 2 Centre for Cardiovascular and Metabolic Neuroscience, Department of 22 Neuroscience, Physiology & Pharmacology, University College London, London, 23 WC1E 6BT, UK 24 3 Cambridge Institute for Medical Research, University of Cambridge, Addenbrooke's 25 
Hospital, Hills Road, Cambridge, CB2 0QQ, UK  26  27  28 Keywords: IL-6, IL-6Rα, PPG, GLP-1, hindbrain 29  30 



2 
Abstract  31  32 Neuronal circuits in the hypothalamus and hindbrain are of importance for 33 control of food intake, energy expenditure and fat mass. We have recently shown 34 that treatment with exendin-4 (Ex-4), an analogue of the pro-glucagon derived 35 molecule glucagon-like peptide 1 (GLP-1), markedly increases mRNA-expression 36 of the cytokine interleukin-6 (IL-6) in the hypothalamus and hindbrain, and that 37 this increase partly mediates the suppression of food intake and body weight by 38 Ex-4. Endogenous GLP-1 in the central nervous system (CNS) is produced by 39 preproglucagon (PPG) neurons of the nucleus of the solitary tract (NTS) in the 40 hindbrain. These neurons project to various parts of the brain, including the 41 hypothalamus. Outside the brain, IL-6 stimulates GLP-1 secretion from the gut and 42 pancreas.  43 In this study, we aim to investigate whether IL-6 can affect GLP-1 producing PPG 44 neurons in the NTS in mouse hindbrain via the ligand binding part of the IL-6 45 receptor, IL-6 Receptor-α (IL-6Rα).  46 Using immunohistochemistry, we found that IL-6Rα was localized on PPG 47 neurons of the NTS. Recordings of these neurons in GCaMP3/GLP-1 reporter 48 mice showed that IL-6 enhances cytosolic Ca2+ concentration in neurons capable 49 of expressing PPG. We also show that the Ca2+ increase originates from the 50 extracellular space. Furthermore, we found that IL-6Rα was localized on cells in 51 the caudal hindbrain expressing immunoreactive NeuN (a neuronal marker) or 52 CNPase (an oligodendrocyte marker). 53 In summary, IL-6Rα is present on PPG neurons in the NTS, and IL-6 can stimulate 54 these cells by increasing influx of Ca2+ to the cytosol from the extracellular space. 55  56 
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 58  59  60  61 
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Introduction 63  64 It is well established that interleukin-6 (IL-6) contributes to stimulation of the 65 innate immune system and induction of inflammation (1). In addition, IL-6 is 66 important for the decreased appetite, enhanced energy metabolism and increased 67 body temperature often observed during disease (6, 36). During inflammation 68 and disease IL-6, along with other cytokines, acts via nervous afferents to induce a 69 disease response in the brain (33). During more severe disease, circulating 70 cytokines in the blood stream are thought to act on the circumventricular organs 71 to induce a more pronounced disease response (9). 72  73 In healthy mice, IL-6 acts in lower concentrations than those observed during 74 disease to cause a tonic decrease in body fat mass and an increase in energy 75 expenditure (24, 38, 39). We, as well as others, have shown that IL-6-/- mice 76 develop mature onset obesity (24, 39). The anti-obesity effect of IL-6 in rodents is 77 partly exerted at the level of the brain, presumably the hypothalamus and the 78 hindbrain (22, 38, 39). Deficiency of IL-6 decreases leptin sensitivity, while 79 overexpression of IL-6 in the brain enhances this parameter (12, 30, 39). Taken 80 together, these findings suggest that IL-6 levels below those found in normal 81 healthy individuals promote obesity (12, 24, 29, 39), while levels above normal 82 may reduce appetite (7, 30). Therefore, it is important to identify which cells in 83 the brain that express functional interleukin-6 receptor (IL-6Rα), and to 84 determine whether these cells are localized in nuclei that regulate appetite and/or 85 energy balance. Such a mapping of IL-6Rα has been done for body fat regulating 86 centers in the hypothalamus (3, 31, 32, 40) while there are fewer studies on the 87 hindbrain, another part of the brain regulating metabolic functions (14).  88  89 The proglucagon system includes proglucagon derived post-translational cleavage 90 products such as Glucagon-like peptide 1 (GLP-1) (2). GLP-1 is an incretin with 91 important effects on both blood glucose levels and fat mass. Outside the central 92 nervous system (CNS), GLP-1 is mainly synthesized in the entero-endocrine L-93 cells in the distal gut and to some extent in the proximal gut (37). GLP-1 may also 94 be produced by pancreatic α-cells (11). Within the CNS, GLP-1 is expressed in 95 preproglucagon neurons in the nucleus of the solitary tract (NTS) in the 96 brainstem. The anti-obesity effect of peripheral GLP-1 is assumed to be exerted 97 via activation of vagal afferent fibres (10, 18). Whether these vagal afferents in 98 turn activate the PPG neurons in the NTS to initiate central release of GLP-1 is 99 currently under debate(17). Leptin and CCK are known to stimulate PPG neurons 100 in the NTS, while several other appetite and/or peptides regulating body fat and 101 food intake, including GLP-1 itself, have no effect (16, 17). These data are in line 102 with the assumption that GLP-1 in NTS regulates body fat mass, and that this 103 effect is exerted via interaction with other peptides regulating body fat and food 104 intake such as leptin and CCK.  105  106 In recent studies we reported that treatment with Exendin-4 (Ex4), a long-lasting 107 GLP-1 analogue, enhances the expression of IL-6 in both the hypothalamus and 108 different parts of the hindbrain. We provided evidence that increased IL-6 109 
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expression mediates the anti-obesity effect of GLP-1 (28, 34). Similarly, it has 110 recently been shown that amylin, an anti-obesity and blood glucose regulating 111 hormone, induces central IL-6 production which in turn leads to increased leptin 112 sensitivity (21).  113  114 As discussed above, GLP-1 inhibits fat mass in part by stimulating IL-6 expression 115 (34). To further investigate possible interactions between GLP-1 and IL-6, we 116 sought to determine whether PPG neurons express functional IL-6Rα. Because 117 GLP-1 in the CNS is almost exclusively produced in the NTS, we stained for IL-6Rα 118 in brain slices from this area. Furthermore, we performed optical recordings 119 using Glu-Cre/Rosa26GCaMP3 transgenic mice to investigate whether IL-6 can 120 affect these neurons by modulation of Ca2+ influx and cytosolic Ca2+ 121 concentrations.  122  123 We have previously found that IL-6Rα is expressed in several different types of 124 neurons in hypothalamic nuclei (3, 31, 32). Besides neurons, the parenchymal 125 brain also consists of three different types of glial cells; astrocytes, microglia and 126 oligodendrocytes. In the present study we aimed to systematically elucidate 127 whether IL-6Rα in the NTS is expressed on neurons and/or different types of glial 128 cells.  129 
Methods 130  131 
Animals  132   133 Two transgenic C57BL6 mouse models were used in this study. Firstly, PPG 134 neurons were visualized using glucagon promoter (Glu)-YFP mice, in which 135 yellow fluorescent protein (YFP) is expressed under the control of the glucagon 136 promoter (23, 27). These mice were used for double staining of YFP and immuno-137 reactive IL-6Rα. GCaMP3 mice were used for immuohistochemical validation of 138 the model. Standard wild type C57BL6 mice were used for the rest of the 139 immunohistochemistry. Glu-Cre/Rosa26-GCaMP3 transgenic mice expressing the 140 genetically encoded calcium indicator GCaMP3 in a Cre-dependent manner were 141 obtained by crossing Glu-Cre mice (26) with commercially available Rosa26-142 GCaMP3 reporter mice (Jax strain 014538) (41) resulting in expression of the 143 genetically encoded Ca2+-sensor GCAMP3 in PPG neurons (Fig. 1A).  144  145 Animals had free access to water and standard chow pellets (Tekland Global, 146 Harlan, The Netherlands), and were kept under standardized conditions on 12 h 147 light/dark cycle with ad libitum food. The local ethics committees for animal care 148 at the University of Gothenburg and University College London (UCL) approved all 149 animal procedures, respectively, and studies at UCL were conducted in accordance 150 with the U.K. Animals (Scientific Procedures) Act, 1986. 151  152 
Tissue preparation for immunohistochemistry  153  154 Mice were deeply anaesthetized and perfused transcardially with heparinized 155 saline (50 IU/ml) followed by 4% paraformaldehyde in 0.1M phosphate buffer. 156 The brains were removed and post fixed in 4% paraformaldehyde in 0.1M 157 
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phosphate buffer containing 15% sucrose overnight at 4 °C. They were then 158 transferred to a 30% sucrose solution in 0.1M phosphate buffer until sectioning. 159 Coronal 20μm thick serial sections of the hypothalamus and hindbrain were cut 160 using a Leica CM3050S cryostat (Leica Microsystem, Wetzlar, Germany) and 161 stored in cryoprotectant solution (25% ethylene glycol; 25% glycerol; 0.05 m 162 phosphate buffer). For GFP/GLP-1 co-staining, we instead used 30 um sections 163 that were not post fixed in 4% paraformaldehyde in 0.1M phosphate buffer 164 containing 15% sucrose overnight. Coronal sections corresponding to bregma -165 7,32 to -7,64 (interneural -3,52 to -3,84) were selected for staining.  166  167 
Immunohistochemistry 168  169 Briefly, sections were rinsed in wash buffer (0.1M TrisHCl, pH 7.5, 0,15M NaCl, 170 0.2% Triton-X-100) and blocked for 1 h with TNB (Perkin Elmer, Waltham, MA, 171 USA). Sections were incubated with primary antibodies (see supplementary table) 172 for 2 days at 4 °C. After rinsing, sections were incubated for 1 h with secondary 173 antibodies (see supplementary table) diluted in TNB blocking reagent. Sections 174 were rinsed, and the IL-6Rα signal was developed by incubating the sections in 175 Streptavidin-horseradish peroxidase in TNB blocking reagent (1:100, TSA™ 176 System; Perkin Elmer) for 30 min and then with biotinyl-tyramide in amplification 177 diluent (1:50, TSA™ System; Perkin Elmer). Following signal amplification, 178 sections were stained with Streptavidin Alexa fluor 568-conjugate (1:250, S11226; 179 Molecular Probes, Carlsbad, CA, USA). After a further wash, cell nuclei were stained 180 with DAPI (1:5000, D1306; Molecular Probes) for 15 min, rinsed and mounted in 181 mounting medium containing prolong gold antifade (P36930; Molecular Probes). 182 As a control for the secondary antibodies, some sections were incubated with 183 mismatching primary and secondary antibodies, resulting in negative staining (as 184 a control for unwanted cross-reactivity). The rat anti-IL-6α antibody used in the 185 present studied has been validated in several earlier studies (31, 32). Primary 186 antibodies, their dilutions and catalogue numbers, as well as the manufacturers 187 providing them are listed in Table 1. 188  189 
Confocal microscopy and cell counting 190  191 Images of the stained sections were obtained using either a confocal microscope 192 system (LSM 700; ZEISS, Oberkochen, Germany), together with a Plan APO ×63 193 A/1.40 oil lens (for close-up pictures) or a Plan Fluor ×20/0.75 lens (for 194 anatomical overview pictures) and a solid-state laser. For co-localization between 195 IL-6rα and GLP-1, focus stacking was used to achieve a greater depth of field and 196 as such make it possible to more accurately detect possible co-localization. 197 NTS YFP-labeled cells and IL6-rα-positive cells were quantified from at least 4 20 198 um sections per brain. Triple channel confocal images (to cover the entire NTS) 199 were generated with a Plan Fluor ×20/0.75 lens and a solid-state laser. A tile scan 200 of 3x3 tiles was obtained from the center of the NTS, covering the entirety of the 201 nucleus. Neurons were considered IL-6Rα-labeled when the staining was clearly 202 above background. The emission spectrum of the secondary fluorescent antibody 203 is well known. By adjusting the splits of the confocal microscope, the signal of the 204 
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fluorophore was maximized while minimizing background fluorescence. The 205 evaluation of IL-6Rα-labeling was done with the cell nucleus in the plane of focus. 206  207 
Calcium imaging 208  209 Glu-Cre/Rosa26-GCaMP3 transgenic mice express the calcium indicator GCaMP3 210 in PPG neurons selectively. To confirm that GCaMP3 positive cells in the NTS 211 produce GLP-1, double immunofluorescence was carried out with an anti-GFP 212 antibody (Abcam) to detect GCaMP3 (25), and an anti-GLP-1 antibody (Bachem) 213 to detect GLP-1 (15). As shown in Fig 1 B-D, the anti-GLP-1 antibody detected 214 essentially all GCaMP3/GFP positive cells, but also cells that were not 215 GCaMP3/GFP positive. This could indicate that visualization of GCaMP3/GFP 216 expressing cells has incomplete penetrance, e.g due to lack of IL-Ra in about 60% 217 of GLP-1 expressing cells (Fig 2G). Alternatively, the GLP-1 antibody may bind 218 nonspecifically to additional cells that do not have GLP-1 and GCaMP3 expression 219 and thereby are not stained. All cells expressing GCaMP3 were positive for GLP-1.  220 On the day of recording mice underwent deep terminal anaesthesia using 221 isofluorane. The brainstem was removed and placed in ice-cold high-222 magnesium/low-calcium artificial cerebrospinal fluid (ACSF) (composition in mM: 223 2.5 KCl, 200 sucrose, 28 NaHCO3, 1.25 NaH2PO4, 7 Glucose, 7 MgCl2, 0.5 CaCl2; pH 224 7.4). 200μm thick coronal sections were cut on a vibratome (Campden 225 Instruments) and left to incubate in high-magnesium/low-calcium recovery 226 solution (in mM: 3 KCl, 118 NaCl, 25 NaHCO3, 1.2 NaH2PO4, 2.5 Glucose, 7 MgCl2, 227 0.5 CaCl2; pH 7.4) at 34⁰C for 45 minutes. Subsequently, the sections were 228 transferred to standard ACSF (in mM: 3 KCl, 118 NaCl, 25 NaHCO3, 10 Glucose, 1 229 MgCl2, 2 CaCl2; pH7.4) and left to incubate at 34⁰C for a minimum of 30mins 230 before imaging. All solutions were constantly bubbled with 95% O2/5% CO2. 231 Imaging was performed on a Zeiss Axioskop widefield microscope using a 40x 232 water immersion lens, CCD camera (Q-click; QImaging) and a LED light source 233 (CoolLED pE300white). Sections were continuously superfused with standard ACSF 234 at 32⁰C at a flow rate of 3-4ml/min. GCaMP3 was excited every 5 seconds for 235 250ms at 460nm+/-25nm. Regions of interest (ROIs) and an area representing 236 background fluorescence were outlined and the mean pixel intensity calculated 237 for each ROI. Background fluorescence was subtracted from each ROI and 238 recordings are presented as ΔF/F0 with F0 being the average intensity over 5 239 minutes prior to the stimulus and ΔF being the fluorescence intensity minus F0.  240 Quantifications were made by calculating the relative change in fluorescence 241 between the fluorescent intensity in the absence of drug (Fno-drug) and the peak 242 fluorescent intensity (Fpeak): (Fpeak-Fno-drug)/Fno-drug. Fno-drug was defined as the 243 average of 1 minute before drug response onset and 1 minute after recovery from 244 the response. IL-6 was dissolved in water and added directly to the ACSF. For 245 recordings in the nominal absence of Ca2+, Ca2+ was replaced with Mg2+. All 246 sections were exposed to 2nM IL-6, followed by a second exposure to IL-6 in 0mM 247 Ca2+, and finally exposed again to 2nM IL-6 in standard ACSF. Data are reported as 248 mean±SEM. Statistics were analyzed using one-way ANOVA and post-hoc 249 comparisons were made using the Bonferroni method. 250  251 
 252 
Results 253 



7 
 254 
IL-6Rα immunoreactivity is present in the NTS and is co-localized with GLP-255 
1. 256  257 Immunofluorescence staining of hindbrain sections from Glu-YFP mice revealed 258 YFP-positive neurons activated by the Glu promoter (in green) co-localized with 259 IL-6Rα immunoreactivity (in red)(Fig 2A-D). Three examples of cells expressing 260 both IL-6 Rα and YFP, are shown in Fig 2B and Fig 2D (orange arrows). 261 Orthogonal images made from z-stacks focused on single cells clearly identified 262 two cells with both IL-6 Rα and GLP-1 as shown in in Fig 2B and 2D. Orthogonal 263 images made from z-stacks, focused on single cells with only IL-6Rα (white arrow) 264 or only GLP-1 (green arrow), are shown in in Fig 2E and 2F, respectively. Cell 265 counting showed that 38,5 % of the GLP-1 positive cells of the NTS also stained 266 positively for IL-6Rα. Conversely, 13% of the IL-6Rα positive cells of the NTS also 267 stained positively for GLP-1 (Fig 2G). Use of separate filters on the same area of 268 the NTS, as seen in Fig 2D, verified the co-localization results described above (not 269 shown).  270 
 271 
PPG neurons in the NTS respond to IL-6 with an increase in intracellular 272 
Ca2+  273 
 274 
In vitro calcium imaging was performed using adult Glu-Cre/Rosa26-GCaMP3 275 mice to characterize the functional response of PPG neurons to IL-6 (Fig. 3). 276 Bath-application of 2nM IL-6 led to an 8%±1.5% increase in intracellular Ca2+ in 277 PPG neurons (Fig 3B). To determine the source of the increase in intracellular Ca2+ 278 experiments we repeated the exposures to IL-6, but in the absence of extracellular 279 Ca2+. Removal of extracellular calcium strongly reduced the intracellular Ca2+ (Fig 280 3C; top panel) an effect that was reversed upon reintroduction of extracellular 281 Ca2+. The fact that the effect of IL-6 was reduced by about 90 % in the absence of 282 extracellular Ca2+ suggests that Ca2+ influx is necessary for the response to IL-6 283 (Fig. 3C; bottom panel). 284  285 
IL-6Rα immunoreactivity in the NTS is present on neurons and 286 
oligodendrocytes, but not on astrocytes or microglia. 287  288 In the hindbrain, immunofluorescent co-staining revealed that IL-6Rα 289 immunoreactivity (in green) in many cells was co-localized with a marker for 290 neuronal nuclei (NeuN, in red) (Fig 4A-B; orange arrows). There were numerous 291 NeuN positive cells without IL-6Rα (Fig 4B, red arrows show examples). 292 Additionally, IL-6Rα immunoreactivity (in green) co-localized in many cells with a 293 marker for oligodendrocytes (CNP:ase, in red). (Fig 4C-D; orange arrows show 294 examples). There were IL-6Rα positive cells without CNP:ase (white arrows show 295 examples). In contrast, IL-6Rα immunoreactivity was not co-expressed with 296 markers for microglia (Iba-1; Fig 5A-B) or astrocytes (GFAP; Fig 5C-D). The co-297 localization between IL-6Rα and the four cellular markers was verified in a focus 298 stacking projection (Fig panels 4B, 4D, 5B, 5D). 299 Cell counting showed that 30 % of the cells expressing NeuN and CNP:ase were 300 also IL-6Ra positive. Conversely, 60% and 30% of the IL-6Rα positive cells, were 301 
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also positive for NeuN and CNP:ase, respectively. There was no co-localization 302 between GFAP and Iba-1 on one hand and IL-6Rα on the other (Table 2). 303  304 
Discussion 305 
 306 It has previously been shown that IL-6 in CNS is of importance in regulation of 307 energy metabolism, and that IL-6 acts at the CNS level to decrease fat mass (20, 308 31, 34). IL-6-/- mice develop mature onset obesity as well as insulin and leptin 309 resistance (24, 38). GLP-1 analogues, like Exendin-4 (Ex4), have also been shown 310 to decrease fat mass by acting at the CNS level (15). Ex4 is widely used as a 311 treatment for type 2 diabetes, where the beneficial side effects include mild weight 312 loss (10). Recently liraglutide, another GLP-1 analogue, has been used for 313 treatment of obesity per se (19). We have previously shown that 314 intracerebroventricular injections of Ex4 increases IL-6 mRNA levels both in 315 several parts of the hindbrain and in the hypothalamus, and that IL-6 is mediating 316 the anti-obesity effect exerted by this GLP-1 analogue (28, 34). These findings led 317 us to further study the possible interactions between these two neuromodulators, 318 to elucidate how they may interact to decrease fat mass.  319  320 Our present finding that IL-6Rα is expressed in PPG neurons in the NTS of the 321 hindbrain indicates that IL-6 has the capacity to influence GLP-1 expressing 322 neurons in the CNS via direct effects on IL-6Rα located on these neurons, in a 323 similar way as shown for leptin (16). As noted above, treatment with a GLP-1 324 analog increases the levels of IL-6 mRNA in the hypothalamus and the hindbrain 325 (34). Taken together, these findings are in line with a bidirectional interaction 326 between PPG neurons and IL-6 neurons. Such interactions are common in 327 biological context, and there are both general (4) and specific (13) examples of 328 this. However, further studies are needed to investigate if there is a bidirectional 329 interaction between GLP-1 and IL-6 producing cells, and if so, the nature of this 330 interaction.  331 Whilst results obtained by immunohistochemistry should always be interpreted 332 with caution, there is good reason to believe the co-localization between GLP-1 333 and IL-6Rα observed herein is valid. Firstly, we have previously identified IL-6Rα 334 by use of two independent antibodies (31, 32). Secondly, the Glu-YFP transgenic 335 mouse used here has been thoroughly validated (16, 23, 27, 28). Thirdly, the co-336 staining was verified using focal stacking as well as three-dimensional analysis 337 seen in Fig 2B and D-F. Finally, the fact that PPG/GLP-1 expressing cells (identified 338 by both glucagon promoter activity and GLP-1 immunoreactivity) in the NTS 339 responded to addition of IL-6 strongly support that these cells express functional 340 IL-6Rα. Taken together, these methods make it reasonable to believe that the co-341 staining shown is reliable. 342 GCaMP3 recordings revealed that adding IL-6 to mouse acute hindbrain sections 343 resulted in an influx of Ca2+ in PPG neurons, similarly to what has previously been 344 shown in hippocampal neurons (25).  Our finding that IL-6 seems to stimulate 345 PPG neurons adds further information concerning the interaction between these 346 substances.  We have previously shown that i.c.v injections of Ex4 in rat causes an 347 increase in IL-6 mRNA (34) and we show here that IL-6 in turn can stimulate PPG 348 
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neurons. One possible interpretation is that a GLP-1 analogue like Ex4 can 349 stimulate endogenous GLP-1 secretion, acting on NTS PPG neurons via IL-6. It has 350 been shown that GLP-1 itself cannot activate these PPG neurons (16). This would 351 constitute a feed forward effect, a type of effect seen for instance in connection to 352 immune stimulation. Further studies are needed to investigate this issue.  353 It should be noted that IL-6 outside the brain has been found by Donath and 354 coworkers to stimulate the secretion of GLP-1 from L-cells of the gut and α-cells of 355 the pancreas (11). Our current data suggest that IL-6 also stimulates a third GLP-1 356 expressing cell type, the PPG neurons in the NTS. It is currently unclear whether 357 circulating IL-6 or IL-6 produced locally in the brain influences PPG neurons in the 358 NTS. Circulating IL-6 may not cross the blood brain barrier, and therefore not 359 reach the NTS. Unlike e.g the area postrema, the NTS is not a circumventricular 360 organ and thus cannot be affected directly by peripherally produced peptides like 361 IL-6 (5). The fact that IL-6 levels in the cerebrospinal fluid often are higher than in 362 the blood circulation, also argues that IL-6 found in the brain is produced locally 363 rather than in the periphery (35).  364   365 We have previously reported that IL-6Rα is expressed in important energy-366 regulatory neurons in the paraventricular nucleus (PVN) (3), in the arcuate 367 nucleus (ARC) (31) and in the lateral hypothalamic area (LHA) of the 368 hypothalamus (32). Neurons expressing IL-6Rα have been reported to express 369 several neuropeptides with energy balance regulating potential, such as TRH, CRH, 370 oxytocin, MCH, orexin, NPY and a-MSH (3, 31, 32). Here we show that IL-6Rα is 371 expressed in parts of the brainstem as well as in the hypothalamus.  372  373 There was no obvious co-localization between IL-6Rα and markers for astrocytes 374 and microglia, although it cannot be completely ruled out that IL-6Rα and the 375 markers are localized in different compartments within the same cell. In contrast, 376 we found CNPase immunoreactivity in about 30 % of the IL-6Rα positive cells of 377 the NTS. Therefore, IL-6Rα seems to be present on oligodendrocytes in this 378 nucleus. This is in accordance with previous findings that IL-Rα can be found on 379 oligodendrocytes in humans with multiple sclerosis as well as healthy controls (8). 380 Moreover, we found that a large part (about 60%) of the cells that expressed IL-381 6Rα in the NTS also expressed the neuronal marker NeuN. These findings from 382 the caudal hindbrain are in line with results obtained from different parts of the 383 hypothalamus (3, 31, 32). Taken together, these results indicate that IL-6 exerts its 384 effects in caudal parts of the hindbrain and in the hypothalamus of healthy mice 385 primarily on neurons and oligodendrocytes. 386  387 In conclusion, our present findings show stimulation by IL-6 of PPG neurons and 388 localization of IL-6Rα on these cells. In the caudal hindbrain of healthy mice, IL-389 6Rα is expressed on neurons and oligodendrocytes, while we found no evidence of 390 expression on astrocytes and microglia.  391 
 392 
 393 
Perspectives and Significance 394 
 395 
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In a previous study we found evidence that GLP-1 stimulates IL-6 expression in 396 the CNS, and that IL-6 may mediate the anti-obesity effects of GLP-1 The present 397 findings demonstrate that IL-6 in turn activates PPG neurons in the NTS. Given 398 that GLP-1 stimulates IL-6 expression, there is a possibility for bidirectional 399 interaction between cells producing GLP-1 and IL-6 In the CNS. Alternatively, IL-6 400 produced in the periphery, may affect GLP-1 producing neurons in the CNS, as it 401 has been shown to activate L-cells in the gut and alpha cells in the pancreas. The 402 present findings are of clinical interest given that both GLP-1 analogues and IL-6 403 receptor blockers are used for treatment in humans.  404  405 
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Figure Legends 583  584 
Table 1. Basic information about the primary and secondary antibodies used in 585 this study.  586 
Antibody Dilution Cat. No Manufacturer
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Rat anti-IL-6Rα 1:20 BAM18301 R&D Systems, Minneapolis, MN, USA 
Rabbit anti-
GFAP 

1:200 Z 0334 DakoCytomation, Glostrup, Denmark 
Rabbit anti-
Iba1 

1:200 019-19741 Wako Chemicals, Richmond, VA, USA 
Mouse anti-
CNP:ase 

1:100 MAB326 Millipore, Billerica, MA, USA 
Rabbit anti-
NeuN 

1:100 ABN78 Millipore, Billerica, MA, USA 
Rabbit anti-
GLP-1 (7-36) 
amide 

1:200 T-4057 Peninsula Laboratories / Bachem, Torrance, CA, USA 
Goat anti-rat 
biotin 

1:1000 ab7096 abcam, Cambridge, UK 
Donkey Alexa 
fluor 488-
conjugated 
anti-rabbit IgG 

1:250 A21206 Molecular Probes, Carlsbad, CA, USA 
Rabbit Alexa 
fluor 488-
conjugated 
anti-mouse IgG 

1:250 A11059 Molecular Probes, Carlsbad, CA, USA 
Donkey Alexa 
fluor 568-
conjugated 
anti-rabbit IgG 

1:250 A10042 Molecular Probes, Carlsbad, CA, USA 
Donkey Alexa 
flour 568-
conjugated 
anti-mouse IgG 

1:250 A10037 Molecular Probes, Carlsbad, CA, USA 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
Table 2. Overlap between IL-6Rα positive cells and neuronal/glial cell markers. 600 Results of cell counting suggest that cells with markers for neurons (NeuN) and 601 oligodendrocytes (CNP:ase), but not astrocytes (GFAP) or microglia (Iba-1), are 602 responsive to IL-6 in the NTS of healthy mice.  603 
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 604  605  606 
 607 

 608 
 609 
 610 
Figure 611 
1: (A) 612 PPG 613 promoter (Glu)-Cre mice were mated with Rosa26 promoter-STOP- 614 GCaMP3 mice. The Rosa26 promoter is active in most cell types. In cells 615 with active PPG promoter, the CRE protein cleaved out the STOP sequence 616 upstream of the GCaMP3 gene. This resulted in expression of the GCaMP3 617 protein and emission of green fluorescence after stimulation of Ca2+ influx 618 into the cytosol, e.g after stimulation by IL-6. (B) Immunofluorescence 619 showing anti-GLP-1 immunoreactivity in red in cells in the NTS of Glu-Cre-620 GCaMP3 mice. (C) Immunofluorescence showing anti-GFP 621 immunoreactivity in green in cells in the NTS of Glu-Cre-GCaMP3 mice. (D) 622 Cells in the NTS of mice with anti-GLP-1 immunoreactivity in red, anti-GFP 623 immunoreactivity in green, demonstrating co-localization of the two 624 markers (yellow).  625 

 626 
Figure 2: Interleukin-6 receptor α (IL-6Rα) is co-localized with glucagon like 627 
peptide-1 (GLP-1) in the nucleus of the solitary tract (NTS) of the hindbrain. 628 Immunohistochemistry showing IL-6Rα-immunoreactivity in red, GLP-1-629 immunoreactivity in green, and nuclear staining (DAPI) in blue in a coronal 630 section of the mouse hindbrain. 2A and 2C show overviews of the NTS. 2B and 2D 631 show magnifications of the areas indicated in 2A and 2C, respectively. One cell 632 each in in 2B, D, E and F are subject to orthogonal analysis using z-stacks. Orange 633 arrows indicate examples of co-localization between IL-6Rα and GLP-1. White and 634 green arrows indicate examples of cells with only IL-6Rα (2E) and only GLP-1 635 (2F), respectively (2D). Results of cell counting concerning the interrelation 636 between GLP-1 and IL-6Rα are shown in 2G. Roughly 38% of all GLP-1 positive 637 cells also stain positively for IL-6Rα and roughly 16% of all IL-6Rα positive cells 638 stain positively for GLP-1. Images were obtained using the confocal microscope 639 system described in materials and methods. CC = central canal, NTS = nucleus of 640 the solitary tract. Scale bars = 100 μm (overview), 10 μm (magnification). 641  642 
 643 
Figure 3: Preproglucagon neurons in the NTS respond to IL-6 with a rise in 644 
intracellular Ca2+ 645 A) Representative image of GCaMP3 fluorescence in PPG neurons in the NTS. Scale 646 bar = 20µm. B) Traces showing the increase in intracellular Ca2+ in response to 647 2nM IL-6. Grey = individual cells. Black = average trace. N=6. C) The rise in 648 intracellular Ca2+ in response to IL-6 is dependent on influx of extracellular Ca2+. 649 Top panel: Representative trace showing the response to IL-6 (green bars) before, 650 during, and after exposure to Ca2+-free solution. Note that removal of extracellular 651 

 % % 
100x NeuN/IL-6Rα 58 100x IL-6Rα/NeuN 32 
100x CNP:ase/IL-6Rα 28 100x IL-6Rα/CNP:ase 30 
100x GFAP/IL-6Rα 0-2 100x IL-6Rα/GFAP 0-2 
100x Iba-1/IL-6Rα 0-2 100x IL-6Rα/Iba-1 0-2 



16 
Ca2+ (0Ca2+) also reduces the basal intracellular Ca2+ concentration. Bottom panel: 652 mean peak change in intracellular Ca2+ in the presence (grey bars, N=19 and 18, 653 respectively) and absence (white bar, N=28) of extracellular Ca2+. *** indicates 654 p<0.001 655  656 
Figure 4: Interleukin-6 receptor α (IL-6Rα) is localized on neurons and 657 
oligodendrocytes. 658 Immunohistochemistry showing IL-6Rα-immunoreactivity in green, (NeuN 659 immunoreactivity in red (4A-B), CNPase immunoreactivity in red (4C-D) and 660 nuclear staining (DAPI) in blue in a coronal section of the mouse hindbrain. (4A, 661 C) Overview of the NTS, and (4B, D) magnification of the areas indicated in Fig 3A 662 and C. Examples of cells with both IL-6Rα and NeuN (4B, orange arrows), cells 663 with both IL-6Rα and CNPase (4D, orange arrows) as well as a cell only positive 664 for NeuN (Fig 4B, red arrows) or IL-6Rα (Fig 4D, white arrows) are shown. 665 Images were obtained using the confocal microscope system described in 666 materials and methods. CC = central canal. Scale bars = 100 μm (overview), 10 μm 667 (magnification). 668  669 
Figure 5: Interleukin-6 receptor α (IL-6Rα) is not localized on astrocytes or 670 
microglia. 671 Immunohistochemistry showing IL-6Rα-immunoreactivity in gren and nuclear 672 staining (DAPI) in blue (5A-D) in a coronal section of the hindbrain. Iba-1-673 immunoreactivity (5A, B) and GFAP-immunoreactivity (5C, D) are shown in red. 674 (5A, C) overviews of the mouse NTS, and (5D) a magnification of the area 675 indicated in 5C. Figure 5B show examples of IL6-Rα-positive and negative 676 neurons. White arrows indicate cells containing IL6-Rα. There was no co-677 localization between glial cell markers, GFAP and Iba-1 on one hand, and IL-6Rα 678 on the other. Images were obtained using the confocal microscope system 679 described in materials and methods. CC = central canal. Scale bars = 100 μm 680 (overview), 10 μm (magnification). 681 
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