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List of non-standard abbreviations 31 

 32 

CGRP – calcitonin gene related peptide 33 

Ex4 – exendin-4 34 

GDF15 – growth and differentiation factor 15 35 

GFRAL – GDNF family receptor alpha-like 36 

GLP-1 – glucagon like peptide 1 37 

GLP-1R – glucagon like peptide 1 receptor 38 

IL-6Rα – interleukin-6 receptor alpha 39 

MIC1 – macrophage inhibitory cytokine 1 40 

NTS – nucleus of the solitary tract 41 

PBN – parabrachial nucleus 42 

PBNel – external lateral parabrachial nucleus 43 

RFP – red fluorescent protein 44 

STAT3 – signal transducer and activator of transcription 3 45 

 46 

 47 

 48 

 49 

 50 
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 53 

 54 
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Abstract 61 

 62 

 IL-6 in the hypothalamus and hindbrain is an important downstream mediator of suppression of body 63 

weight and food intake by glucagon-like peptide-1 (GLP-1) receptor stimulation. CNS GLP-1 is produced 64 

almost exclusively in prepro-glucagon neurons in the nucleus of the solitary tract. These neurons innervate 65 

energy balance-regulating areas, such as the external lateral parabrachial nucleus (PBNel); essential for 66 

induction of anorexia. 67 

Using a validated novel IL-6-reporter mouse strain, we investigated the interactions in PBNel between GLP-68 

1, IL-6 and calcitonin gene related peptide (CGRP, a well-known mediator of anorexia). We show that PBNel 69 

GLP-1R-containing cells highly (to about 80%) overlap with IL-6-containing cells on both protein and mRNA 70 

level. 71 

Intraperitoneal administration of a GLP-1 analogue exendin-4 to mice increased the proportion of IL-6 72 

containing cells in PBNel 3-fold, while there was no effect in the rest of the lateral PBN. In contrast, injections 73 

of an anorexigenic peptide growth and differentiation factor 15 (GDF15) markedly increased the proportion of 74 

CGRP-containing cells, while IL-6-containing cells were not affected. 75 

In summary, GLP-1R are found on IL-6 producing cells in PBNel, and GLP-1R stimulation leads to an 76 

increase in the proportion of cells with IL-6 reporter fluorescence, supporting IL-6 mediation of GLP-1 effects 77 

on energy balance. 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 

 92 
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Introduction 93 

 94 

Interleukin-6 (IL-6) is a cytokine with important roles in both pro-inflammatory and anti-inflammatory 95 

responses. Expressed together with pro inflammatory cytokines, such as TNF-α, IL-6 may have deleterious 96 

effects on metabolism [1-3]. On the other hand, when interacting with hormones with metabolically stimulating 97 

effects such as glucagon like peptide-1 (GLP-1), IL-6 seems to accentuate their effects on metabolism [4-8]. It 98 

is known that this multifunctional cytokine has widespread sites of synthesis, being produced in immune cells, 99 

adipose tissue and skeletal muscle during exercise, but also in the CNS [4, 9-12].  100 

 101 

The clinical implications of stimulation and inhibition of the IL-6 receptor alpha (IL-6Rα) is a topic of ongoing 102 

studies [13]. IL-6Rα is located outside the CNS, but also in many CNS regions, including many of the 103 

fundamental energy-regulatory hypothalamic and hindbrain nuclei [14-20]. Much is known about the exact 104 

localization of IL-6Rα thanks to the availability of well validated antibodies against IL-6Rα itself [15-17] and 105 

against markers of IL-6Rα activation such as pSTAT3 [21]. Conversely, due to lack of validated antibodies 106 

considerably less is known about production of IL-6 in the CNS, including in the hindbrain, a part of the CNS 107 

that also has been shown to be important in regulation of metabolism [22, 23]. 108 

 109 

IL-6 has been proved to have an important role in body weight regulation. Previous studies in IL-6 -/- mice with 110 

phenotypic mature-onset obesity have shown that IL-6 inhibits obesity via effects in CNS [24]. This assumption 111 

is supported by the fact that intracerebroventricular injections of IL-6, but not peripheral injections, cause 112 

weight-reducing effects by means of increased energy expenditure [25, 26] presumably via phosphorylation of 113 

STAT3 [14]. Furthermore, it is likely that pathologically high IL-6 release contributes to cachexia development 114 

[1, 27, 28], since blocking IL-6 synthesis in several mouse cancer models attenuates the progression of the 115 

wasting syndrome [29, 30].  116 

 117 

The parabrachial nucleus (PBN) is essentially formed by two different sub-nuclei. The medial PBN (mPBN) 118 

(which) integrates signals associated with gustatory properties of food, as well as cardiovascular- and thermo-119 

regulation. The lateral PBN instead has been shown to be important for anorexigenic signaling [31-33]. Lately, 120 

one part of the lateral PBN, the external lateral PBN (PBNel) has received special attention [31, 34]. The PBNel 121 

receives direct projections from neurons of the nucleus of the solitary tract (NTS)  [23], and projects to other 122 

important centers for the regulation of metabolic activity, such as different parts of the hypothalamus and the 123 

amygdala [35-37]. Recent studies by us and others have indicated that hindbrain glucagon-like peptide 1 (GLP-124 
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1) producing neurons project to the lateral PBN, including PBNel, and that stimulation of lateral   PBN GLP-1R 125 

by GLP-1 agonist exendin-4 (Ex4) reduces food intake and body weight in rats. Furthermore, this lateral PBN 126 

GLP-1R stimulation by Ex4 increases the gene expression of IL-6 and calcitonin gene-related peptide (CGRP), 127 

both of which are energy balance regulating peptides and potent downstream mediators of GLP-1R activation 128 

[38]. However, the relation between IL-6 and CGRP in the PBNel is largely unknown. 129 

 130 

Recently, there has been a large interest for the finding that the growth and differentiation factor 15 (GDF15, 131 

also known as macrophage inhibitory cytokine-1,  MIC-1) interacts with the PBNel [39] to decrease food 132 

intake. GDF15  is released from peripheral tissues during disease, and serum GDF15 has been regarded as a 133 

biomarker of various disease states [40]. Recently, the receptor for GDF15, GFRAL, was identified and shown 134 

to be present to a large extent in the area postrema and NTS, areas known to mediate signals, including those of 135 

illness, from the periphery to the CNS [39, 41-43].  136 

 137 

In the present study we investigated the effects of the two anorectic factors GLP-1 and GDF15 on the anorectic 138 

and cachectic brain area PBNel. We especially investigated the effect of GLP-1 and GDF15 on IL-6 and CGRP, 139 

two well-known anorectic factors produced in the PBNel. The identification of IL-6 producing cells was 140 

enabled using a newly generated IL-6-reporter mouse strain. We also investigated if IL-6 is present in GLP-1R-141 

containing cells, allowing for a direct stimulation of IL-6 production by GLP-1 in the PBNel. 142 

 143 

Materials and Methods 144 

 145 

Animals  146 

 147 

To study IL-6 protein expression in vivo in a reporter mouse, cDNA coding for a red fluorescent protein 148 

mKate2 was inserted into IL6 gene locus (Fig. S1), exactly after the translation start site, ATG. For further 149 

details on how these reporter mice were generated and validated, see supplementary information. In order to 150 

visualize IL-6 we used 12-week-old male and female heterozygous mice expressing far-red fluorescent protein 151 

(mKATE2) under the control of the IL-6 promoter. In order to visualize GLP-1R, we used a GLP-1R reporter 152 

mouse strain. For further details on this strain, see [44]. 153 

Animals had ad libitum access to water and standard chow pellets (Tekland Global, Harlan, The Netherlands), 154 

and were kept under standardized conditions (12 h light/dark cycle (lights on at 6:00 AM), 50-60% humidity, 155 
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24-26oC temperature). The local ethics committee for animal care at the University of Gothenburg approved all 156 

animal procedures. 157 

 158 

Tissue preparation for immunohistochemistry  159 

 160 

For experiments on how GLP-1R and GFRAL-stimulation affect RedIL6-fluorescence, exendin-4 (1933; RnD 161 

Systems Inc, Minneapolis, MA, USA (3 mg/kg)) or recombinant human GDF15 (9279; RnD Systems Inc, 162 

Minneapolis, MA, USA (1 mg/kg)) was intraperitoneally administered to RedIL6-mice thirty minutes before 163 

sacrifice. NaCl was used as a control. In the other experiments, the mice were untreated before sacrifice. 164 

Following injection or no treatment, mice were deeply anaesthetized and perfused transcardially with 165 

heparinized saline (50 IU/ml) followed by 4% paraformaldehyde in 0.1M phosphate buffer. Brains were 166 

removed and post fixed in 4% paraformaldehyde in 0.1M phosphate buffer containing 15% sucrose over night 167 

at 4 °C. They were then transferred to a 30% sucrose solution in 0.1M phosphate buffer until sectioning. 168 

Coronal 20μm thick serial sections of the hypothalamus and hindbrain were cut using a Leica CM3050S 169 

cryostat (Leica Microsystem, Wetzlar, Germany) and stored in cryoprotectant solution (25% ethylene glycol; 170 

25% glycerol; 0.1 M phosphate buffer). Coronal sections corresponding to bregma -5,07 to -5.41, interneural -171 

1.28 to -1.62 [45] were selected for staining.  172 

 173 

Immunohistochemistry 174 

 175 

Briefly, sections were rinsed in wash buffer (0.1M TrisHCl, pH 7.5, 0.15M NaCl) and blocked for 1 h with 176 

Tris-NaCl-Boehringer milk powder (TNB) with 0.2% Triton-X-100 (Perkin Elmer, Waltham, MA, USA). 177 

Sections were incubated with primary antibodies (Table 1) 48h at 4 °C. After rinsing, sections were incubated 178 

for 1 h with secondary antibodies (Table 1) diluted in TNB blocking reagent with 0.2% Triton-X-100. Sections 179 

were then rinsed and stained with either Alexa Fluor 488, 568 or 594 (Table 1). After a further wash, cell nuclei 180 

were stained with DAPI (1:5000, D1306; ThermoFisher Scientific, Waltham, MA , USA) for 15 min, rinsed and 181 

mounted in mounting medium containing prolong diamond anti fade (P36965; ThermoScientific). As a control 182 

for unwanted cross-reactivity for the secondary antibodies, some sections were incubated with mismatching 183 

primary and secondary antibodies, resulting in negative staining. Antibodies, their dilutions and catalogue 184 

numbers, as well as the manufacturers providing them are listed in Table 1. Four mice per treatment group and 185 

experiment [no treatment (Fig 1-2), Ex-4 and vehicle (Fig 3-4), GDF-15 and vehicle (Fig 5-6)] were used for 186 
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immunohistochemistry. Cell counting was performed from one brain slice from each of the four animals. 187 

Representative confocal micrographs from these animals were used to construct figures. 188 

 189 

Confocal microscopy and cell counting 190 

 191 

Images of the stained sections were obtained using either a confocal microscope system (LSM 700; ZEISS, 192 

Oberkochen, Germany), together with a Plan APO ×40 A/1.40 oil lens (for close-up pictures) or a Plan Fluor 193 

×20/0.75 lens (for anatomical overview pictures) and a solid-state laser. For co-localization between IL-6 194 

mKATE2 (stained with an anti-RFP antibody) and CGRP respectively, focus stacking was used to achieve a 195 

greater depth of field and as such make it possible to more accurately detect possible co-localization. 196 

 197 

PBNel RFP-labelled cells, CGRP immunoreactive cells and co-staining between RFP- and IL-6 antibody-198 

immunoreactive cells was quantified from at least four 20 µm thick sections per brain. Cells that stained 199 

positively for mKATE2-, CGRP-ab and/or GLP-1R-reporter immunoreactivity are defined as IL-6-, CGRP- 200 

and/or GLP-1R-containing cells, respectively. The proportional difference in immunoreactivity was obtained by 201 

dividing antibody-immunoreactive cells by the amount of DAPI-immunoreactive cell nuclei in the plane of 202 

focus. Cell counting data was analyzed using student’s t-test. 203 

Triple channel confocal images (to cover the entire PBNel) were generated with a Plan Fluor ×20/0.75 lens and 204 

a solid-state laser. A tile scan of 4x4 tiles was obtained from the centre of the lateral PBN, covering the entire 205 

nucleus. Neurons were considered labelled when the staining was clearly above background. The emission 206 

spectrum of the secondary fluorescent antibody is well known.  207 

 208 

By adjusting the beam splitter of the confocal microscope, the signal of the fluorophore was maximized while 209 

minimizing background fluorescence. The evaluation of cell labelling was done with the cell nucleus in the 210 

plane of focus. A total of four slides were counted per experiment, each from a different male or female mouse, 211 

and the average of two separate counts per slide was taken. Counting was performed without knowledge of 212 

what treatment the animal had received. 213 

Micrographs were adjusted for brightness and contrast in FIJI [46] and tile scan overviews were constructed 214 

using a FIJI plug-in [47]. 215 

 216 

 217 

 218 

 219 
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RNA-scope 220 

 221 

For RNAscope lateral PBN containing brain sections (12 µm thick) were cut and fixed in 10% formalin 222 

(ThermoFisher scientific, Waltham, MA, USA) for 30 min. Following 2 quick washes in PBS, brain slices were 223 

dehydrated in 50% (5 min), 70% (5 min) and twice in 100% (5 min each) ethanol and then treated with protease 224 

solution (pretreatment IV) at room temperature for 30 minutes. The protease was washed away with PBS. 225 

Target probe for GLP-1R (Rn-GLP-1R 315221-C1), IL-6 (Rn-IL-6-C3 427141-C3) and negative control probes 226 

were applied directly on the sections to cover them completely and incubated at 40°C for 2 h in the HybEZ 227 

oven. Then, preamplifier and amplifier probes were added (AMP1, 40°C for 30 min; AMP2, 40°C for 15 min; 228 

AMP3, 40°C for 30 min; AMP4-Alt C for 15 min). Finally, brain sections were incubated for 30 seconds with 229 

DAPI and mounting medium for fluorescence (VECTASHIELD, Vector Laboratories, Burlingame, CA, USA). 230 

Fluorescent images of the lateral PBN were captured at 40x using LSM700 Zeiss confocal microscope and 231 

images were processed using Zen lite software. 232 

 233 

Statistics 234 

 235 

Graphs were constructed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). Statistical 236 

analyses were made using Students t-test and p < 0.05 was considered significant. 237 

 238 

Results 239 

 240 

Validation of “RedIL6” mKATE2-IL-6 reporter mouse 241 

 242 

To validate the mKATE2/IL-6 reporter, we compared the reporter mouse staining with IL-6 immunoreactivity 243 

in wild type mice. For this, we used a comercial polyclonal anti-IL-6 antibody that showed little 244 

immunostaining in IL-6-/- mice [9]. Co-staining with this antibody in mKATE2/IL-6 mice, “RedIL6 mice”, 245 

showed that almost all cells in PBNel visualized in the RedIL6 reporter mouse were also stained by the antibody 246 

(Fig 1A-B). Moreover, almost all cells containing IL-6-antibody immunoreactivity were also visualized by the 247 

RedIL6 reporter construct (Fig 1A-B). In conclusion, the present results show that two completely different 248 

strategies to visualize IL-6 stain the same cells. This is in line with the assumption that the RedIL6 reporter 249 

mouse staining show bona fide IL-6-containing cells. 250 

 251 
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IL-6- immunoreactivity and GLP-1R-fluorescence and mRNA overlap to a large extent in lateral PBN 252 

 253 

Sections from GLP-1R reporter mice were stained with an RFP antibody and co-stained with the anti-IL-6 254 

antibody described above to detect co-staining between GLP-1R and IL-6 (Fig 2). Red tdRFP 255 

immunoreactivity, reflecting presence of GLP-1R, was present in cells throughout the PBNel, as was IL-6-256 

immunoreactivity (Fig 2A-B). Cell counting showed that the majority of the GLP-1R containing cells were also 257 

IL-6-immunoreactive (80%) (Fig 2C), whereas the proportion of IL-6-containing cells that were also GLP-1R 258 

positive was lower (44%) (Fig 2D). In line with this, many cells in the lateral PBN expressing GLP-1R mRNA 259 

also expressed IL-6 mRNA as indicated by fluorescent in situ hybridization (RNA-scope) (Fig 2E-F). 260 

 261 

Intraperitoneal injection of the GLP-1 analogue Ex-4 increased the proportion of IL-6- and CGRP-262 

containing cells in PBNel 263 

 264 

Slices from RedIL6 reporter mice were used to determine the proportion of cells containing IL-6 after 265 

intraperitoneal injection of either Ex-4 (3 mg/kg) (Fig 3A-B) or NaCl (Fig 3C-D). Cell counting showed that 266 

44% of PBNel cells contained IL-6 30 min after Ex-4 injection whereas a smaller proportion, 13%, contained 267 

IL-6 after vehicle-injection (Fig 3E). Similar results were obtained 60 min after Ex4 injection (Fig S5). There 268 

appeared to be no effect of Ex-4 on the proportion of IL-6 containing cells in other parts of the lateral PBN (Fig 269 

3E). Thus, the GLP-1 analogue Ex-4 appears to cause a three-fold increase in the proportion of IL-6 containing 270 

cells in the PBNel.  271 

Intraperitoneal injection of Ex4 increased the proportion of CGRP-containing cells to a lesser degree 272 

than Ex4 increased IL-6 (Fig 4A-E). The proportion of cells that contained CGRP was 31% after Ex4 and 24% 273 

after vehicle (Fig 4E). There appears to be no effect on other parts of the lateral PBN (Fig 4E). Thus, the effect 274 

of Ex4 on IL-6 protein seems to be larger than the effect on CGRP protein. This is consistent with our previous 275 

findings that Ex4 increases IL-6 mRNA in PBN to a many times greater degree than CGRP mRNA [38]. There 276 

appears to be some overlap between RedIL6 fluorescence and CGRP-immunoreactivity where about 40% of 277 

CGRP cells also showed RedIL6 fluorescence. Similarly, about 40 % of RedIL6 fluorescent cells also showed 278 

CGRP-immunoreactivity (Fig S3A-B). 279 

The number of DAPI-immunoreactive cells was constant in both treated and control groups in both 280 

experiments, implying that the increase in RedIL6 and CGRP-fluorescence was not due to proliferation of cells. 281 

 282 

 283 

 284 
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Intraperitoneal injection of GDF15 increases the proportion of CGRP-, but not IL-6-containing cells in 285 

PBNel 286 

 287 

Slices from RedIL6 reporter mice were used to identify IL-6 containg cells after intraperitoneal injection of 288 

either GDF15 (1 mg/kg) or vehicle (NaCl).There was no difference in the proportion of IL-6 containing cells in 289 

the PBNel for GDF15-infused mice (Fig 5A-B) as compared with vehicle treated controls (Fig 5C-D), as 290 

confirmed by cell counting (Fig 5E). There was no difference in IL-6 cells between GDF15- and vehicle-291 

infused mice in any other subnucleus of the lateral PBN (Fig 5E). 292 

In brains stained with CGRP-antibody, GDF15 induced a clearly larger proportion of CGRP containng 293 

cells (Fig 6A-B) compared to vehicle treatment (Fig 6C-D). Cell counting showed that about 56% of cells in 294 

PBNel showed CGRP-immunoreactivity after GDF15-injection compared to only 27% for the vehicle treated 295 

control mice, i.e. a 2-fold increase induced by GDF15 (Fig 6E). There was no difference in CGRP between 296 

GDF15- and vehicle-infused mice in any other subnucleus of the lateral PBN (6E). The proportion of CGRP-297 

containing cells in other subnuclei of PBN was unchanged compared with controls (not shown). Thus, GDF15 298 

appears to increase the proportion of CGRP-containg cells (Fig 6A-E) , but not of IL-6- containing cells (Fig 299 

5A-E) in PBNel. 300 

 301 

Discussion 302 

 303 

Development and validation of the novel mKATE2/IL-6 reporter mouse strain “RedIL6” 304 

 305 

The field of IL-6 research has been hampered by the lack of well recognized and reliable antibodies against this 306 

peptide; antibodies that could be used e g for visualization of IL-6, not least in a complex organ such as the 307 

brain. Thus, we developed a knock-in reporter mouse strain that expresses a red fluorescent protein, mKATE2, 308 

in IL-6-expressing cells. This mouse strain, on a C57/B6 background, with mKATE2 under the control of the 309 

IL-6 promoter was named the “RedIL6” reporter mouse. The assumption that the novel reporter mouse strain is 310 

a bona fide IL-6 reporter is supported by several findings. i) The construct itself was validated in several 311 

different ways during its development, as reported in Supplementary Information. ii)  We show that the cells in 312 

RedIL6 mice also contain mouse IL-6 m RNA, as detected by RNA scope (Suppl Fig 3). iii)  We found that 313 

almost all cells in the PBNel with RedIL6-fluorescence also showed IL-6-immunoreactivity using a previously 314 

published anti –IL-6 polyclonal antibody. iv)  This antibody has been reported to display little staining in IL-6-/- 315 

mice [9].  Moreover, we  obtained a similar decrease in IL-6 immunoreactivity in another mouse model of IL-6 316 
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knockout, the homzygous RedIL6, which has mKATE2 knock-in into both IL-6  gene alleles  (not shown), 317 

supporting the specificity of this antibody for IL-6. The almost complete overlap between IL-6 containing cells 318 

detected by the RedIL6 construct and the antibody, indicates that two very different techniques to detect IL-6 319 

resulted in identification of largely the same cells. The simplest explanation for these results is that the cells 320 

detected both by the reporter construct and the antibody are bona fide IL-6-containing cells. 321 

 322 

Interactions between IL-6 and GLP-1 in PBNel 323 

 324 

We here show that systemic treatment with the GLP-1 analogue Ex-4 can increase the number of IL-6 325 

containing cells in PBN, mainly in the external subdivision of this nucleus, PBNel. We also show that there is a 326 

large overlap between IL-6 and GLP-1R-immunoreactivity in the PBNel and that this overlap is also present at 327 

the mRNA-level. This is in line with previous results that Ex4 enhances IL-6 mRNA levels in the PBN [38]. 328 

GLP-1 originating in the brain is almost exclusively produced by prepro-glucagon (PPG) neurons of the NTS 329 

which then project to, among other nuclei, the PBN [7, 38, 48, 49].  330 

Our working hypothesis is that GLP-1 fibers from NTS PPG-neurons could reach GLP-1R-containing cells in 331 

the PBNel which in turn release IL-6 (Fig 7). IL-6 could then act as a downstream mediator of GLP-1 on energy 332 

balance. We have previously shown that IL-6Rα is present on PPG-neurons and that IL-6 can activate these 333 

neurons, partially via increased Ca2+-inflow [14]. The present findings in the PBNel strengthen our hypothesis 334 

that IL-6 is an important downstream mediator of GLP-1 effects on energy metabolism in the hypothalamus and 335 

the hindbrain as a whole [50].  336 

In the present study we found that Ex4 increased the proportion of cells with RedIL6 fluorescence 337 

already after 30-60 min, which is a surprisingly rapid effect. However, it has been reported that peripheral Ex4 338 

treatment can exert more rapid effects on the brain than GLP-1 itself [51]. Possible explanations may include 339 

rapid translation from existing mRNA, a decrease of neuronal IL-6 secretion and/or axonal transport. Future 340 

experiments are needed to determine what gives rise to this surprisingly rapid increase in RedIL6 fluorescence. 341 

The effect is unlikely to be a reporter mouse artefact since Ex4 and GDF15 induced a similar rapid induction of 342 

CGRP immunoreactivity in wild type mice. The increased proportion of fluorescent cells is also in line with 343 

other findings such as Ex4 increased IL-6 and Calca mRNA [38] and GDF15 induced c-Fos in CGRP neurons 344 

[39]. 345 

The effect of Ex-4 on the number of IL-6 expressing cells may seem surprisingly high considering the 346 

fact that 80% of the GLP-1R expressing cells already contain IL-6 in untreated control brains. There could be 347 

several possibilities for this; firstly, the co-localization of GLP-1R and IL-6 may be less in other projections of 348 

the PBNel. However, it seems very unlikely to be less than 30% which would give room for a three-fold 349 
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increase in the number of IL-6 expressing cells in the subpopulation of cells that also express GLP-1R. 350 

Secondly, there may be an effect in cells that have levels of GLP-1R that are under the detectable limit. 351 

Thirdly, GLP-1 may indirectly increase the IL-6 expression in cells that do not contain GLP-1R. 352 

It may seem logical and obvious to inhibit IL-6 in the PBNel to investigate GLP-1 responsiveness, but 353 

there may be problems. One is that IL-6 detected in cell bodies of PBN is likely to be transported in axons to 354 

nerve terminals in other parts of the brain. In the parts of the brain that receive projections from PBN, it may be 355 

possible to neutralize effects of GLP-1 stimulated IL-6 release, while it is less likely to happen in the PBN 356 

itself. The IL-6Rα in PBN may be auto receptors that inhibit the release of IL-6, and thereby the IL-6 mediated 357 

effects of GLP-1. IL-6 has been shown to regulate its own production in an autocrine manner outside the CNS 358 

[52]. Alternatively, the IL-6Rα may mediate a feed forward effect. In conclusion, the effects of IL-6 blockade in 359 

PBNel may be difficult interpret, and best studied in a separate paper. 360 

 361 

Possible interactions between CGRP and GLP-1 in PBNel 362 

 363 

CGRP is regarded as the major player when it comes to regulation of energy balance and anorexia in the 364 

PBNel [34, 53]. The results of the present study suggest that intraperitoneal injection of Ex4 slightly increases 365 

CGRP protein levels, as measured by cell counting, on micrographs of immunostained brain sections. This is in 366 

line with a previous report that intracerebroventricular infusion of Ex4 increases CGRP-mRNA levels in the 367 

lateral PBN [38]. Interestingly, there appears to be a partial overlap between neurons containing IL-6 and CGRP 368 

in the PBNel (Fig S3A-B). Future studies are needed to investigate if GLP-1 acts in PBNel via two different 369 

downstream mediators, CGRP and IL-6, produced in two different cell types to exercise its effects on energy 370 

balance. Alternatively, CGRP and IL-6 from the same cells could act in tandem as downstream mediators of 371 

GLP-1R stimulation. Finally, there could be combination of the two possibilities described above. 372 

 373 

Effects by GDF15 on IL-6 and CGRP in PBNel 374 

Recently, GFRAL was identified as the receptor for the cachectic circulating factor GDF15 and found to 375 

be located almost exclusively in the area postrema and the NTS of the hindbrain [39, 41-43]. This finding 376 

sparked a large interest, given that area postrema is a chemo trigger center believed to mediate cachectic and 377 

anorectic signals from the periphery to the CNS. Published data suggests that there is a little interplay between 378 

GDF15 and GLP-1 [39, 41-43], despite the fact that GLP-1, like GDF15, is believed to act via area postrema 379 

and NTS to decrease appetite and body fat [49, 54]. More excitingly, it has been shown that peripheral injection 380 

of GDF15 leads to c-fos activation in CGRP neurons in the PBNel [39]. This ties in with the results in this paper 381 
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that peripheral GDF15-injection increased CGRP-immunoreactivity in PBNel. In contrast, RedIL6-fluorescence 382 

was unchanged by GDF15. Thus, GDF15 may exert its anorectic effects via CGRP but not IL-6. IL-6 and 383 

CGRP are produced in cells that contain IL-6 only, CGRP only, or both in the PBNel. IL-6 and CGRP may be 384 

two separate downstream mediators of the effects on energy balance exerted by GLP-1 and GDF15, 385 

respectively (see Fig 7).  386 

 387 

Conclusions 388 

 389 

In this paper, we show data supporting that IL-6 can act as a downstream mediator of GLP-1-effects on energy 390 

balance in the PBNel. Using a validated novel reporter mouse strain, the mKATE2-IL-6-mouse “RedIL6”, we 391 

show that IL-6 is present in cells of the PBNel, and that the proportion of IL-6 containing cells is increased after 392 

peripheral injection of the GLP-1 analogue Ex4. Using a GLP-1R-reporter mouse model, we also show that IL-393 

6 antibody-immunoreactivity is found in most GLP-1R containing cells. The results obtained with the in-situ 394 

hybridization technique further strengthens these data, showing that GLP-1R- and IL-6-mRNA are largely 395 

found in the same cells, enabling direct effects by Ex4 on IL-6 containing cells. In contrast, the GDF15-GFRAL 396 

system did not affect IL-6 in PBNel. In line with previous results, GFD15 enhanced the proportion of CGRP 397 

containing PBNel cells. Taken together, we here show data that further support the GLP-1-IL-6 system as an 398 

important player in PBNel for regulation of energy balance. 399 
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 562 

 563 

Figure 1. RedIL6-fluorescence and IL-6 antibody immunoreactivity overlap to a large extent in PBNel 564 

 565 

Figure 1 shows overlap between cells with IL-6 antibody immunoreactivity (green) and RedIL6-566 

immunoreactivity (red). Cell nuclei (blue) are stained by DAPI (A). Yellow arrowheads show examples of co-567 

localization. Cell counting shows a large overlap between the two different methods for detecting IL-6 568 

immunoreactivity where roughly 95% of cells that were positive for RedIL6 were also IL-6 antibody 569 

immunoreactive (B). Confocal micrographs were obtained and cell counting was performed as described in 570 

Materials and Methods. Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel 571 

– lateral external parabrachial nucleus. 572 

 573 

Figure 2. IL-6-immunoreactivity and GLP-1R-fluorescence and mRNA partially overlap in PBNel 574 

 575 

Figure 2 shows overlap between cells with GLP-1R-RFP-immunoreactivity (green) and cells with IL-6-576 

immunoreactivity (red). Cell nuclei (blue) are stained by DAPI. Shown are an overview of PBN (A) and a 577 

magnification of the indicated part of PBNel (B). Yellow arrowheads show examples of co-localization, 578 

whereas red arrowheads show examples of cells with only IL-6 immunoreactivity (B). Cell counting showed 579 

that 80% of GLP-1R containing cells also contained IL-6, whereas 44% of IL-6-immunoreactive cells also 580 

contained GLP-1R (C-D). The RNA scope technique showed a partial overlap between GLP-1R (red) and IL-6 581 
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(green) probes (E-F) in the external lateral part of the PBN, PBNel. Magnifications show examples of cells 582 

expressing both GLP-1R and IL-6, as well as examples of cells expressing only IL-6 (F I-III). 583 

Confocal micrographs were obtained and cell counting was performed as described in Materials and Methods. 584 

Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel – lateral external 585 

parabrachial nucleus. 586 

 587 

Figure 3. Intraperitoneal injection of Ex-4 increases the proportion of -IL-6-containing cells in PBNel of 588 

the RedIL6 reporter mouse 589 

 590 

Figure 3 shows cells containing IL-6 in the PBNel as indicated by the mKATE2-IL-6 (RedIL6) reporter mouse 591 

(red) after intraperitoneal injection of Ex4 (A-B) or vehicle (C-D). Shown are overviews of PBN (A, C) and 592 

magnifications of the indicated parts of PBNel (B, D). Red arrowheads indicate examples of IL-6 containing 593 

cells (B, D). Cell counting shows that there is a marked increase in IL-6 containing cells in PBNel, as indicated 594 

by the mKATE2-IL-6 reporter mouse, after Ex4 injection (44%) as compared with vehicle (13%). In contrast, 595 

there is no difference in IL-6 containing cells in the lateral PBN excluding the PBNel (E). 596 

Confocal micrographs were obtained and cell counting was performed as described in Materials and Methods. 597 

Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel – lateral external 598 

parabrachial nucleus. 599 

 600 

Figure 4. Intraperitoneal injection of Ex-4 moderately increases CGRP-immunoreactivity in PBNel 601 

 602 

Figure 4 shows and CGRP-immunoreactivity (green) after intraperitoneal injection of Ex4 (A-B) or vehicle (C-603 

D). Shown are overviews of PBN (A, C) and magnifications of the indicated parts of PBNel (B, D). Green 604 

arrowheads indicate examples of CGRP-immunoreactive cells (B, D). 605 

Cell counting shows a moderate increase in CGRP-immunoreactive PBNel-cells after Ex4 injection (31%) as 606 

compared with vehicle (24%). In contrast, there is no difference in CGRP containing cells in the lateral PBN 607 

excluding the PBNel (E). 608 

Confocal micrographs were obtained and cell counting was performed as described in Materials and Methods. 609 

Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel – lateral external 610 

parabrachial nucleus, lPBN – lateral parabrachial nucleus. 611 

 612 

 613 
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Figure 5. Intraperitoneal injection of GDF15 does not increase the proportion of cells with IL-6 in PBNel 614 

as indicated with the RedIL6 reporter mouse 615 

 616 

Figure 5 shows mKATE2-IL-6 (RedIL6) construct as an indicator of IL-6 content (red) after intraperitoneal 617 

injection of GDF15 (A-B) or vehicle (C-D). Shown are overviews of PBN (A, C) and magnifications of the 618 

indicated parts of PBNel (B, D). Red arrowheads indicate examples of IL-6 containing cells (B, D). 619 

Cell counting shows that there is no difference in the proportion of IL-6 containing PBNel-cells between 620 

GDF15 (18%) and vehicle (17%) treated mice. Similarly, there is no difference in the lateral PBN excluding the 621 

PBNel (E). Confocal micrographs were obtained and cell counting was performed as described in Materials and 622 

Methods. Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel – lateral 623 

external parabrachial nucleus, lPBN – lateral parabrachial nucleus. 624 

 625 

Figure 6. Intraperitoneal injection of GDF15 increases CGRP-immunoreactivity in PBNel 626 

 627 

Figure 6 shows CGRP-immunoreactivity (green) after intraperitoneal injection of GDF15 (A-B) or vehicle (C-628 

D). Shown are overviews of PBN (A, C) and magnifications of the indicated parts of PBNel (B, D). Green 629 

arrowheads indicate examples of CGRP-immunoreactive cells (B, D). 630 

Cell counting shows an increase in CGRP-immunoreactive PBNel-cells after GDF15 injection (56%) as 631 

compared with vehicle (27%). In contrast, there is no difference in CGRP containing cells in the lateral PBN 632 

excluding the PBNel (E). Confocal micrographs were obtained and cell counting was performed as described in 633 

Materials and Methods. Scale bars 80 µm (overview), 10 µm (zoom). scp - superior cerebellar peduncle, PBNel 634 

– lateral external parabrachial nucleus, lPBN – lateral parabrachial nucleus. 635 

 636 

Figure 7. Schematic representation of key findings of this study.  637 

 638 

GDF15 produced outside CNS activates its newly discovered receptor, GFRAL in area postrema and NTS. Via 639 

a so far unknown mediator X, GDF15 then stimulates CGRP production in cells of the PBNel. GLP-1, produced 640 

in the NTS, increases IL-6 content in partly separate, non CGRP, cells of the PBNel. GLP-1 can also stimulate 641 

CGRP production slightly. GDF15 - Growth and differentiation factor 15, GFRAL - GDNF family receptor 642 

alpha like, CGRP - Calcitonin gene related peptide, PBNel - external lateral parabrachial nucleus, GLP-1 - 643 

glucagon-like peptide 1, IL-6 - interleukin-6. 644 

 645 
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Table 1. List of antibodies used in this paper. 

Antiserum Dilution Cat. No Manufacturer RRID 

Rabbit anti-IL-6 1:200 SC-1265-R Santa Cruz 

Biotechnology, 

Santa Cruz, CA, 

USA 

AB_2011748 

 

Mouse anti-RFP 

Tag 

1:200 MA5-15257 ThermoFisher, 

Waltham, MA, USA 

AB_10999796 

 

 

Rabbit anti-RFP 1:200 
R10367 

 

ThermoFisher, 

Waltham, MA, USA 

AB_2315269 

 

Goat anti-CGRP 1:200 Ab36001 Abcam, Cambridge, 

UK 

AB_725807 

 

Goat anti-mouse 

Alexa fluor 488 

1:250 A-11001 ThermoFisher, 

Waltham, MA, USA 

AB_2534069 

 

Goat anti-mouse 

Alexa fluor 568 

1:250 A-11031 ThermoFisher, 

Waltham, MA, USA 

AB_144696 

 

Donkey anti-goat 

Alexa fluor 488 

1:250 A-11055 

 

ThermoFisher, 

Waltham, MA, USA 

AB_2534102 

 

Goat anti-rabbit 

Alexa fluor 568 

1:250 A-11036 ThermoFisher, 

Waltham, MA, USA 

AB_143011 
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Generation of IL-6 reporter mKATE2 mice 

 

Targeting plan 

 

A red fluorescent protein mKate2 was inserted into Il6 locus (Fig. S1), exactly 

located after translation start site, ATG.  

 

Fig. S1. Il6 mKate2 report mice targeting strategy: A red fluorescent protein mKate2 was 

inserted into Il6 locus, and it is directly after translation start site, ATG. 

 

Targeting construct 

 

BAC clones (RP23-121M2 and RP24-172N24) containing mouse Il6 gene were obtained 

from BACPAC Resources Center (Children's Hospital Oakland Research Institute, 

Oakland (CHORI), California, USA). A 7550 bp fragment of Il6 gene containing exons 1, 

2 and 3 was subcloned into the minimal vector, pACYC177 (New England Biolabs, MA, 

USA) by Red/ET recombination method according to the manufacturer’s instructions 

(Gene Bridges GmbH, Germany). PCR product used in subcloning was amplified from 

pACYC177 plasmid using the primers  

(A) 5’-CTCAGTTGGCACTGAATATACAGAATGACACTGCACCTTCACACGTGCAG 

GCAGACCTCAGCGCTAG -3’and (B) 5’- GTACATGAAGAACAACTTAAAAGATA 

ACAAGAAAGACAAAGCCAGAGTCTGAAGACGAAAGGGCCTC -3’ where homology arms to 5’ 

flanking region of exon 1 (primer A) and 3’ untranslated region (primer B) of the Il6 gene are 

indicated in bold, and PCR primers for an ampicillin resistance (amp) gene and ori in 

pACYC177-plasmid are in italics. A mammalian expression vector encoding for red 

fluorescent protein mKate2, pmKate2-N vector was purchased from Evrogen (Evrogen JSC, 

Moscow, Russia). Neo resistant gene flanked with two loxP sites (loxP-PGK-Neo-loxP 

cassette, Gene Bridges) was introduced into pmKate2-N vector with In-Fusion® HD cloning kit 

(Clontech, CA, USA) according to the manufacturer’s instructions. Finally, the replacement of 

partial exon 1, exons 2 and 3 and intron 1 and 2 of Il6 gene with mKate2 and Neo cassette 

containing 50 bp Il6 homology arms amplified by PCR was carried out by Red/ET 

recombination method. Primers were (C)  

5’- GTAGCTCATTCTGCTCTGGAGCCCACCAAGAACGATAG 

TCAATTCCAGAAACCGCTATGGTGAGCGAGCTGATTAAGG and (D) 5’- 

ATAGCACTGGTTGGTAAACTTTCCCTCACCCTAGCAGCTGCTGAGGTACC 

GCGGATTTGTCCTACTCAGG -3’ where homology arms to the Il6 gene are indicated in 

bold and PCR primers for mKate2 and Neo cassette are shown in italics. Validity of final 

targeting construct was confirmed by restriction enzyme digestion and sequencing. 

 

Gene targeting in ES cells 

 

G4 embryonic stem cells (derived from mouse 129S6/C57BL/6Ncr) were cultured on 

neomycin-resistant primary embryonic fibroblast feeder layers, and 106
 cells were 

electroporated with 30 ug of linearized targeting construct. After electroporation, the cells 

were plated on 100-mm culture dishes and exposed to G418 (300 ug/ml; Sigma). Colonies 

(192) were picked up after 7-9 days selection and grown on 96-well plate. In order to 

delete Neo cassette in the targeted ES cells, and targeted ES cells were re-electroporated 
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with plasmid, pCAGGS-Cre. After electroporation, the cells were plated on 100-mm 

culture dishes and colonies were picked up after 3-5 days growth, and grown on 96-well 

plate. 

 

Screening of targeted ES clones 

 
DNA isolated from ES cell clones was screened by long-range (LR) - PCR for both 5’ and 

3’ homologous arms. PCR products with 5’ homologous arm, 3054 bp fragment was 

generated with a primer pair corresponding to 5’ flanking region of 5’ homologous arm 

(IL65HaUF1: TAGTAGAAGCTCAAGCTCTGGG) and to mKate2 gene (mKate2AntiSense2: 

GGTGTGGTTGATGAAGGTTT), and PCR product with 3 homologous arm, 3731 bp fragment 

was generated with primer pair corresponding to Neo gene (Neogenese1: 

CCTCGTGCTTTACGGTATCG), and 3’ flanking region of 3’ homologous arm (IL63HaDR2: 

GCTCTCATAATGGGTGACTATG). 

 

Total 192 clones were picked up and screened by LR-PCR. Two clones contained both 5’ 

and 3’ homologous arm, 3054, and 3731 bp fragments in PCR analysis (Fig. S2). Correct 

PCR products were verified by sequencing. 

 
Fig. S2. Representative positive ES clone was found to contain homologous recombination of 

Il6 by LR-PCR screening using the primer pairs, Il6Arm5UF1 and mKate2Antisense2, 

Neogenese1 and Il6Arm3DR2. 

 

In order to detect targeted ES clones with Neo deletion after Cre recombination, DNA 

isolated from ES cells re-electroporated with plasmid, pCAGGS-Cre were screened by 

PCR with several different primer pairs. Several correct clones were found from 48 clones. 

The right clones were further confirmed by sequencing. 

 

Blastocyst injection 

 

The targeted ES cells with Neo deletion were injected into C57BL/N6 mouse blastocysts to 

generate chimeric mice. Germline transmission was achieved by cross-breeding male 

chimeras with C57BL/N6 females. C57BL/6N mice used as blastocyst donors were 

obtained from Charles River Laboratories (Willmington, MA). The mice were maintained 

in a specific pathogen free stage at Central Animal Laboratory at the University of Turku. 

All studies carried out with the mice were approved by The Finnish ethical committee for 

experimental animals, complying with international guidelines on the care and use of 

laboratory animals. 

 

DNA extraction and genotyping 

 

Genotyping of the mice was carried out with DNA extracted from the ear marks of 2- 

week-old mice. Genotyping was performed as follows: 
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Table S1. Genotype Protocol of Il6-mKate KI Mice (TUKO62) (TCDM, ZHANG FP) 

 

Combined RNA Scope and immunohistochemistry 

 

In-situ hybridization (RNA Scope) was performed as described in Materials and Methods with the 

following changes: The mouse IL-6 mRNA probe (Mm-Il6 315891), positive- (Mm-Ppib 213911) 

and negative controls (DapB 310043) were stained with cy3. Brain slices from four heterozygous 

RedIL6 mice were used. Following the last step in this protocol, slides were incubated overnight 

with anti-RFPtag (Table 1) in normal goat serum. The following day slides were washed 3x5 min 

in TNT buffer, followed by 1h incubation with Alexa488 anti-mouse (Table 1). Slides were 

washed 3x5 min in TNT buffer and cell nuclei were stained with DAPI followed by another 3x5 

min wash. Slides were then mounted with ProLong Diamond Antifade and coverslipped. 

Micrographs were developed using the lsm700 system. 

 

Figure S3. Representative confocal micrograph of combined RNAscope and 

immunohistochemistry showing high co-localization between IL-6 mRNA (cy3, red) and 

RedIL6 (Alexa 488, green) fluorescence in PBNel (B). Cell nuclei stained by DAPI (blue). 

Examples of individual cells where IL-6 mRNA and RedIL6 is co-localized shown in (C). 

 

Figure S4. IL-6 ab immunohistochemistry (green) in wt (A) and homozygous RedIL6 mice (B). 

Cell nuclei stained by DAPI (blue). The IL-6 ab used in this paper shows markedly less staining 

in homozygous RedIL6 “IL-6 -/-” mice. Scale bars – 100 μm. scp – superior cerebellar 

peduncle. 

 

RedIL6 and CGRP immunohistochemistry 

 

 

Figure S5A. RedIL6 (red) and CGRP (green) immunoreactivity partially overlaps in the PBNel. 

Cell nuclei stained by DAPI (blue). Examples of RedIL6 (red arrowheads), CGRP-

immunoreactive cells (green arrowheads) and co-localization (yellow arrowheads). Scale bar 

– 10 μm. 

 

Figure S5B. About 40% of all CGRP-immunoreactive cells also show RedIL6-fluorescence and 

vice versa.  

 

Figure S6. Representative confocal micrographs of cells containing IL-6 in the PBNel as 

indicated by the mKATE2-IL-6 (RedIL6) reporter mouse (red) 60 min after intraperitoneal 

injection of Ex4 (A-B) or vehicle (C-D). Shown are overviews of PBN (A, C) and magnifications 

of the indicated parts of PBNel (B, D). Red arrowheads indicate examples of IL-6 containing 

cells (B, D). Cell counting shows that there is a marked increase in IL-6 containing cells in 

PBNel, as indicated by the mKATE2-IL-6 reporter mouse, after Ex4 injection as compared 

with vehicle (E). In contrast, there is no difference in IL-6 containing cells in the lateral PBN 

excluding the PBNel (E). 

S4A 
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Confocal micrographs were obtained and cell counting was performed as described in 

Materials and Methods. Scale bars 80 µm (overview), 10 µm (zoom). scp - superior 

cerebellar peduncle 
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Primer pairs:   WT (bp)   HEZ(+/KI) (bp)   HOZ(KI/KI)(bp) 

 

1. Il6HA5se1   435    435 

+Il65HADR1 

 

2. Il63HAUF2   308    308 

+ Il6HA3As1 

 

3. mKate2sense2 

+ Il6HA3As1      448    448 

 

4. Il6HA5se1 

+mKate2As2      456    456 

 

PCR reaction components:  

 

Final concentration 

Genomic DNA x ug 

10x polymerase buffer 5 ul 

5 mM dNTP mix 2 ul    

Forward primer (10 pmol/l) 2 ul 

Reverse primer (10 pmol/l) 2 ul 

DNA polymerase 1 ul 

H2O x ul 

Total volume 50 ul 

 

PCR reaction condition 

 

1. Initial denaturation 96oC 3 min 

2. Denaturation 96oC 30 sec 

3. Annealing 56oC 30 sec 

4. Extension 72oC 1 min 

5. Back to step 2 for 35 cycles 

6. Final extension 72 C 10 min 

7. Hold 4oC 

 

Primer sequences: 

 

1. Il6HA5se1: GATTCTTTCGATGCTAAACG 

2. Il6HA3As1: TCTAACACCTCAAAGCCAAG 

3. Il65HADR1: CAACTGGATGGAAGTCTCCTGC 

4. Il63HAUF2: ACTGGATATAATCAGGTAGAAACTTGTC 
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