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The cytokine GDF15 signals through a population of brainstem cholecystokinin
neurons to mediate anorectic signalling
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Figure 1. GFRAL-positive neurons in the AP and NTS co-localise with CCK. (A) Schematic describing the distribution of GFRAL-immunoreactive cell
bodies in the AP and dorsal NTS at different rostrocaudal levels relative to bregma. (B) Dual-fluorescence labelling for GFRAL (magenta) with TH or
eYFP (staining using antibody raised against green fluorescent protein) in three reporter mice, Cck“"®::eYFP, Prih“"::eYFP or Geg™"::eYFP. GFRAL co-
localised with CCK and TH, but not PrRP or PPG (the latter being located more caudal to the majority of GFRAL neurons). White arrows in higher
magnification inset indicate co-labelled cells. AP (area postrema), cc (central canal), DMX (dorsal motor nucleus of the tenth cranial nerve, vagus), NTS

(nucleus of the tractus solitarius).
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Figure 1—figure supplement 1. Further histological analysis of GFRAL/CCK neurons. (A) Dual-label fluorescence in situ hybridisation showing co-
localisation of GFRAL (magenta) with CCK (green Cck®®::eYFP). Nuclear staining (DAPI, blue) used to identify brain regions. High-magnification
Figure 1—figure supplement 1 continued on next page
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Figure 1—figure supplement 1 continued

Neuroscience

photomicrograph of AP neurons showing overlap of cellular markers. White arrows indicate double-labelled cells. (B) Triple-label fluorescence
immunohistochemistry showing some co-localisation of GFRAL (red), CCK (green Cck®™::eYFP) and TH (blue). Inset, high-magnification
photomicrograph of AP showing overlap of cellular markers. White arrows indicate triple-labelled cells. (C) Dual-label fluorescence
immunohistochemistry showing co-localisation of GFRAL (magenta) with VGlut2 (green Slc17a6"::eYFP). Inset, high-magnification photomicrograph
showing overlap of cellular markers. White arrow indicates a double-labelled cell. (D) Using an antibody raised against GLP-1 (magenta), it was seen
that some CCK neurons must also contain PPG (white arrow). AP (area postrema), cc (central canal), DMX (dorsal motor nucleus of the tenth cranial
nerve, vagus), NTS (nucleus of the tractus solitarius).
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Figure 2. GDF15 produces anorexia and a negative affective valence. (A) Subcutaneous administration of GDF15, just before ‘lights out,” decreased
normal, night-time feeding (n = 6 per group; *p<0.05, **p<0.01, ***p<0.001, compared with 0 nmol/kg group; two-way ANOVA followed by Tukey's
multiple comparison test). (B) GDF15 also decreased fast-induced, day-time re-feeding (n = 5-6 per group; **p<0.01, ***p<0.001, compared with 0
nmol/kg group). (C) GDF15 supported a conditioned taste aversion in mice when paired with sucrose as the conditioned stimulus. Data show two-

bottle fluid intake 24 hr following a single conditioning to GDF15 (n = 6 per group;
treated groups; two-way ANOVA followed by Sidak’s multiple comparison test). (D) GDF15 supported a conditioned place aversion in mice. Mice
showed a preference for one side of the arena measured as time spent (seconds) in preferred side. During conditioning, mice received an injection of
GDF15 on their preferred (dark) side and saline on their non-preferred side. On the test day, the mice displayed a decreased preference for the side on

which they received GDF15 (n = 12; **p<0.01, time spent in preferred side; paired t-test).

*kk

p<0.001, water versus sucrose intake for saline- and GDF15-
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Figure 2—figure supplement 1. GDF15 supports sickness behaviour in rats. (A) Daily kaolin intake following
injections of vehicle, LiCl or GDF15 on three consecutive days (n = 9-10 per group; *p<0.05, **p<0.01, GDF15
compared with vehicle; two-way ANOVA, followed by a post hoc Tukey test).
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Figure 3. GDF15 activates GFRAL+ve/CCK neurons in the AP/NTS. (A) Fluorescence photomicrographs showing Fos expression (magenta) in GFRAL
and CCK-positive neurons (green) in the AP/NTS following a minimal effective dose of GDF15. For triple labelling, see Figure 3—figure supplement

Figure 3 continued on next page
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Figure 3 continued

1A. The percentage of activated GFRAL-immunopositive or Cck™®::eYFP neurons is presented on the right (n = 67 per group). White arrows in higher
magnification insets indicate co-labelled cells. Note that GDF15 administration activated a group of cells in the medial NTS which are GFRAL-ve and
CCK-ve (large arrow head). (B) Dual-label immunofluorescence for Fos and downstream neuronal targets. CGRP neurons were visualised by injecting
Calca®™ mice with AAV-DIO-mCherry (Fos green; CGRP magenta). In the other pictures, PKC-8" or Crh®®::eYFP cells are coloured green.
Quantification is provided below the relevant photomicrographs (Calca®®n = 4 per group; Crh®n = 6-7 per group; PKC-8"n = 6-7 per group). (C)
GFRAL neurons, which were activated by GDF15, project directly to the parabrachial nucleus, as demonstrated using Fluoro-Gold retrotracing. White
arrows in higher magnification insets indicate triple-labelled cells. aca (anterior part of the anterior commissure), AP (area postrema), BLA (basolateral
amygdala), ovBNST (bed nucleus of the stria terminalis, oval sub-nucleus), cc (central canal), CeA (central nucleus of the amygdala), DMX (dorsal motor
nucleus of the tenth cranial nerve, vagus), ic (internal capsule), LV (lateral ventricle), NTS (nucleus of the tractus solitarius), PBN (parabrachial nucleus),
PVH (paraventricular nucleus of the hypothalamus), scp (superior cerebellar peduncle), 3V (third ventricle). *p<0.05, **p<0.01, ***p<0.001; unpaired t-

test.
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Figure 3—figure supplement 1. Neuronal activation by GDF15. (A) Triple-label fluorescence immunohistochemistry showing co-localisation of Fos
(blue), GFRAL (red) and CCK (green Cck®™::eYFP), with high-magnification photomicrograph of AP showing overlap of cellular markers, and with

Figure 3—figure supplement 1 continued on next page
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Figure 3—figure supplement 1 continued

quantification to the right (n = 4 per group; ***p<0.001, unpaired t-test). (B) GDF15 did not activate either Geg™"®::eYFP (n = 2/3 per group), Prlh®™::
eYFP (n = 4/5 per group) or Pomc®®™" (n = 4 per group) cells. There was a statistically significant activation of TH-positive cells (n = 6-7 per group). (C)
GDF15 caused a dose-dependent increase in Fos staining in GFRAL neurons, whereas neither LiCl, systemic CCK, oral lipid or fast re-feeding induced
Fos in GFRAL neurons. In each case, the control is administration of saline, except for when fasted and re-fed mice are compared (n = 4-7 per group).
(D) Single-label immunofluorescence for Fos (pictures as in Figure 3B with counterstaining removed), showing the activation of non-GFRAL neurons in
other regions of the brain. Quantification is provided below the relevant photomicrographs (PBN: n = 4 per group; PVH, CeA, ovBNST: n = 6-7 per
group). (E) CRH neurons in the ovBNST and CeA are not activated by GDF15 (n = 6/7 per group). (F) Dual-label in situ hybridisation histology showed
co-localisation of the CCK; receptor (green) on Calca (CGRP) neurons (red) in the PBN. Nuclear staining (DAPI, blue) included to identify brain regions.
Inset, high-magnification photomicrograph of PBN neurons showing overlap of cellular markers. White arrows indicate double-labelled cells. (G and H)
Triple labelling demonstrating that the PVH and ovBNST are not direct targets for GFRAL+ve cells that are activated by GDF15. aca (anterior part of
the anterior commissure), AP (area postrema), ovBNST (bed nuceus of the stria terminalis, oval sub-nucleus), cc (central canal), CeA (central nucleus of
the amygdala), DMX (dorsal motor nucleus of the tenth cranial nerve, vagus), ic (internal capsule), le (lateral, external region of the PBN), LV (lateral
ventricle), NTS (nucleus of the tractus solitarius), PBN (parabrachial nucleus), PVH (paraventricular nucleus of the hypothalamus), 3V (third ventricle).

*p<0.05, **p<0.01, ***p<0.001; unpaired t-test.
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Figure 4. GDF15-induced anorexia is dependent on CCK signalling. (A) Injection of AAV-caspase into the AP and dorsal NTS of Cck“™®::eYFP mice
caused a reduction in the number of eYFP cells as assessed by immunohistochemistry (n = 7 per group; **p<0.01, unpaired t-test). (B) Cck“"®::eYFP
mice transduced with control AAV displayed a significant decrease in food intake following GDF15 administration, while those transduced with AAV-
caspase showed reduced anorexia (n = 7 per group; *p<0.05; two-way ANOVA, followed by a post hoc Tukey test). (C) Pre-administration of the CCK
receptor antagonist, devazepide, attenuated the anorectic response to GDF15 (n = 6 per group; *p<0.05, **p<0.01, ***p<0.001; two-way ANOVA,
followed by a post hoc Tukey test).
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Figure 4—figure supplement 1. Treatment with caspase leads to a significant loss of GFRAL neurons. (A) Dual immunostaining showing CCK- and
GFRAL-positive neurons following treatment with control AAV or AAV-caspase. (B) Number of GFRAL cells and CCK-positive GFRAL cells per section
(n =7 per group; *p<0.05, ***p<0.001, unpaired t-test). (C) There is no difference in body weight of CckS™::eYFP mice over 10 weeks following injection

of either control or caspase virus into the AP/NTS (n = 7 per group; repeated measures two-way ANOVA with a post hoc Sidak test).
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Figure 5. The anorectic action of the cancer therapeutic drug, cisplatin, is blocked by inhibition of signalling through GFRAL. (A) A single dose of
cisplatin reduced food intake and (B) body weight over the following 3 days (n = 6 per time point; *p<0.05, **p<0.01, ***p<0.001; two-way ANOVA,
followed by a post hoc Tukey test). (C) This corresponded with an increase in circulating GDF15 (n = é per time point, ***p<0.001, unpaired t-test) and
(D) induction of Fos (magenta) in immunopositive GFRAL neurons (green) at 24 hr after administration (n = 5-6 per group; ***p<0.001, unpaired t-test).
(E) Three injections of GDF15, on days 2-4, led to a decrease in cumulative food intake and (F) body weight (n = é per group; *p<0.05, **p<0.07;
repeated measures ANOVA, followed by a post hoc Tukey test, control Ab + GDF15 versus all other groups). The actions of GDF15 were blocked
completely by pre-administration of a monoclonal antibody against GFRAL (10 mg/kg) on day 1. The GFRAL mAb had no effect on food intake or body
weight by itself. For full data set, using different concentrations of GFRAL mAb, see Figure 5—figure supplement 1B and C. (G) Pre-administration of
10 mg/kg GFRAL mAb the day before, completely blocked the reduction of food intake and (H) body weight caused by cisplatin (n = 5-6 per group;
*p<0.05, **p<0.01, ***p<0.001; repeated measures ANOVA, followed by a post hoc Tukey test).
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Figure 5—figure supplement 1. The anorectic action of the cancer therapeutic drug, cisplatin, is blocked by inhibition of signalling through GFRAL.
(A) 48 hr after saline (open squares) or cisplatin (closed squares), there was an inverse correlation between circulating GDF15 and both cumulative food
intake and (B) body weight. (n = 12; Pearson’s r) (C) Three injections of GDF15, on days 2-4, led to a decrease in cumulative food intake and (D) body
weight (red squares). The actions of GDF15 were abrogated by pre-administration (day 1) of increasing doses of the monoclonal antibody raised
against GFRAL. The GFRAL mAb had no effect on food intake or body weight by itself (yellow triangles) (n = é per group *p<0.05, two-way ANOVA).
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