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27 Abstract

28 Non-neuronal cholinergic signaling, mediated by acetylcholine, plays important roles in physiological processes 

29 including inflammation and immunity. Our group first discovered evidence of non-neuronal cholinergic circuitry 

30 in adipose tissue, whereby immune cells secrete acetylcholine to activate beige adipocytes during adaptive 

31 thermogenesis. Here we reveal that macrophages are the cellular protagonists responsible for secreting 

32 acetylcholine to regulate thermogenic activation in subcutaneous fat, and we term these cells Cholinergic Adipose 
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33 Macrophages (ChAMs). An adaptive increase in ChAM abundance is evident following acute cold exposure, and 

34 macrophage-specific deletion of choline acetyltransferase (ChAT), the enzyme for acetylcholine biosynthesis, 

35 impairs the cold-induced thermogenic capacity of mice. Further, using pharmacological and genetic approaches, 

36 we show that ChAMs are regulated via adrenergic signaling, specifically through the β2 adrenergic receptor. 

37 These findings demonstrate that macrophages are an essential adipose tissue source of acetylcholine for the 

38 regulation adaptive thermogenesis, and may be useful for therapeutic targeting in metabolic diseases.

39

40 Keywords

41 Acetylcholine / Adipose Tissue / Macrophages / Thermogenesis

42 Introduction

43

44 Adipose tissue is a dynamic endocrine organ known to actively function in response to environmental and 

45 endogenous cues to regulate systemic metabolism and energy expenditure (Scheja & Heeren, 2019). The various 

46 discrete and subtle adipose tissue depots that develop in rodents and humans alike are home to a diversity of cell 

47 types, all of which participate in elaborate crosstalk to sustain homeostatic functions. Parenchymal adipocytes 

48 reside amidst a rich stromal vascular compartment comprised of immune cells, fibroblasts, mesenchymal stem 

49 cells, progenitors, endothelial cells and various other cell types. We are gradually uncovering the interconnected 

50 roles of these resident cell populations, and immune cells in particular have been the subject of intensive research 

51 efforts aimed at understanding their contribution to tissue and organismal homeostasis. 

52 The capacity for adipose tissue to undertake adaptive thermogenesis, whereby adipocytes expend energy 

53 instead of storing it, is now well-recognized. In the past decade we have uncovered important roles for immune 

54 cells in regulating activation of thermogenic adipose tissue (brown and beige fat) (Villarroya et al, 2018).  T 

55 cells have recently been shown to modulate adipose innervation to facilitate adaptive thermogenesis (Hu et al, 

56 2020; Kohlgruber et al, 2018) and group 2 innate lymphoid cells secrete methionine enkephalin peptides that 

57 drive beiging (Brestoff et al, 2015). On the other hand, adipose-resident lymphocytes can inhibit thermogenic 

58 activation via production of interleukin 10 (Rajbhandari et al, 2019; Rajbhandari et al, 2018) and mast cell-

59 derived serotonin also functions to impair the thermogenic response (Yabut et al, 2020; Zhang et al, 2019). 

60 Adipose-resident macrophages were originally thought to produce catecholamines, namely 

61 norepinephrine (NE), to potentiate adaptive thermogenesis (Nguyen et al, 2011). This put forward macrophages 

62 as an additional source of catecholamines in fat alongside sympathetic innervation, whose production of 

63 catecholamines is a well-established mediator between environmental cues such as cold stimulus and the 

64 thermogenic response in adipose tissue (Morrison, 2016). However, these findings were later brought into 

65 question by several groups who showed that adipose-resident macrophages lack tyrosine hydroxylase, the enzyme 

66 required to synthesize NE; instead, a subset of sympathetic neuron-associated macrophages was revealed to 
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67 contribute to catecholamine degradation in adipose tissue (Camell et al, 2017; Fischer et al, 2017; Pirzgalska et 

68 al, 2017). 

69 While thermogenic activation is heavily dependent upon sympathetic innervation of fat, which mediates 

70 adrenergic signaling via catecholamine production, there is no evidence of parasympathetic innervation in adipose 

71 tissue, which relies on acetylcholine as its primary mediator (Giordano et al, 2006). Non-neuronal cholinergic 

72 signaling networks have emerged in several tissues as mediators of homeostasis and their dysregulation has been 

73 implicated in various pathologies (Beckmann & Lips, 2013). Cholinergic immune cells perform anti-

74 inflammatory functions in the spleen, co-ordinate local innate immune cell recruitment and assist in the anti-viral 

75 T cell response (Cox et al, 2019; Reardon et al, 2013; Rosas-Ballina et al, 2011). Our group recently discovered 

76 the first evidence of a non-neuronal cholinergic pathway in adipose tissue, in which resident immune cells secrete 

77 acetylcholine that sustains activation of beige adipocytes expressing the nicotinic acetylcholine receptor, alpha 2 

78 subunit (CHRNA2) (Jun et al, 2018). 

79 Here we describe a previously unidentified discrete population of cholinergic adipose macrophages 

80 (ChAMs) that secrete acetylcholine to drive adaptive thermogenesis. Using flow cytometry and three-dimensional 

81 imaging we profiled the cellular and spatial landscape of non-neuronal cholinergic circuitry in subcutaneous 

82 adipose tissue. Following cold exposure, inguinal ChAMs increased in abundance, and ablation of choline 

83 acetyltransferase (ChAT, the enzyme for acetylcholine biosynthesis) selectively in macrophages abolished 

84 induction of acetylcholine secretion after cold. Further, we demonstrated that macrophage-specific ChAT deletion 

85 impaired the thermogenic capacity of subcutaneous fat in response to cold stress. Finally, we showed that the 

86 activity of ChAMs is regulated via the β2 adrenergic receptor (AR) using pharmacological and genetic approaches 

87 both in vitro and in vivo. The identification of this novel cholinergic macrophage population in subcutaneous 

88 adipose tissue represents an important contribution to our understanding of the cellular repertoire that regulates 

89 adaptive thermogenesis. Harnessing these cells and the molecular mechanisms that mediate their function to 

90 activate energy expenditure may provide new avenues for therapeutic intervention in metabolic disorders such as 

91 obesity and type 2 diabetes.

92 Results

93

94 Acetylcholine-synthesizing macrophages reside in subcutaneous fat. Subcutaneous fat lacks parasympathetic 

95 innervation (Giordano et al., 2006), resulting in the absence of local neuronally-derived acetylcholine. Instead, we 

96 have shown that hematopoietic cells residing within the stromal vascular fraction (SVF) of subcutaneous fat 

97 express ChAT and thus serve as a local source of acetylcholine (Jun et al., 2018). 

98 To investigate the spatial landscape of this non-neuronal cholinergic niche in subcutaneous fat, we 

99 performed three-dimensional whole adipose tissue imaging in ChAT-eGFP reporter mice. Using the Adipo-Clear 

100 method (Chi et al, 2018), we revealed that ChAT-eGFP+ acetylcholine-synthesizing cells are interspersed 
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101 throughout the subcutaneous inguinal fat pad (IWAT) (Fig 1A, EV1A and Movie EV1). Dimensionality reduction 

102 of high-parameter flow cytometry analysis confirmed the composition of the ChAT-eGFP+ population as being 

103 primarily cells of hematopoietic origin, including T cells, B cells and macrophages (Fig 1B and EV1). The 

104 distribution of these ChAT-eGFP+ cell subsets was analyzed using surface marker-based clustering and their 

105 proportional breakdown is in line with our previous observations (Table EV1), including a notable absence of any 

106 ChAT-eGFP+ eosinophils or neutrophils (Fig EV1E) (Jun et al., 2018). Further analysis revealed that ChAT-

107 eGFP+ cells were distributed throughout the depot, in both fat tissue and within the lymph node. Interestingly, 

108 ChAT-eGFP+ macrophages are predominantly localized in adipose tissue compared to lymph node (Fig 1C). Flow 

109 cytometry analysis of ChAT-eGFP+ hematopoietic cells across adipose depots showed a highly enriched 

110 population residing in IWAT compared to visceral fat (VWAT) and brown fat (BAT) (Fig 1D). Further, acute 

111 cold exposure increased the abundance of ChAT-eGFP+ hematopoietic cells in IWAT, suggesting that these cells 

112 play a role in the response to cold temperature. Generation of a ChAT-eGFP ChAT-Cre;tdTomato double reporter 

113 mouse revealed overlap between constitutively active ChAT-eGFP+ hematopoietic cells and indelibly-labeled 

114 tdTomato+ cells in IWAT (Fig EV1C). 

115 Hematopoietic-specific deletion of ChAT in ChATfl/fl;Vav-iCre mice resulted in significantly reduced 

116 levels of Chat transcript in IWAT and in the ablation of acetylcholine secretion by IWAT SVF cells, as measured 

117 using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) (Fig 1E-F and EV2A-D). Both 

118 male and female ChAT-eGFP+ mice exhibited a significant increase in the percentage of ChAT-eGFP+ cells in 

119 IWAT following acute cold exposure (Fig 1G). Further, after cold exposure no changes were observed in the 

120 proportion of IWAT T cells or B cells that were ChAT-eGFP+, however ChAT+ macrophages doubled as a 

121 percentage of total macrophages following cold in male and female mice, and correspondingly also increased in 

122 total number and proportional to all ChAT-eGFP+ cells (Fig 1H-I and EV2E). No significant changes in the total 

123 number or proportion of ChAT-eGFP+ T cells, B cells or other immune cells were evident (Fig EV2F-H). ChAT-

124 eGFP expression, as measured by median fluorescence intensity (MFI), was higher in macrophages following 

125 cold exposure (Fig 1I) and expression of the proliferation marker Ki67 was also elevated in ChAT-eGFP+ 

126 macrophages after cold compared to room temperature (Fig 1J and EV2I). 

127 Sorted ChAT-eGFP+ hematopoietic cells highly expressed Chat and other vital machinery to undertake 

128 cholinergic signaling compared to ChAT-eGFP- cells (Fig EV2K). Of the major cholinergic cell types in IWAT, 

129 macrophages exhibited the highest basal Chat expression compared to T cells and B cells (Fig EV2L). Functional 

130 cholinergic signaling was further evidenced by transcriptomic profiling of ChAT-eGFP+ and ChAT-eGFP- 

131 macrophages isolated from cold-exposed IWAT. RNA sequencing (RNA-seq) revealed robust up-regulation of 

132 genes necessary for acetylcholine synthesis and secretion (Fig 1K-L and EV2J). Pathway analysis revealed an 

133 enrichment of neurotransmitter regulation, cellular proliferation and adrenergic signaling in ChAT-eGFP+ 

134 macrophages (Fig 1M). Together these data suggest that acetylcholine-synthesizing macrophages, which we term 
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135 ChAMs (Cholinergic Adipose Macrophages), respond to environmental stimuli and may be important for 

136 regulating thermogenic function in subcutaneous fat.

137

138 Loss of ChAT in macrophages compromises the adaptive thermogenic capacity of subcutaneous fat. 

139 Immune cells have been widely reported as key players in regulating adipose thermogenesis (Brestoff et al., 2015; 

140 Hu et al., 2020; Kohlgruber et al., 2018; Villarroya et al., 2018). Having demonstrated that several acetylcholine-

141 secreting immune cell types reside in IWAT, and that knockout of ChAT in all hematopoietic cell types 

142 compromises adaptive thermogenic capacity (Jun et al., 2018), we sought to identify which are important for 

143 driving activation of beige adipocytes. 

144 Given that macrophages, T cells and B cells together comprise approximately 90% of the ChAT-

145 expressing cell population residing in IWAT (Table EV1), we generated macrophage-specific (ChATfl/fl;LysM-

146 Cre), T cell-specific (ChATfl/fl;Cd4-Cre) and B cell-specific (ChATfl/fl;Mb1-Cre) ChAT knockout mice (Fig 2A) 

147 and confirmed Chat deletion in sorted cells from IWAT in each model (Fig 2B and EV3A-B). ChAT deficiency in 

148 macrophages, T cells or B cells did not cause abnormalities in body weight and IWAT weight at the basal 

149 condition (Fig 2C and D). All three ChAT knockout mouse models showed comparable thermogenic gene 

150 expression relative to their littermate control animals at room temperature (Fig 2E-G). Following acute cold 

151 exposure, ChATfl/fl;LysM-Cre IWAT exhibited significantly reduced activation of genes involved in orchestrating 

152 the thermogenic response, such as Ucp1 and Dio2, which may indicate a role for ChAMs in regulating 

153 thermogenic activation (Fig 2E). However, for mice lacking ChAT in T cells (ChATfl/fl;Cd4-Cre) or B cells 

154 (ChATfl/fl;Mb1-Cre), thermogenic gene activation in IWAT was uncompromised during the response to acute cold 

155 exposure (Fig 2F and G). 

156 We further examined the physiological significance of ChAMs in IWAT and at the whole-body level. A 

157 cold-induced increase in acetylcholine secretion was observed in IWAT SVF cells of ChATfl/fl control mice, 

158 whereas it was completely absent in those of ChATfl/fl;LysM-Cre mice (Fig 2H). Likewise, UCP1 protein was 

159 detected by western blotting in IWAT of ChATfl/fl control mice after cold exposure, in contrast to the absence seen 

160 in IWAT of ChATfl/fl;LysM-Cre mice (Fig 2I). At the functional level, ChATfl/fl;LysM-Cre IWAT showed a lower 

161 oxygen consumption rate (OCR) than control IWAT following cold stimulation (Fig 2J). The thermogenic defects 

162 in subcutaneous fat were linked to blunted induction in whole-body OCR and energy expenditure of 

163 ChATfl/fl;LysM-Cre mice during acute cold (Fig 2K and EV3C-D). Macrophage-specific ChAT deletion did not 

164 affect thermogenic activity of other key thermogenic organs such as BAT or skeletal muscle upon cold exposure 

165 (Fig 2L and EV3E-F). Mice lacking ChAT in T cells (ChATfl/fl;Cd4-Cre) or B cells (ChATfl/fl;Mb1-Cre) did not 

166 show differences in cold-induced transcriptional activation of thermogenic genes in BAT compared to littermate 

167 control animals (Fig EV3G and H). These results point towards a functional role of ChAMs in sensing 

168 thermogenic cues and regulating beige thermogenesis. 
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169

170 ChAMs link adrenergic signaling to beige fat activation. Energy expenditure by white adipose tissue is in part 

171 dependent upon adrenergic signaling mediated by catecholamines such as NE (Chouchani & Kajimura, 2019). 

172 Initial reports of adipose macrophages synthesizing catecholamines to drive thermogenic activation (Nguyen et 

173 al., 2011) have since been refuted (Camell et al., 2017; Fischer et al., 2017; Pirzgalska et al., 2017). We have 

174 previously shown that cholinergic immune cells residing in IWAT secrete acetylcholine to communicate with and 

175 sustain beige adipocytes via CHRNA2 (Jun et al., 2018), and now have evidence to suggest that ChAMs are the 

176 important acetylcholine-secreting cell type in this circuitry. 

177 We sought to investigate how ChAM activity is regulated, and found that ChAT-eGFP reporter mice 

178 lacking the genes encoding all three β-adrenergic receptors (β-ARs; Adrb1/2/3), termed β-less mice, did not 

179 exhibit an increase in IWAT ChAT-eGFP+ cells following acute cold exposure like wild type (WT) ChAT-eGFP 

180 mice do – nor did we observe an increase in the ChAT-eGFP+ macrophage subpopulation (Fig 3A-D). Given the 

181 impaired thermoregulatory capacity of β-less mice, these acute cold exposure studies were performed at 10C 

182 instead of 4C to permit survival. These results suggest that non-neuronal cholinergic activation in IWAT is 

183 dependent upon adrenergic signaling. Like in the response to acute cold exposure, ChAT-eGFP mice treated with 

184 the pan β-AR agonist NE exhibited significant increases in their total ChAT-eGFP+ population and ChAT + 

185 macrophages within IWAT (Fig 3E and F). 

186 It has been previously reported that tamoxifen-inducible Cx3cr1CreER mice display increased Cre activity 

187 in bone marrow-derived circulating myeloid cells compared to tissue-resident myeloid cell types (Yona et al, 

188 2013). Indeed, we observed preferential RFP+ labeling by Cx3cr1CreER in monocyte-derived macrophages 

189 compared to resident Kupffer cells in the livers of ChAT-eGFP;Cx3cr1CreER-RFP mice (Fig 3G-H and EV4A). In 

190 the IWAT of this mouse model, less than a quarter of ChAT-eGFP+ macrophages were labeled RFP+ by 

191 Cx3cr1CreER following tamoxifen injection (Fig 3I), suggesting a minor contribution from circulating myeloid cells 

192 towards IWAT ChAT-eGFP+ macrophages. 

193 Having observed that ChAT-eGFP+ macrophages are responsive to treatment with the pan β-AR agonist 

194 NE, we assessed the expression of β-AR genes Adrb1, 2 and 3 by qPCR in primary IWAT macrophages isolated 

195 by fluorescence-activated cell sorting (FACS), and found that Adrb2 showed much higher expression than the 

196 other β-AR genes (Fig 3J). Likewise, bone marrow-derived macrophages (BMDMs) showed a similar expression 

197 pattern to IWAT macrophages, with Adrb2 (encoding the β2-AR) exhibiting the highest relative expression (Fig 

198 3K). Further, flow cytometry analyses of BMDMs detected a subpopulation of ChAT-eGFP+ BMDMs (Fig 

199 EV4B), indicating their utility as a system for studying mechanisms of ChAT signaling in macrophages. 

200 Treatment of BMDMs with NE for 2 h increased Chat mRNA levels significantly (Fig 3L), and using flow 

201 cytometry we observed an increase in ChAT-eGFP+ cells following NE treatment (Fig 3M and EV4C). However, 
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202 no increase was detected in β-less ChAT-eGFP BMDMs. These data suggest that adrenergic signaling may be 

203 integral in regulating the function of acetylcholine-synthesizing macrophages. 

204

205 ChAMs function selectively via activation of the β2-AR. Hematopoietic cells express adrenergic receptors and 

206 respond to catecholamines for developmental and functional regulation (Muthu et al, 2007; Scanzano & 

207 Cosentino, 2015). Having shown that ChAM activity relies upon β-AR activation in IWAT, we sought to 

208 determine which receptor(s) is/are crucial for regulating the cholinergic function of these cells. To test this in vivo, 

209 we treated ChAT-eGFP mice with pharmacological agonists for the β1-AR (dobutamine), β2-AR (formoterol) and 

210 β3-AR (CL 316,243). Only treatment with the β2-AR agonist resulted in increased total ChAT-eGFP+ cells and 

211 ChAMs within IWAT (Fig 4A-C). There were no changes in the ChAT-eGFP+ lymphocyte subpopulations 

212 following any treatment. The increase in ChAT-eGFP+ cells and ChAMs was not observed in β-less mice treated 

213 with β2-AR agonist, nor did we detect any changes in total ChAT-eGFP+ cells or immune subsets in BAT 

214 following β2-AR activation (Fig EV5A-D). These results correspond with the high expression of Adrb2 seen in 

215 IWAT macrophages, and likewise in BMDMs (Fig 3J and K). 

216 We then sought to assess adrenergic activation of ChAT+ cells using genetic deletion models. 

217 ChAT-eGFP reporter mice with genetic knockout combinations of β-ARs 1-3 were administered with NE and 

218 their ChAT-eGFP+ IWAT SVF cells analyzed by flow cytometry (Fig 4D and E). Total ChAT-eGFP+ cells and 

219 ChAT+ macrophages were both increased by treatment with NE in ChAT-eGFP mice with all β-AR genes intact. 

220 Likewise, ChAT-eGFP mice lacking β-ARs 1 and 3 (β2WT) also exhibited elevated ChAT-eGFP+ cells and 

221 cholinergic macrophages after NE. However, genetic deletion of the β2-AR (β2KO) eliminated the activation of 

222 cholinergic cells, namely macrophages. Acetylcholine secretion was elevated when β2WT IWAT SVF cells were 

223 treated with the β2-AR agonist formoterol, whereas this increase was not evident in β2KO SVF treated with β2-AR 

224 agonist (Fig 4F).

225 qPCR analyses of WT and β-less BMDMs treated with agonists for β-ARs 1, 2 or 3 showed induction of 

226 Chat expression only in WT cells following β2-AR agonist treatment (Fig 4G-I and EV5E-F). This result was 

227 confirmed by flow cytometry, where β2-AR agonist treatment resulted in increased counts of ChAT-eGFP+ 

228 BMDMs (Fig 4J and EV5G-H). This increase following β2-AR agonist administration was not evident in β-less 

229 BMDMs treated with β2-AR agonist, however (Fig 4K and EV5I). Treatment of primary sorted IWAT 

230 macrophages with β2-AR agonist also resulted in up-regulation of Chat expression (Fig 4L). Induction of Chat 

231 mRNA expression by NE in WT BMDMs was abolished by pharmacological blockade of the β2-AR using a β2-

232 AR-specific antagonist (Fig 4M). The same effect was observed in ChAT-eGFP BMDMs by flow cytometry – the 

233 NE-induced increase in ChAT-eGFP+ cells was not present following co-treatment of NE with β2-AR antagonists 

234 butoxamine or ICI 118,551 (Fig 4M and EV5J-K). 
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235 Differentiation of BMDMs in the presence of minced adipose tissue generates cells that exhibit 

236 characteristics of adipose-resident macrophages, termed BM-ATMs (bone marrow-adipose tissue macrophages) 

237 (Flaherty et al, 2019). A transwell co-culture system was used to generate BM-ATMs, which exhibit a similar 

238 expression pattern of Adrb1, 2 and 3 to IWAT macrophages (Fig 3J and EV5L). We demonstrated that β2-AR 

239 agonist treatment significantly induces Chat expression in BM-ATMs from WT mice but not from β-less mice 

240 (Fig EV5L). We then employed another bicompartmental co-culture system to determine if treatment of IWAT 

241 SVF with β2-AR agonist induced thermogenic gene expression in adipose explants. IWAT explants were seeded 

242 in wells then media, vehicle-treated or β2-AR agonist-treated SVF cells were seeded into permeable transwells 

243 with 0.4 μm pores to allow diffusion of molecules but not cells (Fig 4N). Explants were taken from β-less mice to 

244 prevent unintended activation from the pharmacological β2-AR agonist used to treat SVF cells. As we have shown 

245 previously with differentiated preadipocytes (Jun et al., 2018), co-culture of SVF induced Ucp1 expression in 

246 IWAT explants, with no induction seen in the absence of SVF cells. Further, co-culture of SVF cells treated with 

247 β2-AR agonist resulted in significantly higher Ucp1 induction. However, when SVF from β2KO IWAT was used, 

248 no increase in Ucp1 expression was observed following treatment with β2-AR agonist (Fig EV5M). Likewise, 

249 with SVF from ChATfl/fl;LysM-Cre IWAT (the absence of macrophage-derived acetylcholine), Ucp1 was not 

250 induced in either treatment condition when compared to the absence of SVF altogether. These results demonstrate 

251 that ChAM function is regulated selectively via the β2-AR and that ChAM activation can induce thermogenic 

252 gene expression in IWAT, pointing towards a role in the physiological regulation of thermogenesis.

253 Discussion

254

255 Our investigations have uncovered a discrete population of cholinergic macrophages (ChAMs) that reside in 

256 subcutaneous adipose tissue. These cells secrete acetylcholine to regulate the activation of thermogenic 

257 adipocytes, and their activity is controlled via adrenergic signaling through the β2-AR. Loss-of-function studies in 

258 mice demonstrated that macrophages are essential for the cholinergic regulation of adaptive thermogenesis, 

259 whereas acetylcholine-synthesizing lymphocytes were dispensable for this function. We revealed that ChAMs are 

260 dependent specifically upon β2-AR activation to induce acetylcholine secretion, using a combination of 

261 pharmacological and genetic approaches. These findings elucidate the cellular and molecular mechanisms 

262 underlying a novel immune-adipocyte circuitry previously discovered by our group (Jun et al., 2018), and affirm 

263 the importance of macrophages in regulating adipose tissue function.

264 Previous reports suggesting that adipose tissue macrophages can produce catecholamines (Nguyen et al., 

265 2011) were later refuted due to the absence of tyrosine hydroxylase, the enzyme responsible for catecholamine 

266 biosynthesis, in these cells (Camell et al., 2017; Fischer et al., 2017; Pirzgalska et al., 2017). Here, we have 

267 clearly shown the presence of ChAT in macrophages using two separate reporter mice strains and demonstrated 

268 that these cells synthesize and secrete acetylcholine. As part of the acute response to cold exposure, acetylcholine 
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269 secretion was induced within subcutaneous fat. Given our previous finding that several adipose-resident immune 

270 cell types express ChAT (Jun et al., 2018), it was not surprising that cell-specific deletion of ChAT in 

271 macrophages did not fully ablate basal acetylcholine secretion. Importantly however, here we demonstrated that 

272 macrophages are essential for the cold-induced secretion of acetylcholine that forms the basis of this pathway’s 

273 role in driving adaptive thermogenesis. This was attested to by loss-of-function models, where macrophage-

274 specific ChAT deletion impaired thermogenic capacity in response to cold, whereas deletion of ChAT in T cells 

275 and B cells did not compromise cold-induced thermogenic activation. Given that cholinergic lymphocytes have 

276 been implicated in regulating local innate immunity, inflammation and viral defense (Cox et al., 2019; Reardon et 

277 al., 2013; Rosas-Ballina et al., 2011) in other tissues, it is plausible that their counterparts in adipose tissue carry 

278 out corresponding functions, separate from regulating thermogenesis. 

279 We have functionally characterized this new population of adipose macrophages, with transcriptomic 

280 profiling demonstrating that ChAMs are dedicated to neurotransmitter regulation and highly enriched for 

281 acetylcholine signaling genes and pathways. A distinct functional niche for acetylcholine-synthesizing cells is not 

282 unprecedented, given that ChAT-expressing CD4 T cells have been described as a unique lymphocyte subset 

283 responsible for blood pressure regulation (Olofsson et al, 2016). Significant advances have been made in recent 

284 years regarding our understanding of functionally distinct macrophage subpopulations in fat – in particular within 

285 the obese and thermogenic adipose microenvironment (Chakarov et al, 2019; Hill et al, 2018; Jaitin et al, 2019; 

286 Knights et al, 2020a; Pirzgalska et al., 2017) (Fig EV2M-R). Given this inherent heterogeneity in tissue 

287 macrophages, future investigations will further reveal how cholinergic macrophages and other subsets fit into the 

288 functional milieu of resident immune cells – particularly in subcutaneous fat. For example, further studies will 

289 help to elucidate how ChAMs fit into the broader classification of adipose macrophages, and what hallmarks of 

290 the M1-M2 spectrum they might possess. β2-AR signaling has been reported to play a role in polarizing 

291 macrophages towards an M2-like phenotype (Grailer et al, 2014), although not via conventional STAT6-mediated 

292 mechanisms (Lamkin et al, 2016). In addition to the well-characterized role of β3-AR-mediated signaling in 

293 thermogenic activation of adipocytes, studies have shown that β2-AR signaling can also directly promote beige 

294 adipocyte development (Ohyama et al, 2016). Headway is currently being made that aims to harness cholinergic 

295 signaling pathways as a therapy for metabolic diseases such as obesity and type 2 diabetes, and our findings 

296 reveal potential new therapeutic avenues for investigation.

297 In addition to their communication with beige adipocytes, it will be imperative to better understand the 

298 other cell types that ChAMs may interact with in the thermogenic niche, such as  T cells which have recently 

299 come to prominence in thermogenic regulation (Hu et al., 2020; Kohlgruber et al., 2018), and whether 

300 acetylcholine secretion from ChAMs plays additional roles in adipose homeostasis besides driving adaptive 

301 thermogenesis. Beyond adipose tissue, it is conceivable that homologous non-neuronal cholinergic circuitry exists 

302 in other metabolic tissues such as the liver, just as immune cells in the spleen secrete acetylcholine to regulate 
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303 inflammation (Rosas-Ballina et al., 2011). Given the beneficial role that ChAMs play in regulating adaptive 

304 thermogenesis, manipulating non-neuronal cholinergic circuitry represents a promising avenue for therapeutic 

305 intervention to increase energy expenditure and improve metabolic ailments. 

306 Materials and Methods

307

308 Reagents

309 Rivastigmine tartrate (129101-54-8) was purchased from Cayman Chemical. (−)-Norepinephrine (A7257), CL 

310 316,243 hydrate (C5976), R(−)-denopamine (D7815), Oligomycin (75351), Tamoxifen (T5648) and OptiPrep 

311 Density Gradient Medium (D1556) were purchased from Sigma. Butoxamine hydrochloride (sc-234233), 

312 dobutamine hydrochloride (sc-203031), formoterol fumarate (sc-203050) and terbutaline hemisulfate (sc-213000) 

313 were purchased from Santa Cruz. Collagenase D (11088882001), collagenase B (11088831001) and dispase II 

314 (04942078001) were purchased from Roche. ICI 118,551 hydrochloride (0821) was purchased from Tocris. 

315 DMEM/F-12 GlutaMAX (10565-042) was purchased from Life Technologies. 

316

317 Mice

318 Animal studies were undertaken in accordance with the protocol reviewed and approved by the Institutional 

319 Animal Care and Use Committee at the University of Michigan. Mice were exposed to a 12-hour light/dark cycle 

320 and fed standard rodent chow (5L0D, PicoLab) unless otherwise specified, where mice were fed a high-fat diet 

321 (D12451, Research Diets) in which fat comprised 45% of calories. Throughout, mice were age-matched and then 

322 randomly assigned to treatment groups to minimize the effects of subjective bias. ChAT-eGFP, ChAT-Cre, Ai14, 

323 ChATfl/fl, Vav-iCre, LysM-Cre, Cd4-Cre, Mb1-Cre and Cx3cr1-CreER mice were all obtained from Jackson 

324 Laboratories (stock nos. 007902, 031661, 007914, 016920, 008610, 004781, 022071, 020505 and 020940 

325 respectively). ChAT double reporter mice were generated by crossing ChAT-eGFP mice with ChAT-Cre and 

326 Ai14 reporter mice. ChATfl/fl mice were crossed with Vav-iCre, LysM-Cre, Cd4-Cre or Mb1-Cre animals to 

327 generate cell-specific knockout of ChAT in hematopoietic cells (ChATfl/fl;Vav-iCre), macrophages (ChATfl/fl; 

328 LysM-Cre), T cells (ChATfl/fl;Cd4-Cre) or B cells (ChATfl/fl;Mb1-Cre) respectively. Vav-iCre and LysM-Cre mice 

329 were crossed with Ai14 mice and ChAT-eGFP mice to profile the efficiency and cell specificity of these 

330 constitutive Cre models. ChAT-eGFP mice were crossed with Cx3cr1-CreER and Ai14 animals to generate 

331 ChAT-eGFP mice with the capacity for inducible labeling of Cx3cr1-expressing myeloid cell types. To induce 

332 Cre activity, mice were administered for 5 days with 5 mg of tamoxifen by oral gavage then rested for 7 days 

333 before experimentation. β-less mice, lacking Adrb1, Adrb2 and Adrb3, were kindly provided by Brad Lowell 

334 (Beth Israel Deaconess Medical Center, Boston). Combinations of β1-, β2- and β3-AR knockouts containing the 

335 ChAT-eGFP reporter were generated by crossing β-less mice with ChAT-eGFP mice. Age-matched male and 

336 female mice (6-10 weeks old) were used for cold exposure, genetic and pharmacological β-AR experiments. In 
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337 cold exposure experiments, mice were singly housed in pre-chilled cages inside an environmental chamber at 

338 10C or 4C. For β-AR studies, mice were injected I.P. with 1 mg/kg NE for 2 h, or subjected to 4 h treatment 

339 with 1 mg/kg dobutamine (β1-AR agonist), formoterol (β2-AR agonist) or CL 316,243 (β3-AR agonist). Core body 

340 temperature of ChATfl/fl and ChATfl/fl;LysM-Cre mice housed at room temperature or 6 h cold was monitored using 

341 a RET-3 mouse rectal probe (World Precision Instruments).

342

343 Metabolic phenotyping

344 Systemic energy metabolism of ChATfl/fl and ChATfl/fl;LysM-Cre mice was evaluated using the Comprehensive 

345 Laboratory Animal Monitoring System (CLAMS, Columbus Instruments) by the University of Michigan Animal 

346 Phenotyping Core. Mice were acclimated in metabolic chambers, and their whole-body oxygen consumption 

347 (VO2), energy expenditure (VO2, VCO2) and locomotor activity (beam break counts) were monitored at room 

348 temperature or 4°C for 6 h (from 9 am to 3 pm). Whole-body oxygen consumption and energy expenditure over 6 

349 h were corrected by lean body mass.

350

351 Tissue oxygen consumption rate

352 ChATfl/fl and ChATfl/fl;LysM-Cre mice were kept at 4oC for 6 h and treated with 1 mg/kg formoterol for 30 min to 

353 amplify β2-AR-dependent ChAT signaling. Isolated IWAT from the cold-exposed mice was weighed and minced 

354 in respiration buffer (2.5 mM glucose, 50 μM palmitoyl-l-carnitine hydrochloride, 2.5 mM malate, 120 mM NaCl, 

355 4.5 mM KCl, 0.7 mM Na2HPO4, 1.5 mM NaH2PO4 and 0.5 mM MgCl2, pH 7.4). Oxygen consumption was 

356 recorded at the basal or uncoupled stage with 4 mg/mL oligomycin using a Clark electrode (Strathkelvin 

357 Instruments) and normalized with IWAT weight. 

358

359 Primary cell culture

360 BMDMs were cultured based on previously performed protocols (Knights et al, 2020b; Knights et al, 2016; Zhu 

361 et al, 2020). Briefly, femora and tibiae were extracted from 6-10 week old mice, flushed and subjected to red 

362 blood cell lysis. Cells were grown on non-tissue culture treated sterile petri dishes in 80% v/v DMEM/F-12 

363 GlutaMAX medium supplemented with 20% v/v conditioned medium from L929 cells. After 5-7 days, cells were 

364 seeded for experiments. To grow adipose-like BMDMs (BM-ATMs), we replicated a previously published 

365 protocol (Flaherty et al., 2019). Bone marrow cells were flushed as above then non-adherent cells were passaged 

366 and allowed to adhere in the presence of minced IWAT using co-culture transwells (Corning). For co-culture of 

367 IWAT SVF cells and IWAT explants, SVF cells were freshly isolated from WT, β2 KO or ChATfl/fl;LysM-Cre 

368 mice (the upper compartment) and co-cultured with IWAT explants from β-less mice (the lower compartment) for 

369 4 h in the presence or absence of 2.5 μM formoterol, with 150 μM rivastigmine to prevent acetylcholine 

370 breakdown. The IWAT explants were then harvested from the lower compartment to analyze gene expression by 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

371 qPCR. To culture primary IWAT macrophages, cells were isolated by FACS directly into DMEM/F-12 

372 GlutaMAX culture medium containing 10% fetal bovine serum and 1x penicillin-streptomycin. Sorted 

373 macrophages (live CD45+ Ly6G- SiglecF- NK1.1- CD3- CD19- CD11b+ CD64+ cells) were seeded at a density of 

374 150,000 cells per well of a 12-well plate. Cells were given 90 min to adhere prior to treatment. 

375 For β-AR studies, cells were treated for 2 h with 2.5 μM denopamine, 2.5 μM dobutamine (β1-AR agonists), 2.5 

376 μM formoterol, 10 μM terbutaline (β2-AR agonists), 2.5 μM CL 316,243 (β3-AR agonist), 100 μM NE (pan β-AR 

377 agonist), 5 μM ICI 118,551 or 5 μM butoxamine (β2-AR antagonists).

378

379 Gene expression analysis

380 Gene expression analysis was performed by standard methods, as previously described (Qiao et al, 2019). Total 

381 RNA from adipose tissues, skeletal muscle and cultured cells was isolated by the TRIzol method. Equal amounts 

382 of RNA were subjected to cDNA synthesis according to manufacturer’s instructions for the M-MLV Reverse 

383 Transcriptase Kit (Invitrogen). qPCR reactions were performed in 384-well plates and utilized Power SYBR 

384 Green chemistry (Life Technologies). To calculate relative expression levels, the 2-Ct method was used, with 

385 normalization to expression of the TATA box-binding protein (Tbp) housekeeping gene. All primer sequences can 

386 be found in Table EV2. 

387

388 Immunoblotting

389 Total protein was extracted from IWAT of acute cold-exposed ChATfl/fl and ChATfl/fl;LysM-Cre mice using ice-

390 cold RIPA buffer (50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM 

391 NaCl, 1 mM phenylmethylsulfonyl fluoride) supplemented with a protease inhibitor cocktail (Roche) and 

392 phosphatase inhibitors (10 mM NaF, 60 mM β-glycerolphosphate, pH 7.5, 2 mM sodium orthovanadate, 10 mM 

393 sodium pyrophosphate). We loaded 125 μg of IWAT protein onto SDS-PAGE and subsequently transferred the 

394 protein onto PVDF membranes. The membranes were incubated with antibodies against UCP1 (Abcam, 

395 #ab10983) and GAPDH (Cell Signaling, #5174).

396

397 Tissue isolation and digestion

398 Adipose tissue was harvested from the inguinal subcutaneous depot (IWAT), visceral gonadal depot (VWAT) or 

399 the interscapular brown depot (BAT). SVF cells were isolated from IWAT, VWAT or BAT by collagenase 

400 digestion as described previously (Jun et al., 2018). Briefly, depots were dissected, minced and digested in a 

401 collagenase solution (1.5 U/mL) (collagenase D for IWAT and VWAT, and collagenase B for BAT) and dispase 

402 II (2.4 U/mL) supplemented with 10 mM CaCl2 for 20 min in a 37 °C water bath with agitation. Digested tissues 

403 were washed with PBS and filtered through a 100 μm strainer, and the filtrate was centrifuged at 500 x g for 5 min 

404 to pellet SVF cells and remove the floating adipocyte layer. For lymph node studies, the inguinal lymph node was 
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405 microdissected and subjected to mincing with a razor blade, then enzymatically digested in a solution comprised 

406 of 1.5 U/mL collagenase D and 2.4 U/mL dispase II for 20 min in a 37 °C water bath with agitation, followed by 

407 washing and centrifugation as for adipose depots. 

408 For liver studies, non-parenchymal cells (NPCs) were isolated using a mechanical digestion method and density-

409 based centrifugation adapted from established protocols (Finlon et al, 2019; Xiong et al, 2019). Livers were 

410 mechanically digested in a 100 μm strainer with FACS buffer (PBS containing 2% fetal bovine serum and 1 mM 

411 EDTA). Strained cells were washed in FACS buffer and passed through another 100 μm strainer. To remove 

412 hepatocytes, cells were centrifuged twice at 50 x g for 3 min, retaining the supernatant each time. Supernatant was 

413 then centrifuged for 10 min at 500 x g to pellet non-hepatocytes. The pelleted cells were then subjected to density-

414 based centrifugation using a 1:1 mix of FACS buffer with 50% v/v OptiPrep (Sigma), then topped with a layer of 

415 FACS buffer. Centrifugation was performed with brakes off at 1500 x g for 20 min. The defined cloudy layer 

416 (containing NPCs) was collected and washed in FACS buffer in preparation for downstream application. 

417

418 Flow cytometry and cell sorting

419 Isolated SVF cells from adipose tissues or lymph node cells were subjected to red blood cell lysis using ddH2O 

420 then pre-blocked using TruStain FcX PLUS (Biolegend) on ice. Liver NPCs were prepared as above and washed 

421 in preparation for antibody staining. BMDMs were lifted using cold PBS containing 5 mM EDTA then washed 

422 and pre-blocked as above. Cold FACS buffer (PBS containing 2% fetal bovine serum and 1 mM EDTA) was used 

423 for all washing and staining steps. Following pre-blocking, cells were stained at 4C for 30 min in darkness with 

424 combinations of fluorescently-conjugated antibodies that can be found in Table EV3. Dead cells were excluded 

425 based on uptake of TO-PRO-3 Iodide (Invitrogen), debris were eliminated using side scatter area (SSC-A) versus 

426 forward scatter area (FSC-A) and doublets excluded using side scatter height versus width (SSC-H, SSC-W) and 

427 forward scatter height versus width (FSC-H, FSC-W). Fluorescence-minus-one (FMO) controls using tissue-

428 matched cells were employed to establish negative and positive gate positioning, and an open channel (488 nm 

429 excitation, 710/50 nm emission) was used to gate out autofluorescence. For endogenous fluorescent reporters 

430 (GFP and RFP), WT cells were used for FMO controls. UltraComp eBeads (Invitrogen) were used for single-

431 stained compensation controls. To assess intracellular levels of Ki67 and prevent GFP quenching by ethanol 

432 fixation, IWAT SVF cells from ChAT-eGFP mice were fixed and permeabilized using the CytoFast Fix-Perm 

433 Buffer Set (Biolegend) according to manufacturer’s instructions, prior to staining with anti-Ki67 or isotype. For 

434 fixable viability staining, eFluor660 (Thermo Fisher) was used.

435 Flow cytometry was performed using an LSR Fortessa (BD Biosciences) and cell sorting was performed on a 

436 FACS Aria III (BD Biosciences) with a 100 μm nozzle.  Data were acquired with FACSDiva software (BD 

437 Biosciences) and analyzed using FlowJo v10.6.1 (TreeStar/BD Biosciences). 

438
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439 Dimensionality reduction

440 To visualize high parameter flow cytometry data in two dimensions, dimensionality reduction was performed 

441 using the Uniform Manifold Approximation and Projection (UMAP) algorithm via a FlowJo plugin (v2.2) 

442 (McInnes et al, 2018). Prior to dimensionality reduction, events defined as ChAT-eGFP+ were down-sampled to 

443 75,000 using the DownSample plugin (v3.1). The UMAP algorithm was then applied with the following 

444 parameters: Distance Function, Euclidean; Nearest Neighbors, 15; Minimum Distance, 0.5. All data were 

445 analyzed and figures generated in FlowJo v10.6.1.

446

447 Bulk RNA sequencing

448 ChAT-eGFP mice were cold-exposed at 4oC for 4 h then SVF cells from IWAT were prepared as above, 

449 alongside WT cells for unstained and FMO controls. A BD FACS Aria III was primed with RNaseZAP 

450 (Invitrogen) then ChAT-eGFP+ and ChAT-eGFP- macrophages (defined as live CD45+ NK1.1- CD3- CD19- 

451 Ly6G- SiglecF- CD11b+ CD64+) were sorted through a 100 μm nozzle directly into NEBNext Lysis Buffer (NEB) 

452 containing RNase inhibitor, and snap frozen in a 100% ethanol dry ice bath. Library preparation was undertaken 

453 using the NEBNext Single Cell/Low Input RNA Library Prep Kit (NEB #E6420) according to manufacturer’s 

454 instructions. Quality control assessment on prepared libraries was performed using Agilent TapeStation. Paired 

455 end (150 bp) sequencing was performed on an Illumina NovaSeq (S4).

456 Snakemake (Koster & Rahmann, 2012) was used to manage the bioinformatics workflow. Reads were trimmed 

457 using CutAdapt v2.3 (Martin, 2011), then were mapped to the reference genome GRCm38 (ENSEMBL), using 

458 STAR v2.7.8a (Dobin et al, 2013) and assigned count estimates to genes with RSEM v1.3.3 (Li & Dewey, 2011). 

459 Alignment options followed ENCODE standards for RNA-seq. FastQC v0.11.8 (Andrews, 2010) was run on .bam 

460 files in a post-alignment step, including both aligned and un-aligned reads, to ensure data quality. Multiqc v1.7 

461 compiled the results from several of these tools and provided a detailed and comprehensive quality control report 

462 (Ewels et al, 2016). Library preparation, sequencing and the bioinformatics pipeline were performed by the 

463 Advanced Genomics Core at the University of Michigan. With an FPKM cutoff value of 8.91, we identified 1,426 

464 genes that uniquely express in the ChAT-eGFP+ macrophages relative to the ChAT-eGFP- macrophages (P < 

465 0.05). The selected genes were subjected to biological pathway analysis using Metascape (Zhou et al, 2019). To 

466 calculate relative gene expression between ChAT-eGFP- and ChAT-eGFP+ macrophages, a pseudocount of 1 was 

467 added to all gene counts (FPKM). Published RNA-seq datasets were procured from the NCBI Gene Expression 

468 Omnibus at Accession Series GSE125667 (Chakarov et al, 2019) and GSE103847 (Pirzgalska et al, 2017), for 

469 comparative bioinformatic analyses. In the comparison of our data and GSE125667, genes that had more than 0 

470 read counts in Lyve1lo, Lyve1hi or ChAMs were sorted by their read counts in descending order, and the top 4.3% 

471 of genes were selected as highly expressed genes in each population for biological pathway analysis using 

472 Metascape. We performed a side-by-side comparison of gene expression profiles of ChAMs and sympathetic 
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473 neuron-associated macrophages (SAM) using our data and GSE103847. To detect commonly expressed genes in 

474 both ChAMs and SAM, we first excluded genes with 0 read counts in ChAMs or SAM and selected non-

475 significantly differentially expressed genes between the two populations (P > 0.05). Commonly or uniquely 

476 expressed genes in the populations were used for biological pathway analysis in Metascape database.  

477

478 Quantification of acetylcholine

479 IWAT SVF was isolated from ChATfl/fl and ChATfl/fl;Vav-iCre mice and washed in PBS. SVF was then incubated 

480 in PBS supplemented with 150 μM rivastigmine for 30 min at room temperature. After incubation, supernatants 

481 were collected following centrifugation and acetylcholine was measured using a previously described approach 

482 utilizing liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) for analyzing 

483 neurotransmitters (Jun et al., 2018; Song et al, 2012). Briefly, standard solutions of acetylcholine were prepared 

484 in 250 µM ascorbic acid in water to create a calibration range of 0.25–125 nM. Calibration curves were prepared 

485 based on the peak area ratio of the standard to the internal standard by linear regression. A deuterium labeled 

486 internal standard (d4-acetylcholine; C/D/N isotopes) was added to samples and standards, diluted 1:3 (v/v) in 

487 water, and centrifuged for 10 min at 12,100 x g. The supernatant was transferred to an HPLC vial and analyzed as 

488 described below. All samples and standards were analyzed in triplicate using a Phenomenex Kinetex C18 

489 chromatography column (100 x 2.1 mm, 1.7 μm, 100Å) on a Vanquish ultrahigh-pressure liquid chromatograph 

490 (Thermo Fisher) interfaced to a TSQ Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher). 

491 Mobile phase A was 10 mM ammonium formate with 0.15% (v/v) formic acid in water. Mobile phase B was 

492 acetonitrile. The gradient used was as follows: initial, 5% B; 0.60 min, 8% B; 0.68 min, 26% B, 1.05 min, 75% B; 

493 1.8 min, 100% B; 2.2 min, 100% B; 2.2 min, 5% B; 3.0 min, 5% B at 600 μL/min. The sample injection volume 

494 was 5 μL. The autosampler was kept at ambient temperature, and the column was held at 30°C in still air mode. 

495 Electrospray ionization was used in positive mode at 4 kV. The capillary temperature was 400°C, the vaporizer 

496 temperature was 350°C, the sheath gas was 10, and the auxiliary gas was 5. Acetylcholine ions were detected in 

497 MS/MS mode with the following transitions: (acetylcholine) product: 87, precursor: 146; (d4-acetylcholine) 

498 product: 91, precursor: 150. Tube lens and collision energy was 53 and 13, respectively. Automated peak 

499 integration was performed using XCalibur 3.0 MS software. All peaks were visually inspected to ensure proper 

500 integration. To measure cold-induced acetylcholine levels in IWAT SVF from ChATfl/fl and ChATfl/fl;LysM-Cre 

501 animals, mice were housed in pre-chilled cages inside an environmental chamber at 4C for 4 h. IWAT SVF was 

502 isolated and incubated as a single-cell suspension for 30 min in the presence of 150 μM rivastigmine then 

503 supernatant subjected to LC-MS/MS as described above. β2-AR-dependent acetylcholine secretion was analyzed 

504 in IWAT SVF of β2 WT and β2 KO mice treated with 1 mg/kg formoterol for 2 h. 

505

506 Processing and staining for three dimensional adipose imaging

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

507 IWAT from WT and ChAT-eGFP reporter mice was harvested and fixed overnight in 4% paraformaldehyde 

508 (PFA) in 1X PBS at 4°C in a conical tube protected from light. Tissues were washed for one hour three times with 

509 1X PBS at room temperature to remove PFA, then stored at 4°C in 1X PBS with 0.02% sodium azide until 

510 processing. Following harvest, fixing and washing, samples were allocated numbers that concealed their identity 

511 before proceeding, allowing processing, staining and imaging to be performed in a blinded manner by another 

512 individual. To maintain overall shape and morphology, each fat pad was situated lying flat in a nylon mesh biopsy 

513 pouch and remained there for the duration of the experiment until imaging. Samples were processed with a 

514 modified version of the previously published Adipo-clear protocol (Chi et al., 2018) at room temperature on a 

515 shaker. Briefly, B1N buffer (0.1% Triton X-100/0.3 M glycine in H20, pH 7) and methanol (20/40/60/80/100%) 

516 gradient was prepared fresh on the day of the experiment. All tissues were washed for 30 min for each step of the 

517 dehydration gradient. Delipidation was completed with dichloromethane (Sigma) washes once for 30 min 

518 followed by once for 60 min. DCM was washed off with two 30 min washes of 100% methanol before 

519 completing a reverse gradient to rehydrate (100/80/60/40/20% methanol in B1N buffer) with 20 min washes for 

520 each step. Samples were washed in B1N buffer only once for 30 min, followed by one hour then overnight in 

521 DMSO/Glycine buffer (5% DMSO/ 0.3 M Glycine in PTxwH) at 4°C with shaking. The next day three one hour 

522 washes with PTxwH (0.1% Triton X-100/0.05% Tween 20/ 2 mg/mL heparin in 1X PBS) were completed at 

523 room temperature on a shaker before pooling samples for antibody incubation. All fat tissues were pooled into a 

524 single conical and incubated in the minimum amount of PTxwH buffer required to submerge, along with an Alexa 

525 Fluor 488-conjugated anti-GFP polyclonal antibody (antibody information can be found in Table EV3) and placed 

526 on a room temperature shaker for 4 days. Excess antibody was removed by washing in 1X PBS five times for one 

527 hour.

528

529 Index matching and three dimensional imaging of adipose tissue

530 Tissues were briefly blotted onto a paper towel to remove excess moisture then placed in EasyIndex (LifeCanvas 

531 Technologies) and incubated overnight at 39°C for index matching. After cooling at room temperature for 3 h, all 

532 samples were removed from the nylon mesh pouches and mounted in 1% agarose-EasyIndex onto a sample holder 

533 for lightsheet imaging. Samples were imaged immersed in the imaging chamber filled with EasyIndex of the 

534 SmartSPIM lightsheet microscope equipped with a 4X objective lens (LifeCanvas Technologies). Images were 

535 acquired and stitched using the LifeCanvas SmartSPIM software package. Images were acquired at resolution 

536 with a 488 nm laser and a 4 μm z-step. Visualization of 3D images was completed using IMARIS x64 software 

537 (Bitplane) in a blinded manner throughout.

538

539 Statistical analysis
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540 All results are presented as mean ± standard error of the mean (SEM), depicted in graphs as error bars. GraphPad 

541 Prism 8 was used for statistical analyses and generating figures. Shapiro-Wilk testing was used to determine 

542 whether data were distributed normally then parametric two-tailed Student’s t-tests used to assess statistical 

543 significance for two-group comparisons or a one-way analysis of variance (ANOVA) with Tukey’s post-hoc 

544 testing for multiple comparisons involving one independent variable. P values are indicated as *P<0.05, 

545 **P<0.01 and ***P<0.001 unless otherwise specified.  The number of replicates used for calculating statistics can 

546 be found in the corresponding legend of each Figure, in addition to Source Data.

547

548 Data availability

549 The RNA sequencing data from this publication have been deposited to the NCBI Gene Expression Omnibus 

550 (GEO) database at Accession No. GSE174345.
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706

707 Figure 1. Acetylcholine-synthesizing macrophages reside in subcutaneous fat. 

708 A – Three-dimensional imaging of WT and ChAT-eGFP IWAT using the Adipo-Clear method (Chi et al., 2018) 

709 and lightsheet fluorescence microscopy. Whole IWAT was stained with Alexa Fluor 488-conjugated anti-GFP 

710 antibody to visualize ChAT-eGFP-expressing cells. High-magnification sections are shown to the right of each 

711 sample. Scale bars: 100 μm. 

712 B – UMAP plot displaying the profile of ChAT-eGFP+ cells from IWAT, analyzed by flow cytometry and 

713 combined from four biological replicates. ChAT-eGFP+ cell types are color-coded with accompanying labels, and 

714 the percentage breakdown of ChAT-eGFP+ cells is featured in a bar chart to the right. Related to Table EV1. MΦ: 

715 macrophages.

716 C – Left: Percentage of total live cells expressing ChAT-eGFP derived from IWAT (including inguinal lymph 

717 node; n = 7), IWAT alone (n = 8) and lymph node alone (n = 8). Right: Proportion of ChAT-eGFP+ cells 

718 comprised by T cells, B cells and MΦ in each tissue type.

719 D – Total abundance of ChAT-eGFP+ CD45+ hematopoietic cells in IWAT, VWAT and BAT SVF isolated from 

720 ChAT-eGFP mice housed at room temperature (RT) or exposed to 4C (CE) for 4 h (n = 4). 

721 E – LC/MS-MS traces showing acetylcholine (Ach) levels in SVF isolated from ChATfl/fl and ChATfl/fl;Vav-iCre 

722 IWAT compared to an internal control (d4-Ach). 

723 F – Left: relative mRNA expression of Chat in ChATfl/fl and ChATfl/fl;Vav-iCre IWAT (n = 9). Chat expression 

724 was analyzed by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method. Right: quantification by LC/MS-

725 MS of Ach concentration in SVF isolated from ChATfl/fl and ChATfl/fl;Vav-iCre IWAT (n = 6). 

726 G – Percentage of total IWAT SVF cells expressing ChAT-eGFP in male (n = 6) and female (n = 9) ChAT-eGFP 

727 mice housed at RT or CE (4 h). 

728 H – Percentage of total IWAT T cells, B cells and MΦ that express ChAT-eGFP, from male (n = 6) and female (n 

729 = 5 for T cells and B cells; n = 8 for MΦ) mice housed at RT or CE (4 h).

730 I – Left: MΦ as a percentage of all ChAT-eGFP+ cells in IWAT at RT and 4 h CE (n = 15). Middle: Total number 

731 of ChAT-eGFP+ MΦ at RT and 4 h CE (n = 15). Right: ChAT-eGFP median fluorescence intensity (MFI) for 

732 ChAT-eGFP+ MΦ at RT and 4 h CE (n = 15).

733 J – MFI for Ki67 in ChAT-eGFP+ MΦ from IWAT at RT and 4 h CE (n = 6).

734 K – Schematic depicting the experimental strategy for transcriptomic profiling of ChAT-eGFP+ and ChAT-eGFP- 

735 MΦ from IWAT of mice housed at 4oC for 4 h.

736 L – Relative expression (pseudocounts) heatmap of genes relevant to acetylcholine signaling in ChAT-eGFP- (n = 

737 4) and ChAT-eGFP+ (n = 3) MΦ.

738 M – Biological pathway analysis of significantly enriched genes in ChAT-eGFP+ MΦ.
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740 Data information: In (C), data are presented as mean ± SEM and the letters “a”, “b” and “c” indicate P < 0.05 

741 between groups (one-way ANOVA). In (D and F-J), data are presented as mean ± SEM where *P < 0.05, **P < 

742 0.01 and ***P < 0.001 (two-tailed Student’s t-test).

743

744

745 Figure 2.  Loss of ChAT in macrophages compromises the adaptive thermogenic capacity of subcutaneous 

746 fat.

747 A – Cell-specific deletion of ChAT was achieved by crossing ChATfl/fl mice with LysM-Cre (MΦ), Cd4-Cre (T 

748 cells) or Mb1-Cre (B cells) mice. 

749 B – ChAT deletion was confirmed in MΦ, CD4+ and CD8+ T cells, and B cells sorted from IWAT of 

750 ChATfl/fl;LysM-Cre (n = 3), ChATfl/fl;Cd4-Cre (n = 4 for ChATfl/fl, n = 3 for Cre for CD4, n = 4 for CD8) and 

751 ChATfl/fl;Mb1-Cre mice (n = 5 for ChATfl/fl and n = 6 for Cre) respectively. 

752 C-D – Body weight (C) and IWAT weight (D) of ChATfl/fl;LysM-Cre (n = 7 for ChATfl/fl, n = 8 for Cre in C, D), 

753 ChATfl/fl;Cd4-Cre (n = 6 for ChATfl/fl and n = 7 for Cre in C, D), ChATfl/fl;Mb1-Cre (n = 12 in C, n = 9 for 

754 ChATfl/fl, n = 8 for Cre in D) and littermate ChATfl/fl mice housed at RT. 

755 E-G – mRNA expression of Chrna2 and thermogenic genes in IWAT of ChATfl/fl;LysM-Cre (n = 24 for 

756 ChATfl/fl_RT, n = 25 for Cre_RT, n = 20 for ChATfl/fl_CE, n = 20 for Cre_CE) (E), ChATfl/fl;Cd4-Cre (n = 17 for 

757 ChATfl/fl_RT, n = 22-23 for Cre_RT, n = 19 for ChATfl/fl_CE, n = 22 for Cre_CE) (F), ChATfl/fl;Mb1-Cre (n = 10 

758 for ChATfl/fl_RT, n = 11 for Cre_RT, n = 9-12 for ChATfl/fl_CE, n = 13 for Cre_CE) (G) and littermate ChATfl/fl 

759 mice housed at RT or 4oC (CE) for 6 h. An insert graph in (E) highlights mRNA expression of Chrna2 and 

760 thermogenic genes in IWAT of ChATfl/fl and ChATfl/fl;LysM-Cre mice after 6 h CE.

761 H – LC/MS-MS was used to quantify Ach secretion from IWAT SVF cells isolated from ChATfl/fl and 

762 ChATfl/fl;LysM-Cre mice housed at RT or 4 h CE (n = 3). n.s.: not significant.

763 I – Immunoblotting for UCP1 and GAPDH (loading control) in IWAT from ChATfl/fl (n = 7) and ChATfl/fl;LysM-

764 Cre (n = 5) mice after 6 h CE. BAT served as a positive control (PC) for UCP1 expression. Film was subjected to 

765 a short and long exposure and size (kDa) is marked on the right hand side. #: non-specific bands. 

766 J – Basal and oligomycin-insensitive OCR of IWAT from cold-exposed ChATfl/fl (n = 11) and ChATfl/fl;LysM-Cre 

767 (n = 13) mice for 6 h.

768 K – Average whole-body oxygen consumption rate (OCR) of ChATfl/fl (n = 10) and ChATfl/fl;LysM-Cre (n = 14) 

769 mice housed in metabolic chambers at RT or CE for 6 h (from 9 a.m. to 3 p.m.).

770 L – Relative mRNA expression of Chrna2 and thermogenic genes in BAT of ChATfl/fl and ChATfl/fl;LysM-Cre 

771 mice housed at RT or 6 h CE (n = 12 for ChATfl/fl_RT, n = 13 for ChATfl/fl;LysM-Cre_RT, n = 15 for ChATfl/fl_CE, 

772 n = 14 for ChATfl/fl;LysM-Cre_CE).
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774 Data information: For (B, E-G and L), mRNA expression was measured by qPCR and normalized to levels of Tbp 

775 using the 2-ΔΔCt method. In (B-E, H and J-K), data are presented as mean ± SEM where *P < 0.05, **P < 0.01 and 

776 ***P < 0.001 (two-tailed Student’s t-test). In (E-G and L), data are presented as mean ± SEM and the letters “a”, 

777 “b” and “c” indicate P < 0.05 between groups (one-way ANOVA). 

778

779

780 Figure 3. ChAMs link adrenergic signaling to beige fat activation. 

781 A – ChAT-eGFP+ cells as a percentage of total IWAT SVF cells from ChAT-eGFP mice housed at RT (n = 7) or 

782 10C for 4 h (n = 3).

783 B – Percentages of total T cells, B cells and MΦ that are ChAT-eGFP+ in IWAT from ChAT-eGFP mice housed 

784 at RT (n = 7) or 10C for 4 h (n = 3).

785 C – ChAT-eGFP+ cells as a percentage of total IWAT SVF cells from β-less ChAT-eGFP mice housed at RT or 

786 10C for 4 h (n = 4). 

787 D – Percentages of total T cells, B cells and MΦ that are ChAT-eGFP+ in IWAT from β-less ChAT-eGFP mice 

788 housed at RT or 10C for 4 h (n = 4). 

789 E – ChAT-eGFP+ cells as a percentage of total IWAT SVF cells from ChAT-eGFP mice treated with vehicle 

790 (veh) or 1 mg/kg NE for 2 h (n = 6).

791 F – Percentages of total T cells, B cells and MΦ that are ChAT-eGFP+ in IWAT from ChAT-eGFP mice treated 

792 with veh or 1 mg/kg NE for 2 h (n = 6).

793 G – Schematic describing the generation of ChAT-eGFP;Cx3cr1CreER-RFP mice by crossing ChAT-eGFP, 

794 Cx3cr1CreER, and Ai14 animals.

795 H – Left: Representative histograms showing RFP expression profile of liver monocyte-derived MΦ (MDMs) and 

796 Kupffer cells (KCs) in ChAT-eGFP;Cx3cr1CreER-RFP mice. Right: Ratio of liver KCs to MDMs that are labeled 

797 RFP- or RFP+ in ChAT-eGFP;Cx3cr1CreER-RFP mice (n = 3).

798 I – Left: Representative flow plots showing ChAT-eGFP+ and Cx3cr1CreER-RFP+ double positive MΦ (yellow 

799 gate) in the IWAT of ChAT-eGFP;Cx3cr1CreER-RFP mice. Right: Percentage of ChAT-eGFP+ MΦ that are RFP- 

800 or RFP+ in the IWAT of ChAT-eGFP;Cx3cr1CreER-RFP mice (n = 5).

801 J – Relative mRNA expression of Adrb1, Adrb2 and Adrb3 in IWAT MΦ sorted from WT mice (n = 4). 

802 Expression was measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method.

803 K – Relative mRNA expression of Adrb1, Adrb2 and Adrb3 in BMDMs (n = 3). mRNA expression was measured 

804 by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method.

805 L – Relative mRNA expression of Chat in BMDMs treated for 2 h with veh or 100 μM NE (n = 6). mRNA 

806 expression was measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

807 M – Total number of ChAT-eGFP+ cells in BMDMs derived from ChAT-eGFP and β-less ChAT-eGFP mice (n = 

808 4). BMDMs were treated for 2 h with veh or 100 μM NE then an equal number of events (50,000) were analyzed 

809 by flow cytometry. n.s.: not significant.

810

811 Data information: In (A-F, H-I and L-M), data are presented as mean ± SEM where *P < 0.05, **P < 0.01 and 

812 ***P < 0.001 (two-tailed Student’s t-test). In (J-K), data are presented as mean ± SEM and the letters “a”, “b” and 

813 “c” indicate P < 0.05 between groups (one-way ANOVA).

814

815

816 Figure 4. ChAMs function selectively via activation of the β2-AR. 

817 A-C – ChAT-eGFP mice were treated with (A) veh (n = 4) or β1-AR agonist (1 mg/kg dobutamine, Dob) (n = 3), 

818 (B) veh (n = 7) or β2-AR agonist (1 mg/kg formoterol, Form) (n = 7) or (C) veh (n = 4) or β3-AR agonist (1 mg/kg 

819 CL 316,243, CL) (n = 4 for MΦ; n = 3 for T cells and B cells) for 4 h and the percentages of total IWAT SVF 

820 cells and of total T cells, B cells and MΦ that were ChAT-eGFP+ were measured by flow cytometry.

821 D-E – Percentage of (D) total IWAT SVF cells and (E) IWAT MΦ expressing ChAT-eGFP in reporter mice with 

822 genetic deletion combinations of β-ARs 1, 2 and 3 following treatment with veh (white bar: n = 7) or 1 mg/kg NE 

823 (black bars: from left to right, n = 7, 5, 4, 5, 4, 7)  for 2 h.

824 F – LC/MS-MS quantification of acetylcholine levels secreted by SVF cells derived from IWAT of β2WT and 

825 β2KO mice treated with veh or 1 mg/kg Form for 2 h (n = 3).

826 G-I – BMDMs were isolated and grown from WT and β-less mice then treated for 2 h with (G) veh (n = 6 WT, n 

827 = 6 β-less) or β1-AR agonist (2.5 μM Dob) (n = 6 WT, n = 6 β-less), (H) veh (n = 6 WT, n = 4 β-less) or β2-AR 

828 agonist (2.5 μM Form) (n = 6 WT, n = 4 β-less) or (I) veh (n = 6 WT, n = 6 β-less) or β3-AR agonist (2.5 μM CL) 

829 (n = 5 WT, n = 6 β-less). Chat mRNA expression was measured by qPCR and normalized to levels of Tbp using 

830 the 2-ΔΔCt method.

831 J – Total number of ChAT-eGFP+ cells in BMDMs derived from ChAT-eGFP mice. BMDMs were treated for 2 h 

832 with veh or β1-AR agonist (2.5 μM Dob), β2-AR agonist (2.5 μM Form) or β3-AR agonist (2.5 μM CL) then an 

833 equal number of events (50,000) were analyzed by flow cytometry (n = 4). 

834 K – Total number of ChAT-eGFP+ cells in BMDMs derived from ChAT-eGFP and β-less ChAT-eGFP mice. 

835 BMDMs were treated for 2 h with veh or β2-AR agonist (2.5 μM Form) then an equal number of events (50,000) 

836 were analyzed by flow cytometry (n = 4). n.s: not significant. 

837 L – Primary MΦ were isolated from IWAT by FACS then seeded into cell culture plates and treated for 2 h with 

838 veh (n = 6) or β2-AR agonist (2.5 μM Form) (n = 4). Chat mRNA expression was measured by qPCR and 

839 normalized to levels of Tbp using the 2-ΔΔCt method.
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840 M – Left: BMDMs were treated for 2 h with veh or pan β-AR agonist (100 μM NE), β2-AR antagonist (5 μM 

841 butoxamine, Buto) or a combination of NE and β2 antagonist (Buto) (n = 6). Chat mRNA expression was 

842 measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method. Right: Total number of ChAT-eGFP+ 

843 BMDMs. ChAT-eGFP BMDMs were treated for 2 h with veh or pan β-AR agonist (100 μM NE), β2-AR 

844 antagonist (5 μM butoxamine, Buto) or a combination of NE and β2-AR antagonist (Buto) (n = 4). An equal 

845 number of events (50,000) were analyzed by flow cytometry.

846 N – Left: Bicompartmental co-culture system with media alone (Ctrl) or WT SVF cells isolated from IWAT in the 

847 upper compartment (transwell insert) and freshly isolated IWAT explants from β-less mice in the lower 

848 compartment. Cells were co-cultured for 4 h in the presence or absence of β2-AR agonist (2.5 μM Form). 150 μM 

849 rivastigmine was added to the media to prevent degradation of Ach. Right: qPCR analyses of Chat and Ucp1 

850 mRNA levels in β-less explants following co-culture with media (n = 4), vehicle (n = 10) or β2-AR agonist (n = 

851 10) treated SVF cells. mRNA expression was measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt 

852 method.

853

854 Data information: In (A-C, F-I, K-L and N), data are presented as mean ± SEM where *P < 0.05, **P < 0.01 and 

855 ***P < 0.001 (two-tailed Student’s t-test). In (D-E), data are presented as mean ± SEM where ***P < 0.001 

856 compared to vehicle-treated (two-tailed Student’s t-test). In (J and M), data are presented as mean ± SEM and the 

857 letters “a”, “b” and “c” indicate P < 0.05 between groups (one-way ANOVA).

858 Expanded View

859

860

861 Figure EV1. Related to Figure 1. Acetylcholine-synthesizing macrophages reside in subcutaneous fat. 

862 A – High-resolution three-dimensional imaging of WT and ChAT-eGFP IWAT using the Adipo-Clear method 

863 (Chi et al., 2018) and lightsheet fluorescence microscopy. Whole IWAT was stained with Alexa Fluor 488-

864 conjugated anti-GFP antibody to visualize ChAT-eGFP-expressing cells. High-magnification sections are shown 

865 to the right of each sample. Scale bars: 200 μm. 

866 B – Representative gating strategy for identification of ChAT-eGFP+ cells by flow cytometry. Fluorescence-

867 minus-one (FMO) controls using WT cells were used to define the ChAT-eGFP+ population and an open channel 

868 (488 nm excitation, 710/50 nm emission) was used to account for autofluorescence. FSC-A, forward scatter area; 

869 SSC-A, side scatter area; SSC-W, side scatter width; SSC-H, side scatter height; FSC-H, forward scatter height; 

870 FSC-W, forward scatter width.

871 C – Flow cytometry analysis of tdTomato+ CD45+ ChAT-eGFP+ cells in IWAT SVF from ChAT-Cre;Ai14 mice 

872 (indelible marking of ChAT+ cells with tdTomato) or ChAT-Cre;Ai14 ChAT-eGFP double reporter mice (GFP 

873 marks cells actively expressing ChAT). tdTomato+ eGFP+ cells are gated orange. 
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874 D – Representative gating strategy for adipose tissue immunophenotyping. Forward and side scatter properties 

875 were used to remove debris and doublets, and a viability dye was used to exclude dead cells. FMOs were included 

876 to demarcate the positive and negative populations for each molecular surface marker. Within the hematopoietic 

877 (CD45+) population, the following cell types were defined: MΦ (Macs; CD11b+ CD64+), eosinophils (Eos; 

878 CD11b+ CD64- SiglecF+), neutrophils (Neut; CD11b+ CD64- SiglecF- Ly6G+), dendritic cells (DCs; CD11b+ 

879 CD64- SiglecF- Ly6G- F4/80- CD11c+), T cells (CD11b- CD3+ CD19-) and B cells (CD11b- CD3- CD19+). 

880 E – Top: Representative gating strategy for identification of neutrophils and eosinophils in IWAT, using FMOs to 

881 define gate boundaries. Bottom: Absence of ChAT-eGFP+ neutrophils and eosinophils in IWAT.

882

883

884 Figure EV2. Related to Figure 1. Acetylcholine-synthesizing macrophages reside in subcutaneous fat. 

885 A – Percentages of CD45+ and CD45- cells labeled RFP- or RFP+ by flow cytometry analysis of ChAT-eGFP;Vav-

886 iCre-RFP IWAT (n = 6). To confirm the hematopoietic specificity and efficiency of the Vav-iCre driver, we 

887 generated ChAT-eGFP;Vav-iCre-RFP mice in which RFP expression was under the control of a loxP-flanked 

888 STOP cassette. Vav-iCre was highly specific for CD45+ hematopoietic cells (compared to CD45- cells), and 

889 showed very high efficiency for recombination in immune cell types such as T cells, B cells and MΦ.

890 B – Percentages of T cells, B cells and MΦ labeled RFP- or RFP+ by flow cytometry analysis of ChAT-

891 eGFP;Vav-iCre-RFP IWAT (n = 6). 

892 C – Percentage of total ChAT-eGFP+ cells labeled RFP- or RFP+ by flow cytometry analysis of ChAT-eGFP;Vav-

893 iCre-RFP IWAT (n = 6). Double positivity for ChAT-eGFP and Vav-iCre-RFP, confirmed Vav-iCre as a relevant 

894 hematopoietic deletion model to study ChAT-expressing immune cells.

895 D – Percentages of ChAT-eGFP+ T cells, B cells and MΦ labeled RFP- or RFP+ by flow cytometry analysis of 

896 ChAT-eGFP;Vav-iCre-RFP IWAT (n = 6).

897 E – Representative flow plots showing the percentage of ChAT-eGFP+ MΦ (out of all IWAT MΦ) at RT and after 

898 4 h CE. Related to Fig 1H. 

899 F – Left: T cells as a percentage of all ChAT-eGFP+ cells at RT and CE (n = 11). Right: Total number of ChAT-

900 eGFP+ T cells at RT and CE (n = 11). 

901 G – Left: B cells as a percentage of all ChAT-eGFP+ cells at RT and CE (n = 11). Right: Total number of ChAT-

902 eGFP+ B cells at RT and CE (n = 11).

903 H – Other CD45+ cells as a percentage of all ChAT-eGFP+ cells at RT and CE (n = 11). 

904 I – Ki67 expression in IWAT MΦ from mice fed a chow diet or high-fat diet (HFD), included as a positive 

905 control, since increasing expression of Ki67 has previously been reported for adipose MΦ from mice fed a high-

906 fat diet compared to chow (Amano et al, 2014). Counts are normalized to the mode.

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

907 J – Relative mRNA levels (pseudocounts) of genes relevant to acetylcholine signaling, including the choline 

908 transporter (Slc5a7) and the vesicular acetylcholine transport (Slc18a3), in ChAT-eGFP- (n = 4) and ChAT-eGFP+ 

909 (n = 3) MΦ by RNA-seq. Related to Fig 1L.

910 K – Relative mRNA levels of Chat, Slc18a3 and Slc5a7 in sorted ChAT-eGFP- and ChAT-eGFP+ hematopoietic 

911 cells (CD45+) (n = 4). Gene expression was analyzed by qPCR and normalized to levels of Tbp using the 2-ΔΔCt 

912 method.

913 L – Relative Chat expression in sorted T cells (CD45+ CD11b- CD3+ CD19-), B cells (CD45+ CD11b- CD3- 

914 CD19+) and MΦ (CD45+ CD11b+ CD64+) from WT IWAT (n = 4). Gene expression was analyzed by qPCR and 

915 normalized to levels of Tbp using the 2-ΔΔCt method.

916 M-N – RNA-seq data for fat-derived Lyve1hi and Lyve1lo MΦ (Chakarov et al, 2019) were procured from the 

917 Gene Expression Omnibus (GEO) Series Accession GSE125667. (M) Biological pathway analysis of enriched 

918 genes in Lyve1lo, Lyve1hi (left) or ChAT-eGFP+ MΦ (right) was performed. Common biological pathways were 

919 not detected across the subpopulations. Lyve1lo and Lyve1hi MΦ highly expressed genes for immune regulation 

920 and/or inflammation, whereas ChAT-eGFP+ MΦ revealed enriched expression of genes in neuronal and 

921 adrenergic signaling. (N) Relative expression (pseudocounts) of genes relevant to acetylcholine signaling in 

922 Lyve1hi, Lyve1lo and ChAT-eGFP+ MΦ (n = 3). Counts for Gfp, Chat, Bche and Slc18a3 were not available in the 

923 GSE125667 dataset.

924 O-R – RNA-seq data for subcutaneous fat-derived sympathetic neuron-associated MΦ (SAM) (Pirzgalska et al, 

925 2017) were procured from the GEO Series Accession GSE103847. (O) Biological pathway analysis of commonly 

926 enriched genes in SAM and ChAT-eGFP+ MΦ. (P) Gene expression correlation plot between ChAT-eGFP+ MΦ 

927 and SAM. Spearman correlation coefficient (r) test did not indicate strong association in global gene expression 

928 between ChAT-eGFP+ MΦ and SAM. (Q) Biological pathway analysis of uniquely expressed genes in ChAT-

929 eGFP+ MΦ versus SAM. Transcriptomic comparison of ChAT-eGFP+ MΦ and SAM suggested overlapping 

930 molecular features in intrinsic macrophage marker profiles or properties. However, ChAT-eGFP+ MΦ was 

931 identified as a distinct population from SAM with an enrichment of neuronal signaling. (R) Relative expression 

932 (pseudocounts) of genes relevant to acetylcholine signaling in ChAT-eGFP+ MΦ and SAM (n = 3 for ChAT-

933 eGFP+ MΦ, 2 for SAM). Counts for Gfp were not available in the GSE103847 dataset.

934

935 Data information: In (A-D, F-H and J-K), data are presented as mean ± SEM where *P < 0.05, **P < 0.01 and 

936 ***P < 0.001 (two-tailed Student’s t-test). In (L), data are presented as mean ± SEM and the letters “a” and “b” 

937 indicate P < 0.05 between groups (one-way ANOVA).

938

939
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940 Figure EV3. Related to Figure 2. Loss of ChAT in macrophages compromises the adaptive thermogenic 

941 capacity of subcutaneous fat.

942 A – Percentages of MΦ, DCs, eosinophils and neutrophils labeled RFP- or RFP+ by flow cytometry analysis of 

943 ChAT-eGFP;LysM-Cre-RFP IWAT showing specificity and efficiency of LysM-Cre-driven recombination in 

944 myeloid cell types (n = 5). Variations in specificity and efficiency of the LysM-Cre driver in different tissue 

945 settings have been reported since its inception (Clausen et al, 1999), where it deletes to varying extents among 

946 myeloid cell types including MΦ, granulocytes and DCs (Abram et al, 2014; Shi et al, 2018). As such, we 

947 generated ChAT-eGFP;LysM-Cre-RFP mice to assess LysM-Cre-driven labeling in IWAT myeloid cells, and in 

948 particular, in our ChAT-expressing cells of interest. MΦ exhibited the highest degree of RFP+ labeling, at >90%, 

949 while neutrophils (~80%), DCs (~35%) and eosinophils (~9%) were also labeled RFP+ to lesser extents.

950 B – Percentages of ChAT-eGFP+ MΦ, DCs, eosinophils and neutrophils labeled RFP- or RFP+ by flow cytometry 

951 analysis of ChAT-eGFP;LysM-Cre-RFP IWAT (n = 5). ChAT-eGFP+ eosinophils and neutrophils were not 

952 detected (n.d.). >90% of ChAT-eGFP+ MΦ were RFP+, confirming the utility of the LysM-Cre model in studying 

953 ChAT-expressing MΦ. In contrast, the proportionally-minor ChAT-eGFP+ DC population exhibited only ~15% 

954 RFP+ labeling, while no ChAT-eGFP+ eosinophils or neutrophils were detected.

955 C – Rectal core body temperature of ChATfl/fl and ChATfl/fl;LysM-Cre mice housed at RT (n = 10 for ChATfl/fl, n = 

956 14 for Cre) or 6 h CE (n = 9 for ChATfl/fl, n = 13 for Cre).

957 D – Average energy expenditure of ChATfl/fl (n = 10) and ChATfl/fl;LysM-Cre (n = 14) mice housed in metabolic 

958 chambers at RT or CE for 6 h (from 9 a.m. to 3 p.m.).

959 E – Relative mRNA expression of Chrna2 and shivering thermogenic genes in skeletal muscle of ChATfl/fl and 

960 ChATfl/fl;LysM-Cre mice housed at RT (n = 10) or 6 h CE (n = 8). Gene expression was analyzed by qPCR and 

961 normalized to levels of Tbp using the 2-ΔΔCt method.

962 F – Average locomotor activity of ChATfl/fl (n = 10) and ChATfl/fl;LysM-Cre (n = 14) mice housed in metabolic 

963 chambers at RT or CE for 6 h (from 9 a.m. to 3 p.m.).

964 G-H – Relative mRNA expression of Chrna2 and thermogenic genes in BAT of ChATfl/fl;Cd4-Cre (n = 14 for 

965 ChATfl/fl_RT, n = 8 for Cre_RT, n = 16 for ChATfl/fl_CE, n = 9 for Cre_CE) (G), ChATfl/fl;Mb1-Cre (n = 9 for 

966 ChATfl/fl_RT, n = 10 for Cre_RT, n = 9 for ChATfl/fl_CE, n = 9 for Cre_CE) (H) and littermate ChATfl/fl mice 

967 housed at RT or 6 h CE. 

968

969 Data information: In (A-D and F), data are presented as mean ± SEM where ***P < 0.001 (two-tailed Student’s t-

970 test). In (E and G-H), data are presented as mean ± SEM and the letters “a” and “b” indicate P < 0.05 between 

971 groups (one-way ANOVA).

972
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974 Figure EV4. Related to Figure 3. ChAMs link adrenergic signaling to beige fat activation. 

975 A – Representative gating strategy for identification of monocyte-derived MΦ (MDMs; CD45+ SiglecF- Ly6G- 

976 CD11bhi F4/80lo) and Kupffer cells (KCs; CD45+ SiglecF- Ly6G- CD11blo F4/80hi) in liver non-parenchymal cells.

977 B – Left: Representative gating strategy for identification of BMDMs (CD45+ CD11b+ F4/80+). WT BMDMs 

978 were used as an FMO control to establish the ChAT-eGFP+ gate. Right: Percentage of BMDMs that were ChAT-

979 eGFP+ (n = 24). 

980 C – Percentage of BMDMs grown from ChAT-eGFP and β-less ChAT-eGFP mice that are ChAT-eGFP+ 

981 following 2 h treatment with veh or 100 μM NE (n = 4). Data was drawn from the same experiments as Fig 3M. 

982 n.s.: not significant.

983

984 Data information: In (B-C), data are presented as mean ± SEM where ***P < 0.001 (two-tailed Student’s t-test).

985

986

987 Figure EV5. Related to Figure 4. ChAMs function via activation of the β2-AR. 

988 A-B – ChAT-eGFP mice were treated for 4 h with veh or β2-AR agonist (1 mg/kg formoterol, Form) and the (A) 

989 percentage of total BAT SVF cells (left) and of total T cells, B cells and MΦ (right) that were ChAT-eGFP+ were 

990 measured by flow cytometry, in addition to (B) the total number of ChAT-eGFP+ cells (left), ChAT-eGFP+ T 

991 cells, B cells and MΦ (right) (n = 3).

992 C-D – β-less ChAT-eGFP mice were treated for 4 h with veh or β2-AR agonist (1 mg/kg Form) and the 

993 percentage of (C) ChAT-eGFP+ IWAT SVF cells and (D) ChAT-eGFP+ T cells, B cells and MΦ was measured by 

994 flow cytometry (n = 4).

995 E-F – BMDMs were isolated and grown from WT and β-less mice then treated for 2 h with (E) veh or β1-AR 

996 agonist (2.5 μM denopamine, Deno) (n = 6) or (F) veh or β2-AR agonist (10 μM terbutaline, Terb) (n = 4). Chat 

997 mRNA expression was measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method.

998 G – Total number of ChAT-eGFP+ cells (left) and percentage of ChAT-eGFP+ cells (right) in BMDMs treated for 

999 2 h with veh or β2-AR agonist (10 μM Terb) (n = 4). An equal number of events (50,000) were analyzed by flow 

1000 cytometry.

1001 H – Percentage ChAT-eGFP+ cells of all BMDMs derived from ChAT-eGFP mice. BMDMs were treated for 2 h 

1002 with veh or β1-AR agonist (2.5 μM Dob), β2-AR agonist (2.5 μM Form) or β3-AR agonist (2.5 μM CL) then an 

1003 equal number of events (50,000) were analyzed by flow cytometry (n = 4). Data was drawn from the same 

1004 experiments as Fig 4J.

1005 I – Percentage of ChAT-eGFP+ cells of all BMDMs derived from ChAT-eGFP and β-less ChAT-eGFP mice. 

1006 BMDMs were treated for 2 h with veh or β2-AR agonist (2.5 μM Form) then an equal number of events (50,000) 
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1007 were analyzed by flow cytometry (n = 4). Data was drawn from the same experiments as Fig 4K. n.s: not 

1008 significant.

1009 J – Percentage of ChAT-eGFP+ cells, of all BMDMs. ChAT-eGFP BMDMs were treated for 2 h with veh or pan 

1010 β-AR agonist (100 μM NE), β2-AR antagonist (5 μM butoxamine, Buto) or a combination of NE and β2-AR 

1011 antagonist (Buto). An equal number of events (50,000) were analyzed by flow cytometry (n = 4). Data was drawn 

1012 from the same experiments as Fig 4M.

1013 K – BMDMs were treated for 2 h with veh or pan β-AR agonist (100 μM NE), β2-AR antagonist (5 μM ICI 

1014 118,551, ICI) or a combination of NE and β2-AR antagonist (ICI) (n = 8). Total number of ChAT-eGFP+ BMDMs 

1015 (left) and the percentage of ChAT-eGFP+ cells, of all BMDMs (right) were measured. An equal number of events 

1016 (50,000) were analyzed by flow cytometry.

1017 L – Left: schematic showing bicompartmental co-culture system for growing BM-ATMs, whereby BMDMs are 

1018 differentiated then grown for 2 days in the presence of IWAT in the upper chamber. Middle: Relative mRNA 

1019 expression of Adrb1, Adrb2 and Adrb3 in BM-ATMs (n = 6). mRNA expression was measured by qPCR and 

1020 normalized to levels of Tbp using the 2-ΔΔCt method. Right: Relative Chat mRNA expression in BM-ATMs 

1021 isolated and differentiated from WT or β-less mice, treated for 2 h with vehicle or β2-AR agonist (10 μM Terb) (n 

1022 = 4). mRNA expression was measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method.

1023 M – Left: Bicompartmental co-culture system with media alone (Ctrl) or SVF cells isolated from β2KO or 

1024 ChATfl/fl;LysM-Cre IWAT in the upper compartment (transwell insert) and freshly isolated IWAT explants from 

1025 β-less mice in the lower compartment. Cells were co-cultured for 4h in the presence or absence of 2.5 μM β2-AR 

1026 agonist (Form). 150 μM rivastigmine was added to the media to prevent degradation of Ach. Right: qPCR 

1027 analyses of Chat and Ucp1 mRNA levels in β-less explants following co-culture with media, vehicle- or β2-AR 

1028 agonist-treated SVF cells from β2KO (n = 4) or ChATfl/fl;LysM-Cre (n = 3) IWAT. mRNA expression was 

1029 measured by qPCR and normalized to levels of Tbp using the 2-ΔΔCt method. n.s.: not significant.

1030

1031 Data information: In (A-G, I and L-M), data are presented as mean ± SEM where *P < 0.05 and ***P < 0.001 

1032 (two-tailed Student’s t-test). In (H and J-L), data are presented as mean ± SEM and the letters “a”, “b” and “c” 

1033 indicate P < 0.05 between groups (one-way ANOVA).
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