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Abstract

The balance between caloric intake and energy expenditure is maintained by key interoceptive
neuronal populations within the hypothalamus that sense internal cues associated with energetic state.
The nature of the recruitment of brown adipose tissue (BAT) thermogenesis has captured the
imagination of metabolic neuroscientists for the last 40 years; ultimately in pursuit of a means by which
to harness its therapeutic potential for the treatment of metabolic disorders. Despite extensive research
in this field, the central determinants of meal-activated (postprandial) sympathetic outflow to brown fat
remain poorly defined. In this thesis, the overarching aim was to investigate the role of hypothalamic

glucose-sensing neurons in transducing postprandial cues into BAT-directed sympathetic drive.

The works presented here utilise a number of pivotal experimental strategies that have been
used individually and in combination, including transsynaptic retrograde viral tracing, patch-clamp
electrophysiology and in vivo loss-of-function or chemogenetic manipulation studies. First, we
demonstrate that hypothalamic pre-autonomic and arcuate nucleus (ARC) neurons, that have a defined
multi-synaptic trajectory to brown fat, are responsive to fluctuations in extracellular glucose
concentration. Dissection of the axonal trajectory of BAT-projecting neurons in the ARC revealed the
existence of parallel circuits with indications of redundancy relating to their glucose-sensing capacity.
Importantly, we found that proopiomelanocortin (POMC)-expressing neurons comprise the vast majority
of BAT-directed neurons that are activated by elevated glucose in both the ARC and the adjacent
retrochiasmatic area, providing a candidate neuronal population that could orchestrate the postprandial

activation of BAT thermogenesis.

In support of this premise, we demonstrate that chemogenetic stimulation of POMC neurons is
sufficient to rapidly activate brown fat thermogenesis via a melanocortin-3/4 receptor-dependent
mechanism. We extend this finding to reveal that meal-induced activation of POMC neurons contributes
to postprandial thermogenesis in BAT by combining acute pharmacological/chemogenetic loss-of-
function strategies with a fast-refeed paradigm. These findings were further substantiated by the
permanent ablation of hypothalamic POMC neurons, which produced similar defects in diet-induced

thermogenic responses.

In view of accumulating evidence for an intermediary role played by astrocytes in neuronal
glucose-sensing, we sought to investigate the mechanism of glucose-induced changes to POMC
neuron activity. Here, we reveal a novel adenosine A1 receptor-dependent mechanism that mediates
the glucose-induced excitation of POMC cells. Crucially, we establish that astrocyte-dependent
metabolism of glucose leads to increased local adenosine production, which in turn acts in a paracrine
manner to activate POMC neurons. The role of astrocyte-derived adenosine in this pathway was
confirmed by studies involving the chemogenetic stimulation of mediobasal hypothalamic astrocytes,
also revealing changes to brown fat thermogenesis in vivo that are similar to that arising from POMC

neuron activation.

The findings presented in this thesis advance our understanding of how hypothalamic POMC

neuron activity is regulated in the postprandial state, and therefore how this neuronal population



contributes to the regulation of meal-induced thermogenesis in brown fat. These data have implications
for future investigations relating to the neural control of metabolism, and may inform the development

of novel therapies for obesity and associated disorders.



Declaration

This thesis is an original work of my research and contains no material which has been accepted for
the award of any other degree or diploma at any university or equivalent institution and that, to the best
of my knowledge and belief, this thesis contains no material previously published or written by another

person, except where due reference is made in the text of the thesis.

Signature:

Print Name: Paul Nicholas Mirabella

Date: 5t June, 2020



Acknowledgements

I would like to extend my deepest gratitude to everyone who has taught me, supported me and
lifted me over the last four years during my PhD studies. This work could not have been possible without

your unfailing encouragement, counsel and guidance.

Brian “BJO, but not BO or BJ” Oldfield, you have been truly instrumental in almost every aspect
of my growth over the past years. | want to start by saying that | do not take for granted how rare it is to
find a supervisor that always has their office door literally and metaphorically open for the most minor
to the most serious of experimental (and other) setbacks. Thank you for all of the opportunities that you
allowed me along this journey; it's crazy to think how much has happened between our two (quite
literally) “Keystone” experiences together — the first before my PhD in Snowbird, to the most recent in
Banff — which, each in their own right, will be forever memorable. Know that, despite your scepticism to
the claim or to accept it as a compliment, you have instilled in me some of the most important qualities
that define a “neuroanatomist” (i.e. a “dinosaur neuroscientist”), and | will value these for (hopefully) the

rest of my career as a neuroscientist.

Dave “Mate” Spanswick, the real-life caricature of an eccentric electrophysiologist who wants
nothing more than to be left alone at his rig (but instead finds himself more in the air than on ground).
While | had no concept of it at the time, it's really a miracle that you made that commitment to help me
make something of what should have been a doomed-to-fail Honours project, all those years ago.
Instead, it blossomed into what now constitutes my PhD, and | am forever grateful to you, not only for
giving me the opportunity to learn how to patch-clamp, but for cultivating in me a passion for the
complexities of neural activity and signalling that makes neuroscience so wonderful; especially to the

eye of an electrophysiologist.

To Claire “Bro” Foldi, my officially-unofficial supervisor and mentor; who would have known that
you would come to be one of the most influential people for both my professional and personal
development over these years. Almost every facet of who | am today has been, knowingly or
unknowingly to us both, chiselled and polished by your exceptionally brilliant mind (and sense of humour
to boot). More than just being an ever-present support, you have taught me one of the most valuable
lessons: that unwavering dedication to your work and... “having a good time” are not mutually exclusive
feats. Rather, commitment and hard work inevitably makes the other only more enjoyable. | haven’t
quite grasped why this means so much to me, but I'm sure with your guidance, we’ll uncover that. I'm
excited for what lies ahead for us both in our careers, and | look forward to continuing to grow through

my learning from you.

To the remaining members of the Oldfield and Spanswick labs: Erika “Kika/Parce” Greaves,
Aneta Stefanidis, Jess “Huddo” Hudson, Greg Conductier, Laura Milton and other students that have
come and gone through the years; thank you so much for your unwavering support and for making
every day in the lab something to look forward to. Individually, you have each played an incredibly

important role in my growth and for maintaining my (apparent) sanity during my PhD.



Thank you to the undergraduate students, Tom McCord, Eliza O’Shea and Marie Herrnhold
who assisted me at different points through the years with the successful completion of a number of

experiments; some of which are included in this thesis, and others which are produced elsewhere.

To other members of the Department of Physiology, particularly those in Zane Andrews’ Lab, it

has been a pleasure to unofficially collaborate and nurture our passion for (neuro)science together.

To my dearest friends Rebecca Harvey, Ashleigh Mosele, Rachael Massarotti and Deana
Moltisanti; where would | be without you? Not only did you help me survive the inevitable lows
throughout my candidature, you were by my side for each and every monumental high, propelling me
along the way to help me arrive at this point. THANK YOU my darlings, | am forever thankful.

To my amazing family: Mum, Dad, Lisa, Michael and Meg. Where do | begin? It's particularly
difficult to put into words how eternally grateful | am to you all. To say that | am lucky/fortunate/blessed
to have you behind me — to help me get through what felt like most impossible of times — is an
understatement. You are all so effortlessly selfless, and you have each contributed, in unique ways, to
my progress and growth during my PhD. | will never take for granted how much you gave, without ever
asking nor expecting anything in return, over these years. | know we don’t have long until | leave you,
but | promise to make the most of this “downtime” over the next couple of months... especially to spend
time with my darling angel, Frankie.

Lastly, to my “hubby”, Mark. Wowee — it's been a hell of a ride. Your stability (despite of my
incessant volatility) during these years is truly remarkable. | cannot begin to thank you enough for
getting me through what has been one of the most difficult periods of my life. You have been
exceptionally generous and forgiving, and it's hard to imagine a life without you. It's also extremely
strange to think that you don’t know me in any form other than being a stressed and broke PhD student.
It's can only get better... right? Well, here’s to hoping anyway; bring on our new chapter together in
Germany!

\Y



Table of Contents

CopPYright NOLICE...... ... s i
ADSTFaCT.......ceeee e ————————————— i
Declaration..........i i iv
Acknowledgements..........coiiiiiiiiiiiiiii i ———— v
Table of Contents.........ccooiiii e ————— vii
IS o) T LT Xi
List Of TabIes ...t Xii
AbDreviations ... ——————— xiv
Chapter 1: General Introduction ... s 1
1.1 When obesity blows out of proportion .............ccco oo, 2
1.2 The rise and fall of obesity pharmacotherapies..............cccco 3
1.3 Brown adipose tissue: a new hope for obesity? .............ccc 4
1.3.1 The beginnings Of @ NEW €ra........c.ooiiiiiii s 4

1.3.2 BAT biology: A reN@ISSANCE .........eeiiiiiiiiiiiiiee et 5

1.4 BAT structure, biochemistry and innervation............cccccccooi i, 6
1.4.1 How is brown fat different? ... 6

1.4.2 The biochemistry of thermogenesis in brown fat............ccccooviiii i, 7

14.3 The adrenergic control of thermogenic processes in brown fat.............c.ccccoveene. 7

1.5 How does BAT weigh up as a target for obesity treatment? ............................. 9
1.5.1 A debunked “MYth” ... 9

1.5.2 Clinical evidence for the metabolic benefits of brown fat activity .............ccc.ccceee. 10

1.6 Peripheral factors in the regulation of adaptive BAT thermogenesis ........................ 11
1.7 The origins of brown fat-directed sympathetic outflow ......................col, 12
1.7.1 Cold-induced thermOgEeNESIS. ..........iii i 13

1.7.2 Diet-induced thermogenesis: elusive central determinants ..........................o . 14

1.8 The melanocortin system: a primary regulator of energy balance .......................... 15
1.8.1 Melanocortin signal transAuCtioN.............ooiiiiiiii e 15

1.8.2 Location of hypothalamic POMC and AgRP/NPY neurons...........ccccccceveeeeeinnnen. 15

1.8.3 Melanocortin signalling and BAT thermogenesis ..., 16

1.9 Sensing changes in circulating glucose by the brain.....................co, 18
1.9.1 The role for astrocytes in neuronal glucoSe-SensinNg .........ccocveeeeiiiieeeiiiiee e, 19

19.2 How do astrocytes communicate glucose availability? ..............cccccoiieiiiiiiicinnen, 20

1.9.3 Adenosine signalling: a link between glucose and the melanocortin system? ...... 20

194 Glucose and POMC neurons: regulators of postprandial thermogenesis?............ 21

1.10 Aims and hypotheses of thesis ... 22

vii



Chapter 2: General Methods ...........co s 23

2.1 Animals, Breeding and HUSDaNAIY ..........cooiiiiiiiiiii e 24
211 WIlA-LYPE FALS ... 24
21.2 Wild-type and transSgenic MICE ..........coiiiiiiiiiiiiie e 24
213 L€ T=T gTe] 1Y/ o] o Ve R PSPPSR 25

2.2 Surgeries: anaesthesia and analgesia ...........ooocuuiiiiiiiiiii s 26

2.3 Interscapular brown fat temperature measurement ..................coooiiiieeiiiieiiien. 26

Chapter 3: Investigation of the glucose-sensitivity of hypothalamic neurons

projecting to brown fat ... 28
B0 Tt O [0 Yo [ o 1) o 29
3.2 Experimental ProCeAUIES ........ccoiiiiiiiiei et e e 31

3.2.1 Tracing BAT-directed neurons using pseudorabies Virus ..........cccocceeeeviiieeennnnenn. 31
3.2.2 Preparation of brain slices for patch-clamp recording..........ccccocovviiiiiiiiiniiine e 31
3.2.3 Whole-cell patch-clamp recording details ...........cceeeiiiiiiiiiiiiieee s 32
3.2.4 Testing glucose-sensitivity and data handling...........cccccooi s 32
3.2.5 Tracing monosynaptic axonal trajectory of BAT-projecting neurons...................... 33
3.2.6 Immunohistochemistry and MICrOSCOPY .......ccoiruureieiiiriie it 34
3.2.7 D4 0o |- O P SO PP UT PRSP 35
3.2.8 Statistical @NAIYSES .......ooiiiiiiie s 35
B TR T (=T (R 36
3.3.1 PRV-infected neurons are viable for electrophysiological recording...................... 36
3.3.2 Hypothalamic BAT-projecting neurons sense changes in glucose availability ...... 41
3.3.3 Mediobasal hypothalamus glucose-sensors project to brown fat via multiple relays.
..................................................................................................................... 45

3.34 POMC neurons project to brown fat and constitute most glucose-excited neurons in
the ARC and RCA ... et e e eene e 49

B T I =T U7 o o R 53
3.4.1 Extending the connection between glucose-sensing and brown fat activity .......... 53
3.4.2 Rationalising a functional relevance for BAT-directed hypothalamic glucose-sensors
..................................................................................................................... 54

3.4.3 An evaluation of function-specific glucose-sensing circuitry projecting to BAT .....58
3.4.4 Glucose-sensing POMC circuits projecting to brown fat: a discussion of the evidence
for functional redUNdancCy ............oooi i 59

3.4.5 CONCIUSIONS ...ttt b et e s e nereas 63

Chapter 4: Hypothalamic POMC neurons in the regulation of postprandial

thermogenesis. ... —————————————— 64
4.1 INtrOAUCHION. ... 65
4.2 Experimental ProCedUures ..o 66

4.2.1 Validation of Pomc!RES-Cre transgenic MOUSE ............coveeverieeieieieieiecece e 66
422 Chemogenetic manipulation of POMC NEUrons............oooiiiiiiiiiiiiiiiiieeee e 66

viii



42.3 Central administration of melanocortin receptor modulators ..............ccccccceeiiiiies 66
424 POMC neuron ablation Strategy ...........ccooiiiiiiiiiii e 67
425 Electrophysiological validation of DREADD function in ex vivo brain slices.......... 67
4.2.6 Stereotaxic cannulation and virus injeCtion ............cccovceeeeiiii e 68
427 Brain tissue preparation & immunohistochemistry............ccccccoiiiiiii e, 69
4.2.8 )] BT T PP PSP PPTTPPPPP 69
429 StatistiCal @NaAIYSES........veiiiiee e 69

4.3 RESUIS .. 71
431 Hypothalamic POMC neurons are sufficient to drive brown fat thermogenesis..... 71
43.2 Postprandial BAT thermogenesis is partially attributed to POMC neuron activity . 75
43.3 Hypothalamic POMC neuron deletion reduces postprandial BAT thermogenesis 78

B [ 1ol § 1 (o] P 82
441 = 1110 = - S 82
442 Validation of melanocortin-driven thermogenesis ..........ccccccooevciiiieeeee e, 83
443 Evidence for the involvement of the melanocortin system in the regulation of
postprandial thermogeNESIS .........couvvviiiiiiiiii e 84

444 Melanocortin-independent regulators of postprandial thermogenesis? ................. 85
44.5 Commentary on manipulations of food intake.............cccooviiiiiiiii e, 87
446 1070 Tod 013 o] o 1= PSSP 88
Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-
derived SIignalS ... 89
S0t O [0 Yo [ o 1) o 90
5.2 Experimental ProCeAUIES .........coiiiiiiiiei et e e 92
5.2.1 Preparation of brain slices for ex vivo recording ..........cccooeeeeiiiie e 92
52.2 Electrophysiology: Investigating POMC glucose-sensing mechanism .................. 92
5.2.3 Adenosine receptor antagonism food intake and energy expenditure studies ...... 93
524 Electrophysiology: Investigating astrocyte communication to POMC neurons...... 93
5.2.5 FOS @NAIYSIS. ... e 94
5.2.6 Astrocyte activation food intake and brown adipose tissue temperature studies .. 94
5.2.7 Stereotaxic cannulation and virus iNJECtoN ............ceeiiiiiiii e, 94
5.2.8 Brain tissue preparation & immunohistochemistry............ccccccooiiiiiiiiii i, 95
5.2.9 4 0o | S USRI RR 96
5.2.10 Statistical @NaAlYSES.........eoiiii 96

SR T (=T (TR 98
5.3.1 POMC neuron glucose-responsiveness is heterogeneous............cccoceevveeeneeennnen. 98
53.2 Adenosine receptor-regulated glucose-sensing in POMC neurons..................... 102
5.3.3 Adenosine receptor subtypes involved in POMC neuron glucose-sensing......... 105
534 Astrocytic Cx43 hemichannel-dependent regulation of POMC glucose-sensing. 110
5.3.5 Ectonucleotidease activity and astrocyte metabolism contribute to POMC neuron
GIUCOSE-SENSING ....eteiiieieiee ettt et et e et e e et e e e e nbt e e e e nbe e e e e anneeeeeannes 114

5.3.6 DREADD-mediated stimulation of mediobasal hypothalamus astrocytes activates

adjacent POMOC NEUFONS ........ooiiiiiiiiciiiieee e e ettt e e e e e s e e e e e e s e saraaeeeaeeeeeaanes 117



5.3.7 Astrocyte-mediated activation of both POMC and AgRP neurons....................... 121

5.4 DiISCUSSION ...ttt e e 125
5.4.1 Novel insights into the heterogeneity of hypothalamic POMC neuron glucose-
ES1=] 0 £ o To R UPS T PP PP PPR 125

54.2 Adenosine receptor regulation of POMC neuron activity ...........ccccocceeeiiiieeennnne. 127

54.3 A model for astrocyte-regulated glucose-sensing in POMC neurons................... 129

544 In vivo relevance of mediobasal hypothalamus astrocyte activity........................ 131

54.5 L070] o1 11 ] o] o 1= SRR 132
Chapter 6: General DiSCUSSION .........cooiiiiiieeeccsiii s ennes 133
G0t I = 1= o V=T Y = SRS 134
6.2 “Food” for thought: more on the regulation of postprandial thermogenesis ............ 135
6.2.1 Divergence in circuitry regulating cold- and diet-induced thermogenesis............ 135

6.2.2 Astrocyte-derived adenosine, energy availability and brown fat thermogenesis . 136

6.2.3 Other central and peripheral determinants...........cccccoviiiiiin e 136

6.3 A unified perspective: POMC-regulated postprandial thermogenesis in BAT ......... 138
6.4 CoNCIUdING rEMArKS ... 139
Chapter 7: List of References ... 140



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 2.1

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 4.1

Figure 4.2

Figure 4.3

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

List of Figures

Prevalence of overweight and obesity in Australian adults over the last ~25
years

Representative regional distribution of brown fat in adult humans

Morphological and UCP1 expression differences in human brown and white
fat histological specimens

The intracellular mechanisms underlying uncoupled respiration following
adrenergic stimulation of the brown adipocyte

A schematic stencilling part of the neurocircuitry involved in the regulation of
BAT-directed sympathetic outflow

Demarcation of the boundaries of the ARC and RCA in the rat
hypothalamus

The classical model accepted to mediate neuronal glucose-induced
excitations

Temperature transponder placement underneath interscapular brown fat

Hypothalamic BAT-projecting neurons defined by PRV-expression remain
viable for electrophysiological recording.

BAT-projecting neurons of the hypothalamus respond to ex vivo elevations
in CSF glucose

Investigating relevance of axonal trajectory in defining glucose-sensitivity in
BAT-projecting neurons

Glucose-sensing POMC neurons in the MBH project to brown fat, and
inhibit upstream glucose-inhibited BAT-projecting cells in the PVN and LHA

Proposed glucose-regulated effects of ARCPOMC _, PVN circuit
Proposed glucose-regulated effects of ARCFOMC s | HA circuit
Proposed glucose-regulated effects of ARCPOMC . DMH circuit
Proposed glucose-regulated effects of RCAPOMC — ML circuit

POMC neuron and melanocortin receptor activation drive BAT
thermogenesis and reduce feeding

POMC neuron and melanocortin receptor inhibition reduce postprandial
thermogenesis and increase fasting-induced refeeding

Ablation of hypothalamic POMC neurons attenuates fast-refeeding
thermogenesis in brown fat

RCA and ARC POMC neurons sense increases in extracellular glucose,
evoking burst-firing in a subset of these cells

POMC neurons express adenosine receptors which provide excitatory or
inhibitory tone

A1R-dependent glucose-induced activation of POMC neurons mediates
satiety and energy expenditure

Astrocytic Cx43 hemi-channels contribute to sensing of glucose in POMC
neurons

2

12

16

18

27

39

43

47

51

60

61

62

63

73

76

80

100

103

107

112

Xi



Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 6.1

Astrocyte metabolism and extracellular adenosine production regulate
POMC neuron glucose-sensing

DREADD-mediated activation of MBH astrocytes activates POMC neurons

DREADD-mediated activation of MBH astrocytes in vivo likely activates
both AGRP and POMC neurons

Proposed schema for astrocyte-regulated POMC neuron glucose-sensing

Integrated schema of glucose-regulated astrocyte-POMC-brown fat
connection

115

119

123

130

138

Xii



List of Tables

Table 2.1 Transgenic mouse lines used for all studies 25
Table 3.1 Electrophysiology parameters of PRV-infected (BAT-projecting) 38

hypothalamic neurons

Table 3.2 Sub-threshold active conductance expression in BAT-projecting neurons 38

Xiii



8FDG
a-MSH
B-MSH
y-MSH
AR

A2aR
A2sR
AsR

AAV
aCSF
ADP
AgRP
AMP
AP
AR
ARC
ATP
AUC
BAT
BMI
C57BI/6WT
CART
CD73
CNO
CNS
CSF
Cx43
DIO
DIO2
DMH
DMSO
DREADD
ECF
eGFP
FGF21
GABA
GE
GFAP
Gl
GLP-1
GLUT1
GLUT2
GPCR

Abbreviations

['®F]-2-fluoro-D-2-deoxy-D-glucose
a-melanocyte stimulating hormone
B-melanocyte stimulating hormone
y-melanocyte stimulating hormone
Adenosine A1 receptor

Adenosine Axa receptor
Adenosine Azs receptor
Adenosine As receptor

Adeno-associated virus

Artificial cerebrospinal fluid
Adenosine diphosphate
Agouti-related peptide

Adenosine monophosphate
Action potential

Adenosine receptor

Arcuate nucleus

Adenosine triphosphate

Area under the curve

Brown adipose tissue

Body mass index

Wild-type C57BI/6 (mice)
Cocaine- and amphetamine-regulated transcript
Ecto-5"-nucleotidease
Clozapine-N-oxide

Central nervous system
Cerebrospinal fluid

Connexin43

Double-floxed inverted orientation
Type Il iodothyronine deiodinase
Dorsomedial hypothalamus
Dimethyl sulfoxide

Designer receptors exclusively activated by designer drugs
Extracellular fluid

Enhanced green fluorescent protein
Fibroblast growth factor 21
y-aminobutyric acid
Glucose-excited

Glial fibrillary acidic protein
Glucose-inhibited

Glucagon-like peptide-1

Glucose transporter-1

Glucose transporter-2

G protein-coupled receptor

Xiv



Katp channel

Kir
LepR
LHA
M2
MBH
MC3R
MC4R
MCH
MTII
Myf5
NHS
NPY
NR
NTS
PB
PBT
PCR
PET/CT
PFA
POA
POMC
PRV
PVN
Rb
RCA
RMP
RVLM
Sim1
SNA
SNS
T2DM
TRPC
TTX
UCP1
VMH
VO:

WAT

Intracerebroventricular
Intraperitoneal
Interscapular brown adipose tissue

Cyclic nucleotide-gated hyperpolarisation-activated non-selective cation
current
Interomediolateral nucleus

T-type calcium current
Current-voltage
ATP-sensitive potassium channel

Instantaneous inwardly-rectifying potassium currents
Leptin receptor

Lateral hypothalamus
Alternatively-activated macrophages
Mediobasal hypothalamus
Melanocortin-3 receptor
Melanocortin-4 receptor
Melanin-concentrating hormone
Melanotan |

Myogenic factor 5

Normal horse serum

Neuropeptide Y

Non-responsive

Nucleus of the solitary tract
Phosphate buffer

Triton X-100 phosphate buffer
Polymerase chain reaction

Positron emission topography and computed tomography
Paraformaldehyde

Preoptic area

Proopiomelanocortin

Pseudorabies virus

Paraventricular nucleus

Retrobeads

Retrochiasmatic area

Resting membrane potential

Rostral ventrolateral medulla
Single-minded 1

Sympathetic nerve activity
Sympathetic nervous system

Type 2 diabetes mellitus

Transient receptor potential channel
Tetrodotoxin

Uncoupling protein-1

Ventromedial hypothalamus
Oxygen consumption

White adipose tissue

XV



Chapter 1: General Introduction

Chapter 1

General Introduction

Page | 1



Chapter 1: General Introduction

1.1 When obesity blows out of proportion

Obesity is a well-established “epidemic”, with 67% of Australian adults currently overweight or
obese (Australian Bureau of Statistics, 2018), and projections indicating the continued growth of
Australian waistlines beyond 2025 (Hayes et al., 2017). Unsurprisingly, this unprecedented incidence
of obesity entails a significant financial burden to the Australian economy. In the year of 2005 alone, it
was estimated that the direct costs of overweight/obesity summed to $21 billion ($AUD), plus an
additional indirect costing of $35.6 billion derived from loss of productivity, early retirement, premature
death and carer wages (Colagiuri et al., 2010). Ominously, the deleterious health and quality-of-life
effects of obesity are only worsened by its associated comorbidities, including, but not limited to, type
2 diabetes mellitus (T2DM), coronary artery disease, hypertension and many forms of cancer
(Khaodhiar et al., 1999; Calle et al., 2003). However, in spite of the clear health and economic burdens
posed by overweight/obesity and its associated conditions, and even with intensive research spanning
over a quarter of a century, we are still yet to yield an adequate long-term treatment (Li & Cheung,
2011). This failure to combat the “growing” trend is supported by the tendency toward an increasing
rather than decreasing prevalence of obesity/overweight in Australia (Australian Bureau of Statistics,
2015) (Figure 1.1). In consideration of this, it is critical that we continue to pursue novel therapies that

change the paradigm in which obesity treatment is approached.

— Males — Females
80
Q
4
o 70_
<)
=
=
D 60
g
2
3 50-
=
40 | | | |
1995 2008 2012 2018

Year of survey

Figure 1.1 | Prevalence of overweight and obesity in Australian adults over the last ~25 years

Continuing upward trajectory of overweight/obesity (body mass index (BMI)>25) in both male and
female adults in Australia. Data was collected from federal health surveys from 1995 to 2018. Data
adapted and graphed from Australian Bureau of Statistics (2018).
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Chapter 1: General Introduction

1.2 The rise and fall of obesity pharmacotherapies

The aetiology of obesity is a frequently explored question that has come to be accepted as a
complex interaction between environment and genetics (Bell et al., 2005). Industrialisation has moulded
the developed world into one with decreasingly labour-intensive workplaces and increasingly sedentary
lifestyles. This, in adjunct to unprecedented food access and processing practices, has resulted in an
“obesogenic” environment, scored by excess caloric intake and reduced energy expenditure (Butler et
al., 2001). Energy homeostasis is defined by the balance of energy intake and energy expenditure. As
such, obesity arises from sustained positive energy balance, which is the mathematical imbalance of
‘energy in’ over ‘energy out’. Regardless of the cause of obesity, most, if not all, pharmacotherapies
have aimed to reduce the ‘energy in’ side of the equation by suppression of feeding or decreasing
nutrient absorption (Melnikova & Wages, 2006; Dietrich & Horvath, 2012). Given the enduring
prevalence of obesity, it is no surprise that these therapies are largely ineffective. Notwithstanding their
lack of substantial efficacy, there are also serious safety concerns posed by the vast majority of
identified potential anti-obesity drugs. The growing list of medications withdrawn from the market is a
testament to this, with the most common adverse effects posing serious health threats being related to

cardiotoxicity and psychiatric alterations (Onakpoya et al., 2016).

Presently, there are five approved anti-obesity medications for use, with four of those prescribed
on- or off-label in Australia; namely, phentermine, orlistat, bupropion/naltrexone and liraglutide (Khera
et al., 2016). It is worth noting that the latter, liraglutide, is a glucagon-like peptide-1 (GLP-1) agonist on
which the Australian Therapeutic Goods Administration has recently extended its indications to
incorporate the treatment of obesity (3mg daily) (NPS MedicineWise, 2017a), as well as its initial use
for T2DM (0.6-1.8mg) (NPS MedicineWise, 2017b). The potential for this single drug to treat two distinct
metabolic conditions only further strengthens the relationship between the physiological pathogenesis
of the diseases. Outside of pharmacotherapy and traditional diet/exercise recommendations, bariatric
surgery represents the final resort for obesity treatment. Currently, surgery remains the only effective
long-term treatment for obesity, with most procedures capable of producing in excess of 50% excess
weight loss (O'Brien et al., 2005). However, it is critical to acknowledge that while bariatric surgery
presents an attractive solution for extreme obesity, it is not an economically viable option to address
the needs of the broader overweight/obese community (Melnikova & Wages, 2006). Instead, it is clear
that novel means of treating obesity via traditional drug-based approaches are necessary, which are

more accessible and cost-effective for large-scale implementation.
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1.3 Brown adipose tissue: a new hope for obesity?

In contrast to concerted efforts for the development of therapeutics which reduce energy intake,
the focus of a considerable amount of research has recently switched to increasing energy expenditure
in the individual via thermogenic pathways in brown adipose tissue (BAT). BAT plays a significant
contribution to energy expenditure via two physiological, homeostatic processes: it is recruited to
regulate body weight during overfeeding, which is often referred to as “diet-induced thermogenesis”, or
to maintain body temperature in the cold, which is termed “cold-induced thermogenesis”.
Thermogenesis within the adipocyte results from the break-down of chemical energy stored in nutrients

(fats, carbohydrates), followed by its conversion into heat energy (Cannon & Nedergaard, 2004).

1.3.1 The beginnings of a new era

In the late 1970s, a study by Rothwell and Stock first gave rise to the notion that BAT is able to
expend excess consumed calories via diet-induced thermogenesis (Rothwell & Stock, 1979). This
process was distinct from the “obligatory” component of postprandial thermogenesis, which occurs as
a (necessary) product of the digestion and storage of nutrients following meal-consumption (Himms-
Hagen, 1989). Instead, brown fat activity constitutes “facultative” thermogenesis which refers
specifically to adaptive heat production that can be rapidly evoked (or suppressed) by the nervous
system (Lowell & Spiegelman, 2000). Interest in brown fat as a potential therapeutic target was
propelled by the subsequent discovery of uncoupling protein-1 (UCP1), the mitochondrial protein
essential for thermogenesis (described in Section 1.4), in brown fat obtained from adult humans
(Bouillaud et al., 1983). Yet, by the late 1980s, difficulty in identifying the large, circumscribed depots
of brown fat in adults, that are otherwise present in infants, drove a scepticism related to its significance
in adult human physiology (Maxwell et al., 1987; Ma et al., 1988). However, interest in brown fat was
re-ignited following the advent of metabolic imaging studies traditionally utilised for the diagnosis of
tumours in cancer patients - namely the co-registering of a radiolabelled glucose analogue, ['F]-2-
fluoro-D-2-deoxy-D-glucose ('®FDG), with positron emission topography and computed tomography
(PET/CT) - which led to the identification of unusually symmetrical regions of high glucose uptake
(Barrington & Maisey, 1996; Engel et al., 1996).

The current resurgence of research into brown fat was championed by Nedergaard et al. (2007)
who published the first retrospective analysis of 8FDG PET/CT scans which highlighted the presence
of symmetrical, metabolically-active regions in the upper body consistent with active brown fat in adult
humans. Since this revelation, PET/CT and '®FDG studies unequivocally demonstrate active BAT in
adult humans that is classically distributed in supraclavicular, abdominal, cervical and paraspinal
regions (Hany et al., 2002; Leitner et al., 2017), and with only minor apparent sexual dimorphisms
(Fletcher et al., 2020) (Figure 1.2).
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Figure 1.2 | Representative regional distribution of brown fat in adult humans

Using the glucose analogue "®FDG as a tracer, metabolically active BAT depots were identified using
combined positron emission tomography and computed tomography (PET/CT). Individualised cold-
exposure regimes were utilised to evoke optimal BAT activity. Figure adapted from Fletcher et al.
(2020).

1.3.2 BAT biology: A renaissance

The landmark paper by Nedergaard et al. (2007) was closely followed by publication of a suite of high-
impact articles in the New England Journal of Medicine. In this series, a second retrospective study of
'8FDG PET/CT scans revealed that the probability of detection of BAT was inversely correlated with
age and BMI amongst older populations, suggesting that brown fat activity may be defective in the
obese state (Cypess et al., 2009). Furthermore, it was demonstrated that cold exposure increased
detectable BAT activity (i.e. ®FDG uptake) which could be positively correlated to whole body energy
expenditure, substantiating that cold exposure could activate brown fat activity in adult humans (van
Marken Lichtenbelt et al., 2009). Furthermore, exposure of human subjects to varying ambient
temperatures revealed that BAT activity was on average 15 times greater after exposure to cold than
warm conditions, and that tissue biopsies from the areas of high glucose uptake expressed classical
metabolic markers consistent with active brown fat; in particular the mitochondrial protonophore, UCP1
(Virtanen et al., 2009).

A critical finding from these studies was that BAT function was deemed inversely proportional
to body fat percentage, suggesting “room-to-grow” for increasing the metabolic rate of
overweight/obese subjects by re-igniting dormant brown fat. Publication of these articles heralded the
“explosion” of research into the biochemistry and regulation of brown fat activity that is only still gaining

further momentum today.
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1.4 BAT structure, biochemistry and innervation

1.4.1 How is brown fat different?

Brown adipose tissue, a site for high metabolic flux, is both functionally and morphologically
different to white adipose tissue (WAT), which is primarily a site for energy storage. Brown adipocytes
are distinguished microscopically from their white counterparts by their multilocular phenotype, whereas
WAT cells are typically unilocular (Figure 1.3). The characteristic brown colour of BAT adipocytes is a
result of the high mitochondrial density and vascularisation (Cinti, 2007). Furthermore, brown
adipocytes are derived from a myogenic factor 5 (Myf5)-expressing cell lineage, whereas white
adipocytes are from a separate, Myf5-negative progenitor (Shan et al., 2013). An adipocyte intermediate
between brown and white fat has been identified, termed “brite” or “beige” fat, which exhibits the unique
functional characteristics of brown adipocytes but whose cells are situated in fat depots traditionally
containing white adipocytes (Wu et al., 2012). These metabolically-active adipocytes present an
attractive therapeutic target given their established potential to be recruited with cold-exposure and
pharmaceutical treatment (Vitali ef al., 2012; Dodd et al., 2015).
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Figure 1.3 | Morphological and UCP1 expression differences in human brown and white fat
histological specimens

Haematoxylin and eosin counterstains reveal the relatively small and numerous fat vacuoles
characteristic of brown fat relative to white, reflective of multilocular and unilocular phenotypes,
respectively. Immunohistochemistry against UCP1 demonstrates expression of the protein in brown
adipocyte (green), but not in white adipocytes taken from the same subject. Images taken and adapted
from van Marken Lichtenbelt et al. (2009).
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1.4.2 The biochemistry of thermogenesis in brown fat

The process of generating heat energy - “thermogenesis” - occurs primarily within the
mitochondria of brown adipocytes. Similar to other cell types, brown fat metabolises nutrients into
pyruvate in the cytoplasm, which then feed into the tricarboxylic acid cycle within the mitochondria.
Following cycling, a proton concentration gradient is generated across the inner mitochondrial
membrane, which adenosine triphosphate (ATP) synthase then utilises to drive the (otherwise
unfavourable) reaction to generate ATP from adenosine diphosphate (ADP) and inorganic phosphate.
However, in brown adipocytes, this ATP-generating reaction is uncoupled, as UCP1 acts to dissipate
the proton electrochemical gradient, resulting in a futile cycle in which chemical energy from nutrient
metabolism is released, instead, as heat (Rousset et al., 2004). In broad terms, whereas in most cells
the metabolism of nutrients results in subsequent production of ATP molecules (chemical energy to
chemical energy), respiration in brown adipocytes leads to the production of heat following UCP1-

mediated uncoupling (chemical energy to heat energy) (Nicholls & Locke, 1984).

1.4.3 The adrenergic control of thermogenic processes in brown fat

There is dense innervation of the sympathetic nervous system (SNS) to the brown adipocyte
itself, as well as to the blood vessels and parenchyma of the pad (Lever et al., 1986; Mukherjee et al.,
1989). Importantly, thermogenic activity does not appear to be constitutively active within brown
adipocytes of neither humans nor rodents (Cannon & Nedergaard, 2004). Instead, cold exposure (cold-
induced thermogenesis) and dietary challenges (diet-induced thermogenesis) are considered the two
primary stimuli that lead to the stimulation of sympathetic outflow to BAT which permits activation of

UCP1 activity and hence thermogenesis (Golozoubova et al., 2001; Feldmann et al., 2009).

Upon sensory detection of diet or cold within the central nervous system (CNS), the activity of
post-ganglionic sympathetic neurons innervating BAT is increased, causing the release of
noradrenaline which binds to 33-adrenoreceptors expressed on the brown adipocyte membrane (see
Figure 1.4) (Chaudhry & Granneman, 1999). Downstream intracellular signalling pathways lead to the
induction of lipolysis of triglyceride stored within lipid droplets, which liberates free fatty acids into the
cytosol of the cell. In the absence of B3-adrenoreceptor activity, UCP1 is tonically inhibited by purine
nucleotides (primarily ATP), which bind to UCP1 and block the translocation pathway (Klingenberg,
2010). ltis believed that long-chain free fatty acids, generated within the inner mitochondrial membrane
subsequent to lipolysis, bind to and disinhibit UCP1, which initiates the symport of H* across the
mitochondrial membrane via UCP1 (Fedorenko et al, 2012). Overall, activation of the (3-
adrenoreceptor instigates nutrient metabolism as well as disinhibits UCP1 activity, ultimately controlling

thermogenic function in brown fat.
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Figure 1.4 | The intracellular mechanisms underlying uncoupled respiration following
adrenergic stimulation of the brown adipocyte

Cold exposure or a dietary stimulus signal through the central nervous system to lead to the activation
of post-ganglionic sympathetic nerves innervating brown fat. Noradrenaline released binds to (33-
adrenoceptors on the brown adipocyte, leading to the mobilisation of free fatty acids from intracellular
triglyceride stores. Free fatty acids then disinhibit UCP1 (through release of the tonic ATP-mediated
inhibition), and also undergo mitochondrial $-oxidation to lead to the generation of protons in the outer
mitochondrial membrane. The proton gradient generated via fatty acid metabolism is dissipated by
UCP1, ultimately releasing chemical energy as heat.
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1.5 How does BAT weigh up as a target for obesity treatment?

While the existence of BAT in adult humans has been well established, its actual therapeutic
viability to combat obesity should be deemed significant to warrant its continued investigation. In order
to achieve negative energy balance, BAT must be able to significantly augment energy expenditure in
the face of the excessive energy intake characteristic of obese individuals. In their landmark study for
the relevance diet-induced activation of energy expenditure in BAT, Rothwell and Stock (1979)
demonstrated that when rats were fed a palatable and energy dense “cafeteria” diet, the energy
efficiency of the weight gain was ~40% lower than control-fed rats. Excess weight gain was found to be
partially offset in the cafeteria diet-fed group due to an adaptive elevation in resting oxygen consumption
(VO2) and body temperature; a direct result of diet-induced thermogenesis in brown fat. Moreover,
cafeteria diet-fed rats exhibited enhanced sensitivity to the metabolism-augmenting effects of
noradrenaline, while administration of the non-selective B-blocker, propranolol, abolished the elevated
resting VO2, underscoring the importance for the SNS in the depletion of excess energy via BAT

thermogenesis.

1.5.1 A debunked “myth”

It is worthy to note that since the publication of the Rothwell and Stock (1979) study, the
importance of BAT-mediated thermogenesis, in particular diet-induced thermogenesis, in the
maintenance of body weight was the subject of some contention (Maxwell et al., 1987; Kozak, 2010).
The first Ucp1 knockout mouse model failed to exhibit an obese phenotype, despite a blunted increase
in VO3 following 33-agonist administration and marked intolerance to cold (Enerback et al., 1997).
Findings that Ucp1 null mice were not predisposed to obesity were subsequently supported by other
studies, with some even proposing that Ucp 1 knockouts are more resistant to diet-induced obesity (Liu
et al., 2003b; Anunciado-Koza et al., 2008). However, it was found that when Ucp 7 knockout animals
are housed at thermoneutral temperatures of 29-30°C, they display the expected obese phenotype
which was even further exacerbated when fed a high-fat diet (Feldmann et al., 2009). From this, it was
concluded that cold stress in the absence of active brown fat engages compensatory thermogenic
mechanisms in order to maintain core temperature that are less efficient than UCP1-dependent
thermogenesis. As such, increased metabolic demand to defend body temperature obviated the
expected effects of Ucp? deletion. The findings presented by Feldmann et al. (2009) were crucial in
ending the debate of the metabolic relevance of diet- (and cold-) induced thermogenesis in BAT, which
has since been substantiated by numerous animal studies (Ueta et al., 2012; Rowland et al., 2016; von
Essen et al., 2017; Fischer et al., 2019). Importantly, there is also a growing bank of clinical evidence

that reflects, in humans, the functional relevance of brown fat and hence its potential to combat obesity.
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1.5.2 Clinical evidence for the metabolic benefits of brown fat activity

Acute or chronic cold exposure have been consistently shown in humans to stimulate the
uptake of glucose ('®FDG) into BAT (van Marken Lichtenbelt et al., 2009; Cypess et al., 2012; Chen et
al., 2013), indicative of increased metabolic demand by the tissue upon cold exposure. Increased
metabolic activity in brown fat does appear to translate to increased energy expenditure, where a
number of clinical studies have also shown that extended bouts of cold exposure lead to increased BAT
quantity/activity as well as energy expenditure post-cold acclimatisation (van der Lans et al., 2013;
Yoneshiro et al., 2013; Blondin et al., 2014), even in the obese state or individuals with T2DM (Hanssen
et al., 2015; Hanssen et al., 2016). Alternatively, there is rather limited clinical research exploring BAT
thermogenic activity specifically stimulated by diet. This is largely due to inherent methodological
limitations of techniques available for use in the clinic, whereby BAT temperature is typically not directly
measured, but rather inferred from energy expenditure measurements or the BAT-specific uptake of
radio-labelled nutrients. Nevertheless, blockade of (-adrenoreceptors significantly reduced
thermogenesis associated with intravenous infusion of glucose (Acheson et al., 1983), while treatment
with a centrally-acting inhibitor of SNS outflow (clonidine) was shown to significantly blunt postprandial
energy expenditure (Schwartz et al., 1988). Furthermore, a genetic polymorphism which lowers UCP1
expression was associated with a lower postprandial thermogenesis response, despite no difference in
sympathetic activity (Nagai et al., 2003). These findings indicate a role for meal-activated sympathetic
activity in driving energy expenditure, potentially through the recruitment of brown fat thermogenesis.
More recently, indirect calorimetry combined with PET/CT confirm that whole-body and BAT
thermogenesis (oxygen consumption) is increased after the ingestion of a mixed carbohydrate-rich
meal, to the same extent as occurs during cold stress (U Din et al., 2018). It was also shown that
subjects who had PET/CT-detectable BAT activity had a larger postprandial thermogenic response and
enhanced fatty acid utilisation than those who did not have detectable BAT (Hibi et al., 2016).

These findings provide weight to the notion that diet, as well as cold, is able to induce
expenditure of substantial energy through BAT thermogenesis. By one estimate, subjects with active
BAT under cold conditions could expend 200-400kcal of energy per day attributed to BAT-mediated
processes (Kajimura & Saito, 2014). Moreover, in addition to the increased energy expenditure offered
by BAT thermogenesis, it has become increasingly evident that BAT may be “worth more than its
weight” in the treatment of other metabolic pathologies. Strikingly, despite the fact that BAT accounts
for only 5% of total tissue weight, under conditions of cold exposure (when BAT is highly active) nearly
half of total triglyceride and over 75% of glucose from a meal is disposed and metabolised by brown fat
(Bartelt et al., 2011). Indeed, acclimation to mild cold in humans has been demonstrated to increase
diet-induced thermogenesis and improve postprandial whole-body insulin sensitivity (Lee et al., 2014),
in addition to cold exposure leading to enhanced non-esterified fatty acid uptake and the oxidative
activity in BAT (Ouellet et al., 2012; Blondin et al., 2014). These studies neatly demonstrate the ability
of BAT to rapidly sequester and combust circulating nutrients following a meal, extending the potential
therapeutic benefits of BAT recruitment to include not only weight loss, but also to treat hyperglycaemia
(as in T2DM) and hyperlipidaemia (Nedergaard et al., 2011). Taken together, brown fat is a bona fide

therapeutic target in the fight against obesity and associated dysregulated metabolic processes.
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1.6 Peripheral factors in the regulation of adaptive BAT thermogenesis

The essential role of sympathetic activity in the regulation of thermogenesis has influenced the
development of pharmaceutical sympathomimetics with the aim to induce weight loss through increased
energy expenditure in BAT (Carey et al., 2013; Cypess et al., 2015). However, deleterious side-effects
associated with non-specific adrenergic activation ignited interest in peripherally-active factors which
bypass the SNS. A high-profile Nature publication reported a non-neuronal source of noradrenaline,
released from alternatively-activated macrophages (M2), which contributed to BAT-mediated adaptive
thermogenesis in response to cold (Nguyen et al., 2011). Subsequent to this finding, a series of other
studies supported the role of M2 immune cells to promote thermogenesis following activation from
circulating hormones or other immune cells (Rao et al., 2014; Hui et al., 2015; Fabbiano et al., 2016).
However, in spite of convincing evidence for M2-mediated thermogenic activation, another paper more
recently demonstrated that deletion of the enzyme necessary for the biosynthesis of noradrenaline
(tyrosine hydroxylase) from haematopoietic cells had no effect on energy expenditure, thermogenesis
or WAT browning in response to cold challenge (Fischer et al., 2017). In view of the conflicting findings,
the most rational conclusion to be drawn was that macrophages at least do not generate noradrenaline

de novo, dampening the prospects of an immune system-mediated activation of brown fat.

There have also been reports of peripherally-derived hormones that can promote energy
expenditure by signalling directly through brown adipocytes. Recently, the gut-derived hormone,
secretin, was reported to be involved in the postprandial recruitment of brown fat thermogenesis via a
mechanism that may be independent of the SNS (Li et al., 2018). Notably, though, there is evidence
that the sufficiency to regulate intracellular signalling in brown fat by peripheral hormones does not
negate the necessity of interaction with the SNS in order to produce thermogenesis. For example, global
knockout of Type Il iodothyronine deiodinase (DIO2), the enzyme which catalyses the conversion of
thyroxine to the more potent triiodothyronine, induced a severe blunting of the thermogenic response
to cold exposure and noradrenaline infusion, implicating a role for thyroid signalling in the control of
BAT activity (de Jesus et al., 2001). However, while DIO2 is expressed within brown adipocytes, the
activity of the enzyme depends on 3-adrenoceptor activation (Silva & Larsen, 1983), and there is other
convincing evidence that thyroid hormone signals through the CNS to promote energy expenditure via
activation of brown fat thermogenesis (Coppola et al., 2007; Lopez et al., 2010). In this vein, while
Fibroblast growth factor 21 (FGF21) can act directly on the brown adipocyte to induce insulin-sensitising
effects, its energy expenditure-promoting and weight loss effects rely on centrally-mediated signalling,

and hence the activation of sympathetic outflow to brown fat (Owen et al., 2014; BonDurant et al., 2017).

Despite the attractive therapeutic potential of peripherally-active factors, their relative
contribution to brown fat thermogenesis is not clearly defined, and in some cases require synergy with
activation of adrenergic receptors on the tissue. Indeed, denervation of BAT sympathetic nerves
reduces UCP1 expression and mitochondrial uncoupling (Desautels et al., 1986; Gong et al., 1990),
and molecular adaptations leading to increased thermogenesis following both dietary or thermal
challenges require in-tact sympathetic innervation (Rothwell & Stock, 1984a; Geloen et al., 1992;
Fischer et al., 2019). These taken into consideration, it is clear that the nervous system remains

unparalleled in its necessity and sufficiency to regulate brown fat thermogenesis.
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1.7 The origins of brown fat-directed sympathetic outflow

Advances in the ability to trace synaptically-connected neural circuits pioneered a
methodological paradigm shift for the investigation of the central determinants controlling sympathetic
outflow to brown fat. Even though there was clear evidence for strong sympathetic innervation to brown
fat, the localisation of CNS neurons that modulate peripheral nerve activity was not possible until the
development of a virulence-attenuated form of pseudorabies virus (PRV), a transsynaptic retrograde
virus, which could be utilised in animal models as a neural tracer. Injection of PRV directly into the
interscapular brown fat depots enabled an elucidation of the neuroanatomical blueprint of neurons
projecting via multiple synapses to BAT (Bamshad et al., 1999; Oldfield et al., 2002; Cano et al., 2003;
Frangois et al., 2019). The virus was initially transported to the post-ganglionic sympathetic neurons
within the upper thoracic sympathetic chain ganglia (first-order neurons), and then to the pre-ganglionic
sympathetic neurons of the intermediolateral nucleus (IML) of the spinal cord (second-order). From
here, virus subsequently passed to third-order (or “premotor”) neuronal populations in the brain stem,
such as the raphe pallidus and rostral ventrolateral medulla, in addition to those in the hypothalamus,
such as the paraventricular nucleus, dorsomedial hypothalamus, retrochiasmatic area and lateral
hypothalamus. Further increasing the survival time post-inoculation allowed the identification of fourth-
order neurons within other key nuclei of the brain stem and hypothalamus, including the arcuate
nucleus, nucleus of the solitary tract and the broader region that comprises the preoptic area. These

projections to brown fat, including select inter-nucleus connections, are depicted in Figure 1.5 below.
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(legend on next page)

Figure 1.5 | A schematic stencilling part of the neurocircuitry involved in the regulation of BAT-
directed sympathetic outflow

Key brain regions that have been implicated in the control of BAT sympathetic outflow are indicated
as black circles in a sagittal schematic of the hypothalamus and brain stem. Anatomical connections
between regions ultimately projecting to brown fat have been established through a combination of
mono- and trans-synaptic retrograde tracing, as well as more recent circuit-specific optogenetic
functional manipulations or circuit mapping. NTS, nucleus of the solitary tract; RVLM, rostral
ventrolateral medulla.

With the appreciation that BAT thermogenesis is activated following meal ingestion or by cold
exposure, it is unsurprising that PRV-labelled brain regions overlap with those renowned for their
involvement in the homeostatic control of energy balance and body temperature (Cano et al., 2003;
Morton et al., 2006; Morrison, 2016). Notably, only few labelled hypothalamic regions are implicit in the
control of both energy balance (appetite) and thermoregulation, suggestive of a divergence in the
higher-order neuronal populations that detect or receive sensory signals associated with each stimulus
(i.e. meal ingestion or cold). The development of therapeutics that could augment cold- or diet-induced
thermogenesis would benefit from sophisticated and intricate understandings of the nature of the central
regulation of sympathetic tone to brown fat. Indeed, rational drug design, based on the comprehensive
delineation of hypothalamic circuits which regulate appetite and energy expenditure, led to the
development of the currently approved anti-obesity pharmaceutical, Contrave (Greenway et al., 2009;
Sherman et al., 2016). The specific question to be answered, then, is: how and where in the CNS are
the sensory signals associated with thermal and dietary challenges integrated to compute adaptations

in sympathetic tone to brown fat?

1.7.1 Cold-induced thermogenesis

Significant headway has been made regarding the delineation of a synaptically-defined circuit
that connects cold exposure with the activation of sympathetic nerves directed to brown fat. In its most
simplistic form, this circuit involves thermal afferent pathways, which are activated (in the skin) by
reduced ambient temperature, and relay an excitatory signal (via the brain stem) to the hypothalamus
where it is integrated, leading to the co-ordinated activation of descending efferent pathways to the
sympathetic pre-ganglionic neurons in the IML (Morrison et al., 2014). This circuit was elucidated from
over a decade of research involving a variety of techniques, including PRV viral tracing (Bamshad et
al., 1999; Oldfield et al., 2002), cold-induced Fos activation studies (Baffi & Palkovits, 2000; Cano et
al., 2003), modulation of cold sensory receptors (Steiner et al., 2007; Ono et al., 2011) and in vivo
electrophysiology combined with stereotaxic delivery of pharmacological agents (Madden & Morrison,
2006, 2010; Madden et al., 2013).

More recently, the development of novel biotechnologies has enabled further characterisation
of temperature-sensitive circuits by the identification of molecular markers that define cold (and warm)-

responsive neurons, particularly within the dorsomedial hypothalamus (DMH) and preoptic area (POA)
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(Zhang et al., 2011; Rezai-Zadeh et al., 2014; Tan et al., 2016; Yu et al., 2016; Zhao et al., 2017). In a
number of these studies, the thermoregulatory and/or metabolic outcomes associated with the activity
of these genetically-defined neurons was achieved through the use of neuronal manipulation
technologies like optogenetics (light-sensitive ion channels) or “DREADDs” (Designer Receptors
Exclusively Activated by Designer Drugs) (Armbruster et al., 2007; Deisseroth, 2011). While outside the
focus of this thesis, these studies, so far, describe a delicate balance of excitatory and inhibition
neurotransmission that occurs between cold- and warm-responsive neurons in the higher-order
‘command” centres in the DMH and POA, which ultimately orchestrate thermoregulation through
autonomic modulation of both BAT thermogenesis and tail vasodilation (which enables heat dissipation)

(see recent review, Morrison and Nakamura (2019)).

1.7.2 Diet-induced thermogenesis: elusive central determinants

In stark contrast to the thermoregulatory circuit projecting to brown fat, the exact central origin(s)
of diet-induced sympathetic outflow to BAT remain poorly understood. While the sensory detection of
cold is almost entirely restricted to activity of cutaneous temperature-sensitive afferents, the “sensing”
of meal-consumption is an inherently more complex phenomenon. There is evidence to indicate that
diet-induced (or “postprandial”’) thermogenesis may be regulated not only by pre-absorptive sensory
cues like taste perception or activation of chemo-sensors in the gastrointestinal tract (LeBlanc ef al.,
1984; Blouet & Schwartz, 2012), but also through post-absorptive signals including the activity of
circulating nutrients or peripherally-derived hormones (Lockie et al., 2012; Tovar et al., 2013; Rezai-
Zadeh et al., 2014; Li et al., 2018). That being said, regarding the postprandial regulation of autonomic
flow to brown fat, we believe that the “light shines brightest” on brain regions which rely on the detection
of meal-related cues in order to maintain energy homeostasis by modulating appetite and energy

expenditure.

The hypothalamus plays a crucial role for the sensing and integration of metabolic signals,
effecting not only physiological but also behavioural changes to sustain basic homeostatic needs
(Morrison et al., 2012; Coll & Yeo, 2013). Hypothalamic neuronal populations are uniquely positioned
to access humoral signals given that the blood-brain barrier at the median eminence, which is positioned
at the base of the hypothalamus and third ventricle, is comprised of fenestrated capillaries which are
permeable to circulating nutrients and hormones (Cheunsuang et al., 2006; Ciofi, 2011). Most
hypothalamic nuclei contain neurons that have been implicated in either (or both of) the regulation of
brown fat thermogenesis, or in the sensing of meal-related signals, including circulating hormones and
nutrients (Labbé et al., 2015). The “master” regulator of postprandial thermogenesis, though, may
originate at the most ventromedial portion of the hypothalamus, the arcuate nucleus, the centre of the
melanocortin system, which is poised to afford the most likely conduit between meal consumption and

sympathetic output to BAT.
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1.8 The melanocortin system: a primary regulator of energy balance

1.8.1 Melanocortin signal transduction

The melanocortin system comprises two antagonistic neuronal populations, namely
proopiomelanocortin (POMC)-expressing and agouti-related peptide (AgRP)-expressing neurons, the
latter of which largely co-express neuropeptide Y (NPY) and y-aminobutyric acid (GABA). POMC
neurons are largely anorexigenic in their action, signalling satiety during caloric surplus, in addition to
promoting energy expenditure and weight loss (Atasoy et al., 2012; Zhan et al., 2013; Dodd et al., 2015).
Conversely, AgRP neurons represent the anabolic arm of the melanocortin pathway, and as such are
activated by caloric deprivation to drive energy conservation by increasing feeding and reducing energy
expenditure (Aponte et al., 2011; Krashes et al., 2011; Atasoy et al., 2012). The activity of these two
populations according to energy availability is regulated (typically in an inverse manner) by “sensing”
changes in circulating nutrients (Fioramonti et al., 2007; Parton et al., 2007), or hormones like leptin,
insulin and gut-derived peptides (Cowley et al., 2001; van den Top et al., 2004; Acuna-Goycolea et al.,
2005; Secher et al., 2014; Dodd et al., 2018). The cleavage products of POMC, a-melanocyte
stimulating hormone (a-MSH), B-MSH and y-MSH bind to downstream melanocortin-3 or -4 receptors
(MC3R or MC4R) to effect changes in neuronal activity (Cone, 2005); notably, it is the action of a-MSH
on MC4R that is attributed to majority of catabolic effects associated with POMC neuron activity
(Krashes et al., 2016). On the contrary, AgRP activity opposes that of POMC-derived peptides by acting
as an antagonist or inverse agonist at MC4Rs, and hence mediating anabolic functions (Ollmann et al.,
1997; Haskell-Luevano & Monck, 2001).

1.8.2 Location of hypothalamic POMC and AgRP/NPY neurons

In the hypothalamus, POMC and AgRP/NPY neurons are typically regarded to be located solely
within the arcuate nucleus (ARC), however both neuronal populations are also expressed in the
adjacent retrochiasmatic area (RCA). Astonishingly, the RCA is consistently either “ignored” or simply
conflated with the rostral part of the ARC, presumably because it is located in confluence with the rostral
boundary of the ARC under the third ventricle, as well as wrapping laterally around the outer boundary
of the rostral-mid ARC (see Figure 1.6 on next page) (Swanson & Kuypers, 1980b; Paxinos & Watson,
1998). In fact, only few published studies accurately distinguish POMC and AgRP/NPY neurons
between these two nuclei; and in almost all cases, this is due to the fact that these studies involve a
comprehensive analysis of the cytoarchitectonic divisions that exist through the rostro-caudal extent of
the nuclei (Elias et al., 1999; Williams et al., 2010; He et al., 2018). In support of the need to distinguish
the two regions, there is evidence of genetic and/or functional divergence that is particularly evident for
POMC-expressing neurons (Elias et al., 1998; Miinzberg et al., 2003; Jarvie & Hentges, 2012). Critically
for this thesis, there is also evidence for differing anatomical connectivity of neurons between each
nucleus. POMC neurons in the RCA connect to brown fat directly through pre-ganglionic sympathetic
neurons in the spinal cord (third-order), while those in the ARC categorically do not project to the spinal
cord, and hence project via other pre-autonomic regions en route to brown fat (Oldfield et al., 2002)
(see Chapter 3).
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Figure 1.6 | Demarcation of the boundaries of the ARC and RCA in the rat hypothalamus

Line drawing of eight coronal sections of rostral to caudal levels (distance from Bregma in bottom right)
of the rat hypothalamus illustrating the boundaries of the retrochiasmatic area (light green) and arcuate
nucleus (dark green). Sagittal and transverse sections of the hypothalamus are also included for a
three-dimensional representation of the boundaries of each nucleus. Dotted lines on the sagittal and
transverse representations refer to the first and last coronal sections presented. 3V, third ventricle;
DA, dorsal hypothalamic area; DMC, dorsomedial hypothalamus, compact; DMD, dorsomedial
hypothalamus, dorsal; PVN, paraventricular nucleus; VMH, ventromedial hypothalamus. Boundaries
of each nucleus were derived from Paxinos and Watson (1998) and Swanson and Kuypers (1980b).

1.8.3 Melanocortin signalling and BAT thermogenesis

The role of melanocortinergic signalling in the control of energy expenditure has been
comprehensively studied. Genetic deletion of Pomc or Mc4r genes consistently leads to extreme obesity
characterised by both increased food intake and reduced energy expenditure (Ste. Marie et al., 2000;
Butler et al., 2001; Xu et al., 2005). While there is evidence of reduced locomotor activity in these
mutants (Chen et al., 2000; Lam et al., 2015), the hypometabolic phenotype is primarily attributed to
reduced brown fat thermogenesis. The MC4R is expressed in a large proportion of BAT-projecting
neurons (Voss-Andreae et al., 2007; Song et al., 2008), and the central delivery of MC4R agonists
consistently promotes interscapular BAT UCP1 expression, thermogenesis and energy expenditure
(Brito et al., 2007; Monge-Roffarello et al., 2014b; Cote et al., 2016). Indeed, recent technological
advances have enabled the acute chemogenetic manipulation of hypothalamic POMC neurons using
DREADDs, confirming a rapid increase in brown fat temperature subsequent to POMC activation
(Fenselau et al., 2017).
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Importantly, diet-induced thermogenesis in brown fat appears to be at least partly regulated by
MCA4R signalling, where Mc4r knockout mice display blunted elevations in energy expenditure that
usually accompany high-calorie diet feeding (Butler et al., 2001; Albarado et al., 2004). More
specifically, it appears that MC4R expression on pre-sympathetic ganglionic neurons in the spinal cord
plays a major role in relaying thermogenic signals driven by activation of POMC neuron activity (Rossi
et al., 2011; Berglund et al., 2014).

In view of these findings, an important question remains to be answered: what stimulus (or
stimuli) is responsible for driving sympathetic nerve activity that mediates postprandial
thermogenesis in brown fat? By extension of this, does this neural signal begin with POMC neurons
at the base of the hypothalamus, where neurons are uniquely positioned to process humoral factors

that reflect nutritional status?

It is logical to conceive that a stimulus effecting this process is one which increases in plasma
concentration following a meal, and which can be “sensed” by central neurons regulating BAT
thermogenesis. One of the most obvious candidates would be the neuronal primary fuel substrate,
glucose, whose plasma and concomitant cerebrospinal fluid concentration is inextricably linked with
the prandial state (Steffens et al., 1988; Geracioti et al., 1995; Silver & Erecinska, 1998).
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1.9 Sensing changes in circulating glucose by the brain

Elevations in blood-borne nutrients are considered the primary indicator of the postprandial
state. Following meal-consumption, carbohydrates are the most rapidly metabolised and absorbed
macronutrient from the gastrointestinal tract (Trout et al., 1977; Goetze et al., 2007). Glucose-sensing
neurons in the brain are able to detect changes in blood glucose associated with feeding (or fasting),
which induces changes in neuronal activity that regulate both glucose and energy homeostasis (Routh
et al., 2014). The first indications of glucose-sensing neurons in the brain were evidenced from in vivo
electrophysiological extracellular recordings in the mid-20™ century, where it was found that neurons in
the lateral and ventromedial hypothalamus rapidly adjusted their action potential firing rate according
to glucose availability (Anand et al., 1964; Oomura et al., 1969). From these and other experiments,
two broad classes of glucose-sensing neurons were established: glucose-excited and glucose-inhibited
neurons, which were depolarised and hyperpolarised, respectively, in milieus of increasing glucose
(Oomura & Yoshimatsu, 1984).

The cellular mechanisms that mediate glucose-induced changes in membrane potential have
been comprehensively examined over the last two decades or so. At the level of an overview, glucose-
induced excitations are most commonly recognised to be mediated by the closure of ATP-sensitive
potassium (Katp) channels. Indeed, hypothalamic POMC neurons are excited by glucose in a
manner that is dependent on the inactivation of Kate channels (Ibrahim et al., 2003; Parton et al., 2007).
In these cells, glucose-induced changes in neuronal excitability are proposed to be transduced in a
manner akin to glucose-induced insulin release from pancreatic B-cells (Ashford et al., 1990; Schuit et
al., 2001). Specifically, elevations in extracellular glucose lead to increased uptake by the cell through
low-affinity, high-capacity glucose transporters. Neuronal metabolism of glucose within mitochondria
causes a dose-dependent elevation in cytosolic ATP/ADP ratio, which ultimately induces closure of Katp

channels to block tonic K* efflux, and hence depolarise the neuron and increase firing rate (Figure 1.7).

(1) 4[Glucose]

ECF

Depolarisation & increased firing

(3) Katp closure

Figure 1.7 | The classical model accepted to mediate neuronal glucose-induced excitations

Elevations in extracellular fluid (ECF) glucose lead to increased entry of glucose into the neuron (1)
through glucose transporters (GLUT). Mitochondrial metabolism of glucose into ATP increases the
cytosolic ATP/ADP ratio (2), which results in the closure of Kate channels (3). Cessation of K* efflux
results in neuronal depolarisation and increased firing rate.
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However, there is emerging evidence that glucose-sensing is more complex and heterogenous
than once believed (see Lépez-Gambero et al. (2019) for recent review). Indeed, glucose-induced
inhibitions do not appear to occur uniformly across different neuronal populations. There is evidence
for increased neuronal glucose metabolism to lead to activation of chloride or potassium conductances
which induce neuronal hyperpolarisation (Murphy et al., 2009; Lamy et al., 2014), or alternatively
activation of a potassium conductance through a metabolism-independent mechanism that is yet to be
completely elucidated (Burdakov et al., 2006). Importantly, with advances in the understanding of
neuronal glucose-sensing, there is now accumulating evidence for a role of other, non-neuronal cell

types in the regulation of neuronal activity in face of fluctuating glucose levels.

1.9.1 The role for astrocytes in neuronal glucose-sensing

Astrocytes, a glial cell, have long been assigned a crucial role in fuelling neuronal activity
through the delivery, storage and production of energy for neighbouring neurons (Stobart & Anderson,
2013). However, this classical “support-only” dogma of the cells is being increasingly challenged, with
recent findings indicating that astrocytes express key glucose-sensing machinery that at the minimum
qualify their capacity to regulate glucose uptake and metabolism in proportion to its extracellular
availability (Arluison et al., 2004; Millan et al., 2010; Stanley et al., 2013). In support of this notion, re-
expression of the glucose transporter-2 (GLUT2) specifically in astrocytes, but not neurons, in Glut2
global knockouts restores the otherwise defective central detection of glucopenia (Marty et al., 2005).
Furthermore, in the nucleus of the solitary tract (NTS), calcium imaging of both neurons and astrocytes
revealed that while reduced extracellular glucose led to increased calcium activity in both cell types, the
neuronal response seemed to be orchestrated by astrocyte activity, the latter of which began ~40%

earlier following glucoprivation (McDougal et al., 2013).

Relevant to this thesis, there is also a growing body of evidence that substantiates astrocyte-
regulated glucose-sensing in POMC neurons. The activation of both neurons and astrocytes in the ARC
following intracarotid infusion of a glucose bolus was shown to be dependent on astrocyte-mediated
metabolism of glucose (Guillod-Maximin et al., 2004). Importantly, deletion of the insulin-receptor in
astrocytes induced defective cerebral glucose uptake, as well as causing an attenuation in the glucose-
induced activation of POMC neurons and its associated satiety-producing effects (Garcia-Caceres et
al., 2016). Furthermore, it was recently shown that glial retraction from POMC neurons in the
postprandial state is regulated by fluctuations in extracellular glucose, leading to changes in POMC
neuron activity and synaptic input which ultimately modified patterns of meal consumption (Nuzzaci et
al., 2020).

The body of evidence implicating astrocytes as the “first step” to sensing fluctuations in
extracellular glucose is compelling, including for the regulation of POMC neuron activity. A key question,

then, is what is/are the astrocyte-derived transmitter(s) that mediate this inter-cellular signalling?
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1.9.2 How do astrocytes communicate glucose availability?

An abundance of evidence indicates that astrocytes show a preference for glycolytic
(anaerobic) metabolism (Bittar et al., 1996; Bouzier-Sore et al., 2006; Laughton et al., 2007), whereas
neurons have been shown to largely perform oxidative respiration (ltoh et al., 2003; Herrero-Mendez et
al., 2009). Additionally, neurons show preference in the utilisation of lactate as a substrate for oxidative
metabolism, whereas glucose utilisation is more important in astrocytes (Waagepetersen et al., 1998;
Bouzier-Sore et al., 2006; O'Brien et al., 2007). These findings together are supportive of a model where
astrocytes primarily take up and metabolise (anaerobically) circulating glucose into lactate, which is
then utilised by neighbouring neurons as its preferred energy substrate. With these findings in mind, it
is possible that glucose-sensing neurons derive signals of glucose availability from glial cell-derived
transmitters (“gliotransmitters”), such as lactate, rather than from the autonomous processing of glucose

by neurons themselves.

It has been demonstrated that (neurochemically-unidentified) glucose-excited neurons from the
mediobasal hypothalamus (MBH) are responsive to lactate in a similar manner to glucose, inducing
depolarisation that is mediated by closure of Kate channels (Ainscow et al., 2002). It is possible that
POMC neurons comprise part of this lactate-responsive population, as i.c.v. administration of lactate
reduces food intake in a manner that is dependent on its ability to be metabolised intracellularly (Lam
et al., 2008). Furthermore, the knockdown of monocarboxylate transporters (through which lactate is
trafficked in and out of the cell) in the MBH caused increased food intake and prevented glucose-

induced upregulation of Pomc expression (Elizondo-Vega et al., 2016).

In addition to lactate, astrocytes are recognised to release a range of other molecules as
gliotransmitters, including glutamate (Gordon et al., 2009), D-serine (Henneberger et al., 2010) and
ATP (Koizumi et al., 2003; Tan et al., 2017), the latter of which can be dephosphorylated into adenosine
by extracellularly-expressed ectonucleotideases, which can then signal to surrounding neurons through
adenosine A1, A2a, Azs and As receptors (Dunwiddie et al., 1997; Fields & Burnstock, 2006). As indicated
earlier, neurons in the NTS respond to reductions in extracellular glucose through a mechanism
dependent on astrocyte signalling. Importantly, investigators found that astrocyte-derived adenosine
(and ATP) signal in a paracrine fashion to neighbouring neurons to mediate glucoprivation-induced
excitations (Rogers et al., 2016; Rogers et al., 2018). Furthermore, in the hypothalamus, astrocyte-
derived adenosine activates sleep-promoting neurons of the ventrolateral preoptic nucleus in response

to elevations in extracellular glucose by activation of adenosine Aza receptors (Scharbarg et al., 2016).

The relevance for astrocyte-derived adenosine signalling in the regulation of POMC neuron
activity is scarce. However, recent advances in technology that permit the real-time modulation of
gliotransmission have gained traction for notion that astrocytes do contribute to melanocortin-regulated

energy homeostasis through adenosinergic signalling.

1.9.3 Adenosine signalling: a link between glucose and the melanocortin system?

Astroglial networks are electrically and chemically coupled by gap-junction channels which

enable the inter-cellular passage of ions or small molecules (Giaume et al., 2010). Calcium waves are
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known to propagate through astrocytic syncytia in response to external stimuli, resulting in the release
of gliotransmitters which thus form the basis of reciprocal communication with adjacent neurons
(Scemes & Giaume, 2006). Chemogenetic and optogenetic technologies have been employed to
“exogenously” evoke astrocytic calcium waves, which can induce the release of astrocyte-derived
purines (ATP and/or adenosine) (Gourine et al., 2010; Savtchouk & Volterra, 2018; Durkee et al., 2019).
Critically, activation of calcium-dependent astrocyte signalling in the hypothalamus has been shown
reduce food intake in an adenosine A1 receptor-dependent manner via the dampening of AGRP neuron
activity (Yang et al., 2015; Sweeney et al., 2016). However, in conflict with these findings, another study
found that chemogenetic activation of astrocytes evoked voracious feeding that was mediated by AgRP
neuron activation (but the adenosine-dependence of this effect was not examined) (Chen et al., 2016).
This discrepancy is likely explained by the topographical location of the astrocytes undergoing chemo-
and opto-genetic manipulation, where the former studies appeared to activate astrocytes throughout
the whole hypothalamus, whereas DREADD labelling in the latter study was largely restricted to the

ARC (based on histological sections shown in each paper).

In view of these findings, astrocytes are evidently involved in the detection and signalling of
extracellular glucose changes to neighbouring neurons. Considering recent indications of astrocyte-
mediated control of neighbouring POMC neurons (Garcia-Caceres ef al., 2016; Nuzzaci et al., 2020),
we theorise that glucose-derived signals from astrocytes, such as adenosine, contribute to the paracrine
regulation of POMC excitability. What is the evidence, then, that the detection of elevated glucose

levels regulates postprandial thermogenesis in brown fat?

1.9.4 Glucose and POMC neurons: regulators of postprandial thermogenesis?

A series of thermoregulatory studies almost half a century ago demonstrated the central role
that glucose plays in body temperature maintenance. Administration of glucoprivic agents both
peripherally or centrally was found to induce profound hypothermia (Freinkel et al., 1972; Sun et al.,
1979; Shiraishi & Mager, 1980; Penicaud et al., 1986). In the same vein, hypothalamus-specific
glucopenia silenced BAT-directed sympathetic outflow and reduced mitochondrial uncoupling (Arase et
al., 1987; Egawa et al., 1989a, b), indicative of nutrient-sensing hypothalamic network(s) which facilitate

energy conservation by reducing BAT thermogenesis in the face of nutrient depletion.

Importantly, hypothalamic glucose-sensing networks are also sufficient to promote
thermogenesis in milieus of caloric repletion, where intra-hypothalamic or third ventricle injections of
glucose rapidly activate BAT-directed sympathetic activity (Sakaguchi & Bray, 1987, 1988; Holt & York,
1989). In attempt to define glucose-sensing neuronal population(s) that may promote BAT activity, one
group developed a mutant of the archetypal glucose-sensing Kate channels that was resistant to closure
(Tovar et al., 2013). The authors found that Karp-mediated glucose-sensing in central catecholaminergic
neurons, particularly those in the locus coeruleus, was important for the regulation of diet-induced
thermogenesis in brown fat. However, while these findings indicate a role for hindbrain glucose-sensors,

there is no direct evidence for the identity of the hypothalamic neuronal population(s) that mediate

nutrient-induced activation (or glucoprivation-induced inhibition) of sympathetic tone to brown fat.
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1.10 Aims and hypotheses of thesis

There is no doubt that the determinants of postprandial thermogenesis in brown fat are
multifactorial, particularly in view of the complex nature and range of stimuli associated with meal
consumption. However, there is substantial evidence to implicate glucose as a principal meal-
associated signal that is sufficient to modulate brown fat thermogenesis. In consideration of findings
that POMC neurons are activated by meal-related cues, including glucose, and that signalling at MC4R

promotes BAT thermogenic activity and energy expenditure, we hypothesise that:

1) POMC neurons of the ARC and RCA constitute a hypothalamic glucose-sensing
population that contributes to the postprandial recruitment of sympathetic activity to

brown fat

Furthermore, considering the emerging role of astrocytes as a “bridge” between fluctuations in
extracellular glucose and adaptations in the excitability of neuronal glucose-sensors, we hypothesise
that:

2) Astrocyte-derived metabolites of glucose modulate POMC neuronal excitability
subsequent to extracellular glucose excursions that are associated with the
postprandial state, and in view of our first hypothesis, that astrocytes of the mediobasal

hypothalamus contribute to the postprandial regulation of thermogenesis in brown fat

These hypotheses are to be interrogated in this thesis under a number of aims which relate to each

chapter:

Chapter 3: To investigate the glucose-sensitivity of individual hypothalamic neurons that have a defined

polysynaptic trajectory to brown fat and hence modulate BAT-directed sympathetic output.

Chapter 4: To substantiate the sufficiency of POMC signalling to modulate BAT thermogenic activity

and its necessity in the meal-induced activation of BAT thermogenesis.

Chapter 5: To investigate the role of astrocyte-derived gliotransmission, particularly adenosine release,
in the regulation of POMC neuron excitability following elevations in extracellular glucose. Furthermore,
to test the sufficiency of astrocyte-mediated regulation of POMC neurons to modulate BAT

thermogenesis.
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2.1 Animals, Breeding and Husbandry

All rats and mice used in these experiments were bred on campus at Monash University,
Clayton. All experimental procedures were reviewed and approved by the Monash Animal Resource
Platform Ethics committee and performed in accordance with the “Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes”.

2.1.1 Wild-type rats

Male Sprague-Dawley rats were used for experiments described in Chapter 3 of this thesis.
Rats were bred by and obtained from Monash Animal Services (Clayton, Victoria), and were used in
experiments from 7-14 weeks of age. Rats were individually housed in a humidity (60 + 20%) and
temperature (22 £ 2°C) controlled room on a standard 12:12h light/dark cycle. Rats received ad libitum
access to standard laboratory chow (13.2kJ/g digestible energy, 24% digestible energy from lipids, 25%
digestible energy from protein, 102119-1070; Barastoc-Ridley, Victoria, Australia) and water, except
for the night before electrophysiological recordings when food was removed (~16 hours before

euthanasia).

2.1.2 Wild-type and transgenic mice

Wild-type or transgenic male mice were used for experiments described in Chapter 4 and
Chapter 5. A mixture of hemi- and homozygous mutant mice was used from all genetically modified
strains. Mice were housed in a temperature (24 + 1°C) controlled room and received ad libitum access
to standard laboratory chow (13.2kJ/g digestible energy, 24% digestible energy from lipids, 25%
digestible energy from protein, 102119-1070; Barastoc-Ridley, Victoria, Australia) and water, except in

experiments involving overnight fasts (~16 hours food deprivation).

For food intake, energy expenditure, BAT temperature assays and virus validation studies,
singly-housed wild-type C57BI/6 (C57BI/6"T) mice were bred by and obtained from Monash Animal

Services (Clayton, Victoria) and used for experimentation at 8-18 weeks of age

For patch-clamp electrophysiology, immunohistochemistry and neuronal activation (Fos)
studies, singly- or group-housed Pomce®FP mice maintained on a C57BI/6 background were used for
experimentation at 7-18 weeks of age. Mice were generated as previously described (Cowley et al.,
2001), and the colony was founded from donor mice received from Prof Tony Tiganis (Biomedicine
Discovery Institute, Monash University), who purchased the mice from Jax (C57BL/6J-Tg(Pomc-
EGFP)1Low/J, 009593).

For food intake and BAT temperature assays, singly-housed Agrp'RES-C® mice maintained on a
C57BI/6 background were used for experimentation at 8-16 weeks of age. Mice were generated as
previously described (Tong et al., 2008), and the colony was founded from donor mice received from
A/Prof Zane Andrews (Biomedicine Discovery Institute, Monash University), who purchased the mice
from Jax (Agrptm1(cre)Lowl/J, 012899).
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For both short- and long-term food intake and BAT temperature assays, body weight and ex
vivo electrophysiology validation experiments, singly-housed Pomc'RES-C mice maintained on a mixed
C57BI/6 x 129/Sv background were used for experimentation at 8-24 weeks of age. Mice were
generated as previously described (Fenselau et al., 2017), and the colony originated from donor mice
received directly from the original founder, Bradford B. Lowell (Beth Israel Deaconess Medical Center,
Harvard Medical School).

Validation of Cre-mediated recombination was performed by crossing the Cre-reporter mouse
strain, Ai14tdTomate  with Pomc'RES-Cre mice. Reporter mice were generated as previously described
(Madisen et al., 2010), and the colony was founded from donor mice received from A/Prof Zane
Andrews (Biomedicine Discovery Institute, Monash University), who purchased the mice from Jax
(B6.Cg-Gt(ROSA)26Sortm14(CAGtdTomatolHze/ J - 007914).

21.3 Genotyping

Genotyping of transgenic mouse lines was performed by polymerase chain reaction (PCR) on
DNA extracted from tail samples taken 10-11 days postnatally. In some cases, genotype was
determined by the extraction and amplification of segments of DNA containing the genetic mutation and
internal positive control, followed by gel electrophoresis. In most cases, genotyping was performed by
PCR through an external laboratory (Transnetyx, Memphis, USA). The sequences of primers used to

generate the amplicon and assign genotype for each transgenic mouseline are provided in Table 2.1.

Line name Primer sequences

5-AGT GCT TCA GCC GCT ACC (Mutant [eGFP] — forward)

5-GAA GAT GGT GCG CTC CTG (Mutant [eGFP] — reverse)

5-CAC GTG GGC TCC AGC ATT (Internal positive control — forward)
5-TCACCA GTC ATT TCT GCC TTT G (Internal positive control — reverse)
5-GCG GTC TGG CAG TAA AAA CTA TC (Mutant [Cre] — forward)

5-GTG AAA CAG CAT TGC TGT CAC TT (Mutant [Cre] — reverse)

5-CAC GTG GGC TCC AGC ATT (Internal positive control — forward)
5-TCA CCA GTC ATT TCT GCC TTT G (Internal positive control — reverse)
5°-TTA ATC CAT ATT GGC AGA ACG AAA ACG (Mutant [Cre] — forward)
5-CAG GCT AAG TGC CTT CTC TAC A (Mutant [Cre] — reverse)

5-GAA CGC GCA CAA GAA GGG CCA (Wild type — forward)

5-GAA GAT CAG AGC CGA CTG TGA AAT CTG A (Wild type — reverse)
5-CTG TTC CTG TAC GGC ATG G (Mutant [tdTomato] — forward)

5-GGC ATT AAA GCA GCG TAT CC (Mutant [WPRE] - reverse)

5-AAG GGA GCT GCA GTG GAG TA (Wild type — forward)

5-CCG AAA ATC TGT GGG AAG TC (Wild type — reverse)

Table 2.1 | Transgenic mouse lines used for all studies

PomCeGFP

AgrpIRES—Cre

PomCIRES-Cre

Ai1l 4thomato

ON2EWON 2RO 2R ON >

B

Line name refers to name assigned to each transgenic mouse strain in this thesis. Primer sequences
5’-3’ are listed with a description in brackets following the sequence
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2.2 Surgeries: anaesthesia and analgesia

Surgical procedures requiring anaesthesia in both rats and mice were performed using
isoflurane delivered in medical grade oxygen (5% isoflurane for induction of anaesthesia, 1.5-2.5%
isoflurane for maintenance). Anaesthesia was ascertained by loss of both pedal and corneal reflexes.
Eye lubricant was applied directly onto the eyes of the anaesthetised animal to prevent moisture loss.
Animals were maintained under inhalation anaesthesia through a rodent mask, and sufficient depth of
anaesthesia was monitored throughout the surgical period by observation of respiratory rate and lack
of corneal/pedal reflexes. At the beginning of surgery, animals were injected subcutaneously with
meloxicam (1mg/kg in rats, 2mg/kg in mice) as well as with 0.5% bupivacaine locally at the site of skin
incision (head or interscapular region). Skin was sterilised with 80%v/v ethanol before incision was
made. Wounds were sutured closed using non-absorbable silk thread. At the end of the surgery,
animals were removed from the isoflurane mask and placed back into their warmed home cage on heat
pad for 20-30 minutes. Animals were monitored daily and received additional subcutaneous injections

of meloxicam for 3 days following surgery.

2.3 Interscapular brown fat temperature measurement

To gain real-time interscapular BAT (iBAT) temperature measurements, a temperature-
sensitive transponder (IPTT-300, Bio Medic Data Systems) was surgically implanted directly beneath
the fat pad (Figure 2.1A). This procedure, performed under anaesthesia, involved a midline incision
made over the interscapular region of the mouse after which a small pocket was blunt dissected in a
caudal-to-rostral direction underneath the overlaying white fat (Figure 2.1B1). Using a sterilised delivery
trochar, the temperature-sensitive probe was inserted deep into this pocket with the temperature-
sensitive end placed directly beneath both iBAT lobes (Figures 2.1B2 and Bs). Using silk suture, the
transponder was secured into place to adjacent muscle and the incised skin was closed (Figures 2.1B4
and Bs). Animals were allowed at least 1-week recovery following surgery, and at least three days of
handling and/or habituation to injection (intraperitoneal, intracerebroventricular) before experiments
began. Instantaneous temperature was collected using a handheld reader (DAS-80271US Portable
Reader, Bio Medic Data Systems) by scanning through the side of the animal’s home cage. Scanning
of mice was performed discreetly to circumvent disturbances which may confound BAT temperature

readings.
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Figure 2.1 | Temperature transponder placement underneath interscapular brown fat

(A) Depiction of the design of the temperature-sensitive IPTT-300 transponder and its dimensions.
Image was taken directly from the product website (https://www.bmds.com/products/transponders/iptt-
300/specs). (B1-s) Series of images depicting the blunt dissection deep beneath the overlaying white
fat to gain access to the interscapular brown adipose tissue (iBAT, B1). A trochar loaded with the
temperature-sensitive transponder (B:) is inserted and ejected underneath the iBAT (Bs). The overlying
white fat is sutured to secure in place, noting that the temperature-sensitive end is beneath the iBAT
and the copper coil transmitter end is exposed (Ba), before skin is sutured closed (Bs).
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3.1 Introduction

The two classical drivers of sympathetic outflow to BAT are cold exposure and meal
consumption, resulting in cold- and diet-induced thermogenesis, respectively (Cannon & Nedergaard,
2004). Significant headway has been made into the delineation of the neural circuitry subserving cold-
induced thermogenesis, which originates primarily as the activation of discrete temperature-sensitive
sensory fibres in the skin (reviewed by Morrison and Nakamura (2019)). However, the identification of
analogous circuitry in the CNS that regulates the meal-induced activation of sympathetic tone to brown
fat remains elusive. Efforts to demarcate a neural circuit have been hampered by the complexity and
diversity of stimuli that link meal consumption and brown fat activity. Indeed, these processes range
from oropharyngeal taste perception and activation of vagal afferents in the gut, to the central detection
of factors released or absorbed following food intake (LeBlanc et al., 1984; Blouet & Schwartz, 2012;
Lockie et al., 2012; Tovar et al., 2013; Yamazaki et al., 2019).

Homeostatic circuits in the hypothalamus and brain stem fine-tune energy intake and
expenditure by sensing and integrating sensory signals that pertain to metabolic status. Energy
homeostatic regions that are involved in the detection of energetic surplus (or demand) are
polysynaptically linked to brown fat (Bamshad et al., 1999; Oldfield et al., 2002), and may therefore
orchestrate the activation of sympathetic outflow to brown fat in the absorptive phase of meal
consumption. In support of this hypothesis, the central administration of nutrients such as glucose or
leucine (Sakaguchi & Bray, 1987, 1988; Holt & York, 1989; Burke et al., 2017), and hormonal factors
like leptin, insulin or gut-derived peptides (Yoshimatsu et al., 1992; Muller et al., 1997; Enriori et al.,
2011; Lockie et al., 2012; Beiroa et al., 2014) have been shown to robustly promote brown fat
sympathetic nerve activity (SNA) and/or thermogenesis. Importantly, genetic-inactivation of the Kartp
channel, a conductance classically associated with glucose-sensing, in catecholaminergic locus
coeruleus neurons caused obesity associated with defective glucose-induced activation of BAT SNA
(Tovar et al., 2013). While this study suggests a role for hindbrain glucose-sensors in the regulation of
BAT thermogenesis, it remains to be determined whether hypothalamic glucose- (or “meal’-) sensing

circuitry contribute to the regulation of postprandial thermogenesis.

The hypothalamus contains several glucose-sensing populations that have both anatomical
and functional links to the regulation of brown fat SNA. Notably, POMC-expressing neurons in the
arcuate nucleus (ARC) and adjacent retrochiasmatic area (RCA) project to brown fat and are reported
to depolarise and increase firing in response to elevations in glucose (Oldfield et al., 2002; Ibrahim et
al., 2003; Claret et al., 2007) (see also Chapter 5). While their glucose-sensing role has not been
explicitly linked with the regulation of BAT activity, activation of POMC neurons or their downstream
melanocortin receptors rapidly increases oxygen consumption and BAT thermogenesis (Hwa et al.,
2001; Song et al., 2008; Fenselau et al., 2017). Furthermore, the paraventricular nucleus (PVN) and
lateral hypothalamus (LHA) represent key regulatory nodes for sympathetic outflow to BAT, and are
also reported to contain neurons that are sensitive to fluctuations in extracellular glucose (Oldfield et
al., 2002; Burdakov et al., 2005; Melnick et al., 2011).

In light of these reports, we hypothesised that hypothalamic neurons with a trajectory to brown

fat rapidly detect meal-evoked excursions in cerebrospinal fluid (CSF) glucose. Here, we combine
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transsynaptic retrograde tracing and whole-cell patch-clamp technologies to assess the glucose-
sensitivity of neurons with an established multi-synaptic projection to BAT. By profiling the
responsiveness of BAT-projecting neurons to elevations in extracellular glucose, a surrogate for meal
consumption, we aim to advance the understanding of the central determinants of the postprandial

activation of BAT sympathetic nerve activity and thermogenesis.
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3.2 Experimental Procedures

3.2.1 Tracing BAT-directed neurons using pseudorabies virus

In order to identify neurons with a defined polysynaptic projection to brown fat, the eGFP-
expressing transsynaptic retrograde tracer, pseudorabies virus (PRV)-152, was injected into the
interscapular brown fat of male Sprague-Dawley rats. Given that PRV is not endemic in Australia, the
use of the virus throughout experiments presented in this Chapter was restricted to a quarantine
containment (QC3/PC3) facility, as regulated by the Australian Department of Agriculture and Water
Resources. Using a previously established protocol (Oldfield et al., 2002), under isoflurane anaesthesia
the interscapular BAT was exposed via midline incision, and 4 x 1pL injections of PRV-152 were made
into each fat lobe (8L total virus). Care was taken during the surgical procedure to ensure delivery of
the virus only to the BAT, and to avoid inadvertent denervation of the pad. Following injection, the area
around the lobes was flushed thoroughly with sterile saline. Following surgery, animals received post-

operative care as outlined in Chapter 2: General Methods.

3.2.2 Preparation of brain slices for patch-clamp recording

Whole-cell patch-clamp recordings were made from PRV-infected neurons in acutely prepared
hypothalamic brain slices to test the glucose-sensitivity of BAT-projecting neurons. To induce a
physiological state relevant for meal-induced elevations in extracellular glucose, animals underwent an
overnight fast (16 hours) prior to brain collection. Specific consideration was given to survival times
post-inoculation with PRV-152 to ensure early arrival of the virus at the investigated hypothalamic
nuclei, precluding the onset of virally-induced cytopathy. 72-hours (PVN, LHA and RCA recordings) or
96-hours (ARC recordings) following viral injection, animals were deeply anaesthetised with isoflurane
(5% in oxygen) and decapitated. Brains were rapidly removed and placed in ice cold, carbogenated
(95% 02/5% CO2) artificial cerebrospinal fluid (aCSF), whose components were (in mM): 127 NaCl, 1.9
KCl, 1.2 KH2PO4, 26 NaHCO3, 2.4 CaClz, 1.3 MgClz, 1.0 D-glucose, 9.0 D-mannitol, 0.34 ascorbic acid;
osmolarity 300-305mOsm/kg, pH 7.3-7.4. After removing dura and pia mater, the hind brain and excess
forebrain were excised. The remaining brain was then mounted with superglue onto a slicing platform
with an agar block support to its rear. Using a Leica Series 1000 vibratome (Oxford Instruments), 200um
thick coronal hypothalamic brain slices were made. The slices were incubated at 34-35°C for 20
minutes, then subsequently stored at room temperature (21-23°C) for at least 45 minutes before
recording commenced. The glucose concentration was maintained at 1.0mM throughout all brain slicing
and incubation protocols to mimic the nutrient environment in the brain following an overnight fast. For
testing glucose-responsiveness (see below), the 5.0mM D-glucose aCSF was osmotically balanced by

reducing the concentration of D-mannitol to 5.0mM.
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3.2.3 Whole-cell patch-clamp recording details

Patch pipettes were pulled from thin-walled borosilicate glass capillaries (GC-150TF-10,
Harvard) and had resistances between 4 and 7 MQ when filled with recording solution. The constituents
of the intracellular recording solution were (in mM): 140 KGluconate, 10 KCI, 10 HEPES, 1 Na:EGTA,
2 Na2ATP. In some instances, biocytin hydrochloride (5mM, Sigma-Aldrich) was included in the
intracellular solution to enable retrospective immunohistochemical probing of neurochemistry. The pH

of the solution was adjusted to 7.3 with KOH, and osmolarity to 300-310mOsm/kg with sucrose.

For recording, brain slices were transferred to a recording chamber constantly bathed in
carbogenated aCSF (flow rate = 4-6mL/min). BAT-projecting (PRV-infected) neurons were identified
using brightfield infrared-differential interference contrast optics with a 40x objective, as well as
fluorescence microscopy using a GFP filter (or rhodamine filter for Red Retrobeads, see below) to scan
the slice and identify virally infected cells by their eGFP content. Images were captured in real-time
using a camera (Hamamatsu) and displayed on a video monitor. Infected cells were visually inspected
for health and, thus, viability for electrophysiological recording based upon a clearly identifiable cell
body and, in some instances, dendrites. It is likely that the duration of viral infection correlates with more
brightly labelled neurons (increased eGFP translation). Therefore, where possible, all efforts were made
to record from cells which exhibited the least amount of fluorescence given their probable lower risk of
cytopathy. In addition, cells deep in the slice were favoured over superficial cells given their reduced
likelihood to have sustained losses to their dendritic arbour during the slicing process which may affect
their integrity. A back-filled patch pipette was inserted into an electrode holder where the silver-chloride
recording wire contacted the intracellular solution. Offset potentials were negated with the Junction Null
function of the Axopatch 1D amplifier in voltage-clamp mode. The current response to a repetitive 3mV
x 25ms, 20Hz voltage pulse was observed on a Gould 1602 oscilloscope set at a sweep speed of
5ms/division. With a delicate positive pressure applied from the back of the pipette, the tip of the
electrode was lowered through the slice and onto the cell’s surface, then gentle negative pressure was
applied until >1GQ seal was made with the tip of the patch pipette and the membrane of the cell. The
membrane was subsequently ruptured with brief negative pressure pulses until electrical access to the
cell interior was established (whole-cell patch-configuration). Whole-cell capacitance and serial
resistance compensation (>70%) were then applied. In current-clamp mode, cells were selected for
further investigation provided the action potentials overshot OmV and they exhibited a stable firing

pattern or resting membrane potential that was within physiological range (-35mV to -80mV).

3.2.4 Testing glucose-sensitivity and data handling

In order to ascertain glucose-sensitivity, baseline membrane properties in 1.0mM extracellular
glucose were first taken for all cells, including a current-voltage protocol where current was injected in
steps of varying amplitude, the largest of which was sufficient to hyperpolarise the cell to approximately
-100mV. This protocol allowed identification of sub-threshold active conductances expressed by the cell
and to calculate membrane input resistance. Following a gap-free recording period of at least five

minutes in basal glucose levels (1.0mM), the slice was exposed to the 5.0mM D-glucose for 5-10
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minutes or until a peak response (if present) was established. Neurons were considered to be
responsive to glucose if membrane potential changes were 22.0mV for a glucose-induced excitation or
<-2.0mV for a glucose-induced inhibition. Furthermore, changes in membrane potential and/or firing
rate were required to be time-locked to the arrival of increased glucose at the brain slice to be
considered a true response, and in many cases was confirmed by a reversal of the response upon
washout to 1.0mM glucose. Cells with unstable fluctuations in membrane potential were excluded from
analysis. Membrane potential and action potential firing rates were quantified from ~30seconds of stable
recording just prior to glucose application and at the peak of the response while 5.0mM glucose was

present.

Some cells were probed pharmacologically with specific channel blockers to confirm the
identity of sub-threshold active conductances revealed during current-voltage protocols. Current and
voltage data were displayed on-line with a digital oscilloscope and stored on a personal computer
running pCLAMP 9 software (Axon Instruments). Analysis of electrophysiological data was performed
offline using Clampex software (Axon Instruments). Membrane potential values were not compensated

to account for liquid junction potential (-9 mV).

3.2.5 Tracing monosynaptic axonal trajectory of BAT-projecting neurons

In order to trace monosynaptic projections, Red Retrobeads (LumaFIluor) were stereotaxically
injected bilaterally into one of four brain or spinal cord regions which are known to relay arcuate
nucleus/retrochiasmatic area neuron projections (across multiple synapses) to brown fat. Rats were
anaesthetised with isoflurane and placed in a stereotaxic apparatus (Stoelting). For brain injections,
after exposing the skull via midline incision, a small hole was drilled for injection of Retrobeads.
Injections were made bilaterally via pulled-glass pipettes (tip diameter = 40um) using a picospritzer
(General Valve Corportation, Picospritzer Il; 10ms, ~20psi) into one of the following sites:
paraventricular nucleus (80nL each side, from bregma: AP: —1.8mm, ML: £0.4mm, DV: -7.8mm),
dorsomedial hypothalamus (80nL each side, from bregma: AP: -2.8mm, ML: £0.4mm, DV: =7.8mm),
lateral hypothalamus (2x 80nL each side, from bregma: AP: —2.6mm & —-2.9mm, ML: £1.5mm, DV:

-8.1mm).

For spinal cord injections, the upper thoracic spinal cord was exposed by the blunt dissection
of the area between the scapulae, followed by incision of overlying muscle and tendon. The T2 vertebra
was used as a landmark as it is easily identifiable as the largest and most dorsally-protruding vertebra
(Johnson & Kida, 1995; Johnson et al., 1999). Without removing any bone (i.e. without performing a
laminectomy), the spine was placed in a position of light flexion, and the dura between segments
T2—T3 and T3—T4 was gently removed to expose the spinal cord. Bilateral injections were made
between each of the pairs of segments, aimed for the intermediolateral cell column (ML: £0.6mm, DV:
-1.0mm). Relatively large injection volumes were used (100nL per injection; 400nL total) to ensure
substantial dorsal/caudal diffusion of the tracer into the pre-ganglionic sympathetic neurons of the IML
along the spinal column, meaning that in most cases the injections were not specific to the IML.
However, given that the IML is the primary spinal cord site both receiving inputs from RCA neurons and

providing input to post-ganglionic sympathetic neurons innervating brown fat (Ribeiro-Barbosa et al.,
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1999; Cano et al., 2003), this strategy maintains accurate tracing specifically of IML-projecting RCA

neurons that also project to brown fat.

Retrobead-injected animals were allowed to recover for at least 3 days following surgery before
they were then injected with PRV-152 into the interscapular BAT as outlined above. BAT-projecting
neurons that relayed through the injected brain/spinal cord region were identifiable by their
colocalization of both eGFP and red Retrobeads (PRV*Rb").

Upon preparation of hypothalamic coronal sections, brains slices were examined extensively
for accuracy of stereotaxic hypothalamic Retrobead injections. Recordings were made from PRV*Rb*
neurons exclusively from rats that fulfilled the following criteria: a) Retrobead injections fully or partially
saturated the targeted nucleus, and; b) that there was no spill-over of injectate into other hypothalamic
sites (i.e. medial, lateral or ventral extra-nuclear spread). Note that Retrobeads deposited along the
pipette tract (i.e. dorsal to injection site) was considered acceptable given that there are no pre-
autonomic sites dorsal to the hypothalamus that could relay PRV transport to the ARC. We did not
specifically examine the spinal cords of all IML-injected rats. PRV injected into interscapular BAT is
known to exclusively travel through pre-ganglionic sympathetic neurons in the IML to the hypothalamus
(Oldfield et al., 2002; Cano et al., 2003), and therefore the presence of PRV*Rb* neurons in these rats

confirms accuracy of injection by default.

3.2.6 Immunohistochemistry and microscopy

For processing biocytin-filled cells, brain slices were immediately fixed in 4% paraformaldehyde
(PFA)-phosphate buffer (PB) for 2-16 hours, and then stored in PBS with 0.01% sodium azide until
immunohistochemical processing was performed (in batches). Slices were washed in PB, then blocked
in 10% normal horse serum (NHS) in 0.03% Triton PB (PBT) for 30 minutes. Sections were transferred
to 1% NHS-PBT overnight containing primary antiserum at room temperature (rabbit anti-POMC,
Phoenix Peptides H-029-30, 1:3000; chicken anti-GFP, Abcam ab13970, 1:3000). The next day,
sections were washed in 1%NHS-PB, then incubated at room temperature for 2 hours in secondary
antibody (Donkey anti-rabbit Alexa 647 (Abcam), Goat anti-chicken Alexa 488 (Abcam), streptavidin-
Alexa 405 (Molecular Probes), all 1:500). Following washes in PB, slices were then mounted onto glass

slides and coverslipped with Dako fluorescent mounting medium.

Imaging was conducted using a Leica SP5 5-channel or Zeiss LSM780 FCS confocal
microscope (x20 or x40 objective magnification) running LAS AF or Zen 2010 software, respectively.
Z-stacked images (~2um slices) were captured and a max intensity image was generated. Biocytin
(Alexa 405), PRV/eGFP (Alexa 488), Red Retrobeads (where applicable) and POMC (Alexa 647)
fluorophores were excited by 405nm, 488nm, 561nm and 633nm laser lines, respectively. POMC
peptide expression was determined by colocalisation of biocytin (Alexa 405) with POMC

immunostaining (Alexa 647)

Page | 34



Chapter 3: Investigation of the glucose-sensitivity of hypothalamic neurons projecting to brown fat

3.2.7 Drugs

Drugs used to confirm the identity of sub-threshold active conductances and responsiveness to
melanocortin agonists were made up as concentrated stocks prior to experiments and diluted in
recording aCSF just prior to use. Cs?* (as CsClz; used at 0.5-5mM), Ni2* (as NiClz; 0.5-1mM), Ba?* (as
BaClz; 100uM), tetrodotoxin (TTX; as TTX citrate; 1mM) and Melanotan Il (MTII; Bachem, H-3902;
500nM) were dissolved in distilled water and stored at either 4°C (CsClz, NiClz, BaClz) or —20°C (TTX,
MTII). The application of drugs, or alterations in glucose concentration, was achieved through gravity-

driven perfusion from 50mL syringes arranged in series with the main perfusion line.

3.2.8 Statistical analyses

Data was graphed and statistically analysed using GraphPad Prism 8.0 (Graphpad Software;
CA, USA); significance for all tests was set at p<0.05. Grouped data is presented as mean + SEM
unless otherwise indicated. Individual data points are also presented in most grouped data sets. One-
way ANOVA and Holm-Sidak’'s multiple comparisons was used to compare changes in resting
membrane potential and action potential frequency between ARC PRV-/Retrobead-expressing
neurons, while unpaired t test was used to compare these for RCA neurons. One-way ANOVA was
used to compare changes in electrophysiological parameters between POMC-expressing neurons of
the ARC and RCA. Chi-squared Test for Independence was used to determine the association of POMC
expression with glucose-responsiveness in the ARC. Paired t tests were used to compare the

membrane potentials of PVN and LHA neurons before and after exposure to Melanotan Il.

Page | 35



Chapter 3: Investigation of the glucose-sensitivity of hypothalamic neurons projecting to brown fat

3.3 Results

3.3.1 PRV-infected neurons are viable for electrophysiological recording

PRV-152 is an attenuated retrograde, transsynaptic tracer that is regularly used to trace the
central regulators of sympathetic nerve activity to brown fat (Bamshad et al., 1999; Oldfield et al., 2002;
Cano et al., 2003). In line with former reports, injection of PRV-152 into the interscapular BAT yields
time-dependent labelling of upstream neurons that typically equates to the number of synapses
traversed (Figure 3.1A). At 72 hours post-inoculation, PRV infection was restricted primarily to spinally-
projecting (third-order) hypothalamic nuclei. Classical pre-autonomic regions like the dorsal and ventral
parvicellular divisions of the PVN and caudal aspects of the LHA (including the perifornical area)
demonstrated moderate numbers of PRV-infected (PRV*) neurons (Figures 3.1B1 and Ba).
Furthermore, PRV* cells were scattered throughout the RCA, including the area ventral to the third
ventricle that is immediately rostral to the median eminence (Figure 3.1B3), and in some cases lateral
to the anterior ARC (not shown). At this survival time, small numbers of cells were labelled in the dorsal
hypothalamic area, which is the dorsal region of the dorsomedial hypothalamus (DMH). Delaying brain
collection until ~96 hours post-injection revealed greater labelling in all these nuclei, particularly in the
DMH (Figure 3.1B4), corresponding with the labelling of fourth-order neurons. PRV labelling in the ARC
presented only in rats culled at this longer survival time, indicative of an exclusive fourth-order projection

to brown fat from this nucleus (Figure 3.1Bs).

To verify that neurons infected with PRV-152 remain viable for electrophysiological recordings,
we prepared acute ex vivo hypothalamic brain slices from rats injected with PRV (72-96 hours prior),
and performed whole-cell patch-clamp recordings from PRV* neurons throughout the hypothalamus
(Figure 3.1C). Consistent with previous accounts of undisturbed electrophysiological properties, the
resting membrane potentials (RMP) and spontaneous action potential (AP) frequencies of PRV-infected
neurons from the PVN (n = 30), LHA (n = 22), RCA (n = 41) and ARC (n = 112) were similar to those
reported for uninfected neurons of the same region (Stern, 2001; Li et al., 2002; van den Pol et al.,
2004; van den Top et al., 2004; Williams et al., 2010) (see Table 3.1). PRV-infected cells also displayed
the expected variety of spontaneous electrical events including tonic or burst-firing patterns of activity,
or electrical quiescence (Figure 3.1D), and synaptic input from upstream neurons remained functional

as indicated by the presence of fast excitatory and inhibitory post-synaptic potentials (Figure 3.1E).

Injection of transient current-steps into BAT-projecting cells revealed a number of sub-threshold
active conductances that were expressed in varying proportions between hypothalamic nuclei. Cyclic
nucleotide-gated hyperpolarisation-activated non-selective cation currents, also known as H-currents
(In), were revealed in the majority of cells in each nucleus (see Table 3.2). This current is rapidly
activated by hyperpolarisation, leading to a “sag” depolarisation soon after the onset of the negative
current step (Figure 3.1F). Application of Cs?*, an I channel blocker, was used to confirm the identity
of the conductance through abolition of the characteristic “sag” (n = 3). The T-type calcium current (I1)
is a conductance activated in response to a depolarising stimulus following hyperpolarisation-induced
de-inactivation that was also expressed to a varying degree in PRV-infected cells (Table 3.2). We
confirmed the expression of Ni?*-sensitive It conductance in PRV-expressing neurons by holding the
cell close to —80mV, then injecting positive current steps into the cell (n = 3, in the presence of TTX)
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(Figure 3.1G). The It current also often presented as a rebound depolarisation following a
hyperpolarising step from resting membrane potentials (not shown). It is likely that the In and/or It
conductances are involved in the generation of burst firing and pacemaker-like patterns of electrical
activity (see Figure 3.1D), which indicates a functional importance with regards to downstream
communication and release of neurotransmitter. Instantaneous inwardly-rectifying potassium currents
(Kir) were expressed in a subset of PRV-infected cells across the hypothalamus (Table 3.2). This
conductance was identified by the instantaneous reduction in neuronal input resistance associated with
membrane hyperpolarisation, and confirmed by application of the Kir blocker Ba?* (n = 3) which
prevented the attenuation of membrane response to large amplitude hyperpolarising current steps
(Figure 3.1H).
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Paraventricular Lateral Retrochiasmatic Arcuate
Nucleus Hypothalamus Area Nucleus
(n =30) (n=22) (n=41) (n=112)
RMP (mV) -48.4 +54 -53.4+10.5 -53.0+7.6 -509+7.6
AP frequency (Hz) 0.42+0.75 0.71 £ 0.96 114 +1.28 1.10 £ 1.54

Table 3.1 | Electrophysiology parameters of PRV-infected (BAT-projecting) hypothalamic neurons

Resting membrane potential (RMP) and spontaneous action potential (AP) firing frequency of PRV-infected (BAT-
projecting) neurons. Data are presented as mean + standard deviation.

Paraventricular Lateral Retrochiasmatic Arcuate
Nucleus Hypothalamus Area Nucleus
(n =20) (n=11) (n =23) (n=171)
H-current (In) 18 (90%) 11 (100%) 15 (65%) 51 (72%)
T-type current (I7) 8 (40%) 7 (64%) 10 (44%) 49 (69%)
Inward-rectifier
(Ki) 2 (10%) 0 (0%) 8 (35%) 25 (35%)
IR

Table 3.2 | Sub-threshold active conductance expression in BAT-projecting neurons

The number (% of total) of cells expressing the relevant sub-threshold active conductance per hypothalamic
nucleus.
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Figure 3.1 | Hypothalamic BAT-projecting neurons defined by PRV-expression remain viable

for electrophysiological recording.

(A) Viral-tracing strategy to identify BAT-projecting hypothalamic neurons by injection of retrograde,
transsynaptic tracer PRV-152 into interscapular brown fat of Sprague-Dawley rats. Depending on
survival time post-inoculation, up to four orders of synaptic connections within the central nervous
system may be labelled by eGFP-expressing PRV. (B1.5) Representative confocal microphotographs
showing hypothalamic nuclei labelled by PRV-eGFP approximately 96h following injection into the
interscapular brown fat. This includes mixed third- and fourth-order neurons of the PVN (B1), LHA (B2),
RCA (Bs) and DMH (Ba4), and exclusively fourth-order neurons of the ARC (Bs). Rostro-caudal level
indicated by distance from bregma in lower left corner. Scale bar, 100um. 3V, third ventricle; fx, fornix.
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(C1 and C3) Brightfield (C1) and eGFP epifluorescence (C2) images of BAT-projecting (PRV-eGFP
infected) ARC neuron during whole-cell patch-clamp recording. Dotted white line is traced around the
patch pipette. Scale bar, 20um. (D) Whole-cell current-clamp recordings from different PRV-infected
neurons demonstrating a range of spontaneous neuronal activity, consistent with uncompromised
electrophysiological features in PRV-infected neurons. (E) Whole-cell current-clamp recordings of
PRV-infected neurons exhibiting fast excitatory or inhibitory post-synaptic potentials (EPSP/IPSPs),
indicative of functional inputs from pre-synaptic neurons. (F) Whole-cell current-clamp recording of
PRV-infected neuron revealing an H-current (In) evoked in response to hyperpolarising current steps
(shown superimposed), as indicated by the characteristic “sag” depolarisation shortly after the onset
of the current step, as well as rebound discharge following cessation of current injection. This current
is blocked by application of the In-blocker, Cs2* (5mM). Top right in each set of trace sweeps indicates
the magnitude of current injection steps and holding current. (G) Whole-cell current-clamp recording
of PRV-infected neuron revealing a T-type current (It) in response to depolarising current steps (shown
superimposed) when held at approximately —80mV. It is activated shortly after onset of the second,
third and fourth positive steps and becomes inactivated by the end of the current step. I7 is inhibited
by the blocker, Ni?* (1mM). The recording was performed in the presence of 1mM TTX to block action
potential firing which obfuscates the nature and kinetics of the current. (H) Whole-cell current-clamp
recording of PRV-infected neuron revealing an instantaneous inwardly rectifying potassium current
(Kir) in response to hyperpolarising current steps (shown superimposed) where the magnitude of
membrane hyperpolarisation is not linear despite linear changes in negative current injection. Kir is
inhibited by the blocker, Ba?* (100uM). In this cell, blockade of Kir with Ba?* revealed the presence of
an |y current also expressed in the cell.
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3.3.2 Hypothalamic BAT-projecting neurons sense changes in glucose availability

Having established the feasibility of recording from PRV-infected neurons, we next sought to
test our hypothesis that neurons with a defined multi-synaptic projection to brown fat are glucose-
sensing. We sampled neurons from all PRV-labelled hypothalamic nuclei except the DMH; guided by
those which have previous reports of glucose-sensing capacity. In order to most appropriately
reproduce an environment of “meal consumption” in an ex vivo context, brain slices were prepared from
overnight fasted rats and bathed in a glucose concentration relevant for the nutritional state (1.0mM D-
glucose). Current-clamp recordings were made from neurons projecting to brown fat over three (RCA,
PVN, LHA) or four (ARC) synapses and their glucose-sensitivity was assessed by bath-application of
osmotically-balanced 5.0mM D-glucose-containing aCSF (Figures 3.2D-G1). Indeed, a range of
responses consistent with glucose-sensitivity were observed in BAT-projecting neurons from all
hypothalamic nuclei tested. Neurons that were depolarised with an accompanying increase in action
potential firing were considered glucose-excited (GE) neurons (Figure 3.2A). Alternatively, neurons
exhibiting hyperpolarisation with concomitant reductions in firing rate following the arrival of increased
glucose were deemed glucose-inhibited (Gl) neurons (Figure 3.2B). In most cases, the observed
electrophysiological changes were reversible upon washout and return to basal (1.0mM) glucose
concentration, substantiating the robust glucose-sensitivity of these cells. Neurons which did not display
an enduring change in membrane potential or firing rate were deemed non-responsive (NR) to changes

in glucose availability (Figure 3.2C).

We found that glucose-sensing was heterogeneously distributed both between and within each
hypothalamic nucleus (Figures 3.2D-Gz). In the present study, sampling of PRV* neurons of the ARC
and the adjacent RCA was prioritised in consideration of the established role of the melanocortin
neurons in these regions to sense extracellular glucose as well as regulate BAT thermogenesis (Claret
etal., 2007; Krashes et al., 2016; Fenselau et al., 2017). Of the neurons in the ARC treated with 5.0mM
glucose, 41% (n = 18 of 44) were excited with an average membrane potential change of +5.1 £ 0.6mV
from an RMP of -49.5 £ 1.2mV, resulting in an increased firing rate (A+0.53 + 0.14Hz). 23% of neurons
(n=10 of 44) were hyperpolarised (A-6.5+ 1.1mV, RMP = -47.7 £ 0.8mV) and reduced action potential
discharge by —-0.52 + 0.15Hz, while the remaining cells did not respond (Figures 3.2D2 and D3).
Similarly, neurons of the RCA were predominantly glucose-excited (n = 9 of 19, 47%), exhibiting
depolarisations of +7.5 £+ 1.2mV from a baseline RMP of -50.7 + 1.9mV, also corresponding to
increased firing rate (A+0.73 £ 0.23Hz). Considering its topographical vicinity to the ARC, neurons in
the RCA were substantially less likely to be inhibited by glucose (11%, n = 2 of 19), and the remaining

42% (n = 8 of 19) of neurons were insensitive to changes in glucose (Figures 3.2E2 and Es).

In contrast to cells in the mediobasal hypothalamus (MBH), PVN neurons were predominantly
glucose-inhibited (n = 9 of 20, 45%), exhibiting hyperpolarisations of -7.8 £ 2.0mV from a RMP of -54.9
1 1.9mV, resulting in a —0.16 + 0.11Hz reduction in firing rate. Only 10% (n = 2 of 20) of PVN neurons
demonstrated glucose-induced excitations, indicating that most neurons of the PVN were either
inhibited or not responsive to changes in glucose (n = 9 of 20, 45%) (Figures 3.2F2 and F3). Similarly,
BAT-projecting neurons in the LHA exhibited primarily glucose-induced inhibitions (n = 7 of 12, 58%)

marked by relatively large amplitude hyperpolarisations of -16.7 + 2.6mV from a resting membrane
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potential of -49.7 £ 2.6mV (Figures 3.2Gz and Gs). Notably, while hyperpolarisation begun shortly after
the arrival of high glucose (<2 minutes), the responses consistently did not reverse upon washout to
basal glucose concentration (up to 20 minutes of washing). Moreover, while all glucose-inhibited LHA
cells were completely silenced by glucose, LHA neurons discharged few spontaneous action potentials
at basal glucose levels and therefore the absolute reduction in firing frequency was relatively small
(A-0.06 *+ 0.02Hz). The remaining LHA neurons sampled were non-responsive to elevated glucose (n
=5 of 12, 42%), with no evidence of any glucose-excited BAT-projecting cells. These findings suggest
that subpopulations of neurons with a defined polysynaptic projection to brown fat are capable of
glucose-sensing in all hypothalamic nuclei probed, and that the response types within each nucleus are

to some extent heterogeneous.
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Figure 3.2 | BAT-projecting neurons of the hypothalamus respond to ex vivo elevations in CSF
glucose

(A-C) Representative whole-cell current-clamp recordings from BAT-projecting neurons in the
hypothalamus that were either excited (A), inhibited (B) or not responsive (C) to elevations in
extracellular glucose. Note that in responsive neurons, changes in membrane potential and firing rate
were time-locked to arrival of 5.0mM glucose to the slice, and in the demonstrated cases were
reversible upon washout to baseline glucose levels. (D1.3) Diagram of recording strategy from ARC
neurons fourth-order in their projection to BAT (PRV*) (D1). The proportion of the glucose-response
types in ARC neurons following increase of extracellular glucose from 1.0 to 5.0mM (D2) with the
corresponding changes in RMP and AP firing rate (Ds). (E1.3) Diagram of recording strategy from RCA
neurons fourth-order in their projection to BAT (PRV™) (E+). The proportion of the glucose-response
types in RCA neurons following increase of extracellular glucose from 1.0 to 5.0mM (E2) with the
corresponding changes in RMP and AP firing rate (Es). (F1.3) Diagram of recording strategy from PVN
neurons fourth-order in their projection to BAT (PRV™) (F4). The proportion of the glucose-response
types in PVN neurons following increase of extracellular glucose from 1.0 to 5.0mM (F2) with the
corresponding changes in RMP and AP firing rate (F3). (G1-3) Diagram of recording strategy from LHA
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neurons fourth-order in their projection to BAT (PRV™) (G1). The proportion of the glucose-response
types in LHA neurons following increase of extracellular glucose from 1.0 to 5.0mM (G2) with the
corresponding changes in RMP and AP firing rate (Gs).

Note that breaks in recording (<2 minutes) are indicated by a gap in the trace and are a result of
breaking recording to determine current-voltage relationships. Data are represented as mean + SEM
and individual values are labelled by grey circles.
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3.3.3 Mediobasal hypothalamus glucose-sensors project to brown fat via multiple

relays

Function-specific circuitry has been identified for a number of neuronal populations in the brain,
including AgRP neurons in the arcuate nucleus (Betley et al., 2013; Steculorum et al., 2016). We
therefore sought to investigate whether the glucose-responsiveness of neurons of the ARC and RCA
projecting to brown fat is circuit-specific. To address this question, we implemented a modified tracing
strategy: rats first received a bilateral injection of red Retrobeads (Rb) into either the PVN, LHA or DMH
in the hypothalamus, or into the IML of the spinal cord. The former regions were anticipated to be relays
for fourth order arcuate nucleus neurons, and the latter to be the site downstream of third-order
retrochiasmatic area neurons. The interscapular brown fat was then injected with eGFP-expressing
PRV-152 as previously described, permitting the multiplexing of retrograde tracers (Figures 3.3A and
B1). 96-hours following PRV injection into animals that received Retrobead injections into a
hypothalamic nucleus, there were substantial numbers of PRV*Rb* neurons in the arcuate nucleus
(Figure 3.3B2), but only sparse double-labelling of neurons in the retrochiasmatic area, confirming
these downstream sites relay projections to BAT primarily from fourth-order neurons in the ARC. IML-
injected animals were sacrificed ~72 hours following inoculation with PRV, revealing considerable
numbers of PRV*Rb* neurons in the RCA (not shown), as well as in other pre-autonomic cells of the
PVN and RCA (not shown), but there was complete absence of either retrograde tracer in the ARC,
consistent with reports that few (if any) ARC neurons are spinally-projecting (Swanson & Kuypers,
1980a; Cechetto & Saper, 1988). In the present study, recordings were performed specifically from
fourth-order ARC and third-order RCA PRV*Rb* neurons, and the glucose-sensitivity of these neurons,

identified on the basis of their monosynaptic trajectory, was determined (Figures 3.3C-F1).

Remarkably, we found that there was no overt difference in the glucose-sensitivity of ARC
neurons with regard to their axonal trajectory. ARC neurons with diverging trajectories to brown fat
through the PVN, LHA or DMH exhibited comparable glucose-induced excitations, in 42% (n = 8 of 19),
43% (n = 6 of 14) and 40% (n = 4 of 10) of cases, respectively (Figures 3.3C-Ez). Importantly, this
proportion of neurons activated by glucose recapitulates those from the original population of ARC PRV*
(only) neurons (41%, see Figure 3.2D2). The magnitudes of the glucose-induced depolarisations did
not differ between ARC neurons with a defined projection nor to the original PRV* only population (PVN:
A+5.6 £ 0.7mV, LHA: A+7.3 £ 1.8mV, DMH: A+6.2 £ 1.7mV, PRV* only: A+5.1 + 0.6mV; p=0.4803)
(Figure 3.3G). However, glucose-induced increases in firing frequency were found to differ between
ARC subpopulations (p=0.0433), with post-hoc statistical analyses revealing LHA-projecting ARC
neurons had significantly greater increases in firing rate than ARC PRV* neurons (p=0.0429). In
addition, the proportion of neurons that were inhibited by glucose was also comparable between
neurons projecting to the PVN (11%), LHA (7%) or DMH (10%), but these were relatively fewer
proportion-wise than ARC PRV~ (only) neurons (23%).

In a similar way, the glucose-sensitivity of IML-projecting RCA neurons was remarkably similar
to RCA PRV* (only) neurons, with the majority of cells exhibiting glucose-induced depolarisations
(A+5.7 £ 0.7mV, n = 8 of 18, 44%) but only a small proportion of glucose-induced inhibitions (12%)

(Figures 3.3F2 and Fs3). The magnitude of membrane potential and firing changes also did not differ
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between RCA cells with and without a defined trajectory to BAT via the IML (RMP, p=0.2574; AP,
p=0.1070) (Figure 3.3H). These findings suggest that there is no dedicated circuit through which ARC

or RCA glucose-sensing neurons project through en route to brown fat.
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Figure 3.3 | Investigating relevance of axonal trajectory in defining glucose-sensitivity in BAT-
projecting neurons

(A) Dual tracer strategy to identify neurons with a defined projection to brown fat with an established
relay through a downstream projection region. To trace monosynaptic projections from the arcuate
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nucleus, Red Retrobeads were injected bilaterally into third-order neurons in the PVN, LHA or DMH.
To trace monosynaptic projections from third-order retrochiasmatic area neurons, Red Retrobeads
were injected bilaterally into the IML of the spinal cord. The interscapular brown fat was injected with
the transsynaptic retrograde tracer, PRV-152 (eGFP-expressing), which labels synaptically connected
neurons that project to brown adipose tissue. (B1 and B2) Representative confocal microphotographs
of a typical bilateral injection site of red Retrobeads into the PVN amongst PRV-labelled (BAT-
projecting cells) (B+), which are both transported to label PVN-projecting neurons of the ARC which
also project to brown fat (white arrows). Scale bars: B1, 200pum; B2, 50um. 3V, third ventricle. (C1.3)
Diagram of recording strategy from ARC neurons that project multi-synaptically to brown fat via the
PVN (PRV*Rb*) (C1). The proportion of the glucose-response types in PVN-projecting ARC neurons
following increase of extracellular glucose from 1.0 to 5.0mM (C2) with the corresponding changes in
RMP and AP firing rate (Cs). (D1-3) Diagram of recording strategy from ARC neurons that project multi-
synaptically to brown fat via the LHA (PRV*Rb™) (D1). The proportion of the glucose-response types in
LHA-projecting ARC neurons following increase of extracellular glucose from 1.0 to 5.0mM (D2) with
the corresponding changes in RMP and AP firing rate (Ds). (E1-3) Diagram of recording strategy from
ARC neurons that project multi-synaptically to brown fat via the DMH (PRV*Rb*) (E+). The proportion
of the glucose-response types in DMH-projecting ARC neurons following increase of extracellular
glucose from 1.0 to 5.0mM (E2) with the corresponding changes in RMP and AP firing rate (Es). (F1-3)
Diagram of recording strategy from RCA neurons that project multi-synaptically to brown fat via the
IML (PRV*Rb*) (F+1). The proportion of the glucose-response types in IML-projecting RCA neurons
following increase of extracellular glucose from 1.0 to 5.0mM (F2) with the corresponding changes in
RMP and AP firing rate (Fs). (G) Bar charts comparing the RMP and AP firing rate changes between
glucose-excited neurons in the ARC that have a defined monosynaptic trajectory en route to brown fat
compared to ARC cells recorded in the absence of monosynaptic tracing (“PRV* only”). Changes in
electrophysiological parameters were analysed by one-way ANOVA followed by Holm-Sidak's multiple
comparisons test where appropriate (RMP, n= 36 total cells; F(3, 32) = 0.8433, p=0.4803 (NS).
AP, n = 36 total cells; F(3, 32) = 3.035, p=0.0433. ARC to BAT (PRV+ only) vs ARC to BAT with LHA,
*p=0.0429; all other comparisons p>0.05). (H) Bar charts comparing the RMP and AP firing rate
changes between glucose-excited neurons in the RCA that have a defined monosynaptic trajectory en
route to brown fat compared to RCA cells recorded in the absence of monosynaptic tracing (“PRV*
only”). Changes in electrophysiological parameters were analysed by unpaired t test (RMP, n = 17
total cells; t = 1.177, df = 15, p=0.2574; AP, n = 17 total cells; t = 1.715, df = 15, p=0.1070).

Data are represented as mean £ SEM and individual values labelled by grey circles.
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3.3.4 POMC neurons project to brown fat and constitute most glucose-excited
neurons in the ARC and RCA

Considering that POMC neurons are known to project from the ARC and RCA to brown fat
(Oldfield et al., 2002), we sought to test the relative glucose-sensitivity of POMC-expressing and non-
POMC neurons sampled here. To this end, a subset of recordings from ARC and RCA neurons were
made with biocytin, an inert neural tracer, incorporated into the intracellular patch-solution, and brain
slices were processed immunohistochemically for expression of POMC peptide. Confocal microscopy
revealed that 59% (n = 27 of 46) of biocytin-filled ARC neurons were POMC-expressing (ARCPOMC*)
(Figures 3.4A4). These cells were scattered topographically throughout the ventro-dorsal and medio-
lateral portions of the nucleus. Consistent with prior reports (Ibrahim et al., 2003; Parton et al., 2007), a
large proportion (48%) of ARCPOMC* were excited by increased glucose concentration (n = 13 of 27),
however we did also observe some indication of glucose-inhibited POMC neurons projecting to brown
fat (n = 2 of 27, 7%) (Figure 3.4B1). The remaining ARC cells that did not colocalise with POMC
(ARCPOMC) (n = 19 of 46) were also distributed throughout the nucleus, however in most cases were
located in the inner ventromedial portion of the arcuate nucleus, consistent with the stereotypical
location of AGRP/NPY neurons (Figure 3.4Az). In comparison to POMC-expressing cells, ARCPOMC-
cells were predominantly inhibited by glucose (n = 8 of 19, 42%) or were non-responsive (n = 9 of 19,
47%), with only a small fraction of cells exhibiting glucose-induced excitations (n =2 of 19, 11%) (Figure
3.4 B2). Correspondingly, POMC-expression was associated with glucose-response type in BAT-
projecting cells of the arcuate nucleus, where ARCP°MC* neurons accounted for 87% of glucose-induced
excitations but only 20% of glucose-inhibitions (x?(2) = 11.04, p=0.0040) (Figure 3.4B3).

Remarkably, all biocytin-filled neurons in the retrochiasmatic area expressed POMC peptide
(RCAPOMC* ' n = 19 of 19), indicating a particularly significant POMC projection from the RCA to brown
fat. A comparable, if not greater, proportion of RCAPOMC* cells were excited (53%) or inhibited (16%) by
increased glucose compared to the ARCPOMC* population (Figure 3.4C). There was no significant
difference in membrane potential and firing rate changes between the glucose-excited (One-way
ANOVA, RMP: F(2, 22) = 0.04208, p=0.9589; AP: F(2, 22) = 0.7105, p=0.5023) or glucose-inhibited
(RMP: F(2, 10) = 0.5346, p=0.6017; AP: F(2, 10) = 0.07113, p=0.9318) ARCPOMC*  ARCPOMC- and
RCAFOMC+ neyrons, indicating that neither POMC-expression nor the locality of the neuron impact the

magnitude of glucose-induced responses.

Importantly, we also determined POMC-expression in a subset of PRV*Rb* neurons; that is, of
those projecting to brown fat from the ARC or RCA with defined axonal trajectories. 50% (n = 2 of 4) of
PVN-projecting, 75% (n = 3 of 4) of LHA-projecting and 100% (n = 3 of 3) of DMH-projecting glucose-
sensing neurons in the ARC immuno-stained positively for POMC peptide (Figures 3.4D1.3). All
glucose-sensitive IML-projecting neurons (n = 6 of 6) in the RCA expressed POMC (Figures 3.4Da).
While sample sizes were too low to make meaningful comparisons of glucose-response types between
the projection sites, the majority of glucose-sensitive POMC neurons projecting to each region were

also glucose-excited (67-100% of responses).

In view of the findings that ARCPOMC* BAT-projecting neurons are largely glucose-excited and

projecting via pre-autonomic hypothalamic sites, we sought to determine whether third-order BAT-
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directed neurons of the PVN and LHA are responsive to melanocortin agonism. Indeed, bath application
of the MC3/4R agonist, MTII, caused marked inhibition of BAT-projecting neurons both in the PVN (n =
4 of 7, 57%) and LHA (n = 4 of 6, 67%) (Figures 3.4E1 and F1). Interestingly, the hyperpolarising effect
of MTIl on BAT-projecting PVN neurons (A-6.0 + 1.1mV, p=0.0107) was reversible upon washout
(Figures 3.4E1 and E2). In contrast, MTll-induced hyperpolarisation of BAT-projecting LHA neurons
(A-10.3 £ 3.2mV, p=0.0480) was not reversible (within ~10 minutes), and in some cases the response
did not peak until after drug had already washed-out (Figures 3.4F1 and F2). Interestingly, the relative
reversibility (or irreversibility) of MTlI-induced responses for PVN and LHA neurons mirrors the glucose-
induced inhibition responses. Consistent with these observations, all PVN neurons that were responsive
to MTII were reversibly hyperpolarised in response to application of 5.0mM glucose, while all LHA
neurons responsive to MTIlI were also irreversibly hyperpolarised by glucose (Figures 3.4E1 and F1).
Furthermore, MTII-unresponsive neurons in both nuclei also did not respond to glucose (not shown).
Together, the responsiveness of PVN and LHA neurons to melanocortin agonism and elevated
extracellular glucose was identical (PVN, n = 4; LHA, n = 3). Indeed, biocytin-filling of BAT-projecting
cells responsive to glucose and MTIlI showed evidence of POMC terminal field-reactivity directly
apposed to or ontop of the recorded neuron (PVN, n = 2; LHA, n = 2) (Figures 3.4E; and F3). These
findings suggest a role for glucose-excited ARCPOMC* neurons to regulate the activity of downstream
BAT-projecting cells in (at least) the PVN and LHA.
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Figure 3.4 | Glucose-sensing POMC neurons in the MBH project to brown fat, and inhibit
upstream glucose-inhibited BAT-projecting cells in the PVN and LHA

(A1 and A2) Representative confocal microphotographs of BAT-projecting (PRV-expressing, green)
recorded neurons (biocytin filled, cyan) that immuno-stained positively (A1) or negatively (Az2) for POMC
peptide (grey). POMC+ neurons were found in both the ARC and RCA, while POMC- neurons were
found in the ARC only. Scale bars, 20um. 3V, third ventricle. (B1.3) Glucose-response distributions of
ARC neurons that immuno-stained positively (B1, 59% of recorded cells) or negatively (B2, 41% of
recorded cells) for POMC peptide. Contingency plot depicting the proportion of ARCPOMC* and
ARCPOMC- neurons that were found to be GE, Gl or NR (Bs). The difference in proportions of POMC-
expressing cells by glucose-response type was analysed by Chi-squared test of independence (x3(2)
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= 11.04, **p=0.0040). (C) Glucose-response distributions of RCA neurons that immuno-stained
positively (100% of recorded cells) for POMC peptide. (D1-4) POMC+ glucose-sensitive neurons project
from the ARC and RCA to all downstream regions tested. Pie charts indicating the proportion of
POMC+ and POMC- neurons of cells that were responsive (GE or Gl) to elevations in extracellular
glucose for the ARC to PVN (D1), ARC to LHA (D2), ARC to DMH (Ds) and RCA to IML (D4) circuits
with a final trajectory to interscapular BAT. (E1-3) Whole-cell current-clamp recording from a BAT-
projecting PVN neuron testing the responsiveness to the MC3/4R agonist, MTIl (500nM), and to
increased extracellular D-glucose (E1). Diagram depicting the membrane potential of PVN BAT-
projecting cells before and after application of MTII (Ez2). Representative confocal microphotograph of
a recorded (biocytin-filled) BAT-projecting (PRV*) PVN neuron that was inhibited by MTII and glucose
application (Es). POMC-immunoreactive fibres form close appositions with the BAT-projecting PVN
neuron. Scale bar, 25um. MTIl-induced change in membrane potential was analysed by paired f test
(t=5.701, df = 3, *p=0.0107). (F1-3) Whole-cell current-clamp recording from a BAT-projecting LHA
neuron testing the responsiveness to the MC3/4R agonist, MTIl (500nM), and to increased
extracellular D-glucose (F1). Diagram depicting the membrane potential of LHA BAT-projecting cells
before and after application of MTII (F2). Representative confocal microphotograph of a recorded
(biocytin-filled) BAT-projecting (PRV*) LHA neuron that was inhibited by MTIl and glucose application
(Fs). POMC-immunoreactive fibres form close appositions with the BAT-projecting LHA neuron. Scale
bar, 25um. MTIll-induced change in membrane potential was analysed by paired t test (t = 3.237, df =
3, *p=0.0480).

Note that breaks in recording (<2 minutes) are indicated by a gap in the trace and are a result of
breaking recording to determine current-voltage relationships. Data are represented as mean + SEM
and individual paired values are labelled by connected grey lines.
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3.4 Discussion

We present here the first categorical evidence that elevations in glucose, like those that occur
in the postprandial state, are capable of modulating the activity of hypothalamic “command” neurons
that regulate sympathetic outflow to brown fat. By combining transsynaptic retrograde tracing and patch-
clamp electrophysiology, we investigated the responsiveness of single interscapular BAT-directed
neurons to increased glucose availability, where this single nutrient was used as a surrogate for meal
consumption. We observed heterogenous glucose-sensing profiles of BAT-directed neurons in each
hypothalamic nucleus, including neurons that were either activated or those that were silenced following
application of increased glucose, indicative of a system that integrates glucose signals at multiple nodes
(nuclei). Furthermore, ARC and RCA glucose-responsive cells project through at least three
hypothalamic nuclei and the spinal cord, mounting evidence for redundancy in the glucose-sensing
circuitry controlling BAT activity. Importantly, neurochemically-defined POMC neurons constitute the
majority of glucose-excited neurons projecting to BAT from the mediobasal hypothalamus. Melanocortin
receptor agonism caused hyperpolarisation of BAT-projecting neurons in the PVN and LHA, which were
also inhibited by glucose, providing insight into how glucose-excited POMC neurons in the ARC may
modulate downstream pre-motor autonomic neuron activity. These findings provide the beginnings of a
framework to map the neural circuits in the CNS that collectively regulate sympathetic drive to BAT

through a nutrient-sensing mechanism.

3.4.1 Extending the connection between glucose-sensing and brown fat activity

Neurons within hypothalamus were amongst the first indicated to be able to modulate BAT-
directed sympathetic outflow in response to both hyperglycaemia or glucopenia over 30 years ago.
Administration of glucopenia-inducing substances into the third ventricle or lateral hypothalamus was
shown to suppress BAT SNA (Egawa et al., 1989a, b), while injection of glucose (albeit large volumes
and concentrations) into the paraventricular or ventromedial nucleus of the hypothalamus induced rapid
but transient increases in BAT sympathetic nerve firing rate (Sakaguchi & Bray, 1987, 1988). Little
progress has since been made in the way of identifying the exact localisation and neurochemical
phenotype of glucose-responsive neuronal population(s) responsible for this effect. Here, we assess
the responsiveness of individual BAT-directed hypothalamic neurons to elevations in extracellular
glucose that are reflective of physiological CSF glucose changes that occur during the transition from
the fasted to fed state (Silver & Erecinska, 1994; de Vries et al., 2003; van den Top et al., 2017), hence

recapitulating meal-consumption in an ex vivo setting.

Our study extends upon previous indications that Karp-mediated glucose-sensing by
catecholaminergic hindbrain neurons contributes to diet-induced thermogenesis in brown fat (Tovar et
al., 2013). An important caveat of this study, though, is that Katp expression appears to be neither
necessary nor sufficient to confer neuronal glucose-sensitivity (Levin, 2002; Fioramonti et al., 2004;
O’'Malley et al., 2006; Melnick et al., 2011), and therefore, at face value, the role of glucose-sensing in

brown fat thermogenesis may have been incompletely (or inaccurately) assessed. Here, we overcome
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this deficit by assessing, directly, the electrophysiological response to elevated glucose of single

neurons with an identified end-point in brown fat through use of the transsynaptic tracer, PRV-152.

A number of published works have employed patch-clamp electrophysiology in conjunction with
the virulence-attenuated strain of PRV to trace the central neural regulators of peripheral organ(s).
However, we provide the first comprehensive screen of hypothalamic neurons with a defined poly-
synaptic projection to brown fat. Importantly, newly-infected neurons exhibited no degradation in
membrane or synaptic properties, evidenced by resting membrane potentials and action potential firing
rates similar to prior reports from non-infected cells from the same region. The viability of recording from
PRV-infected neurons was ensured by carefully timing the arrival of PRV to the sampled hypothalamic
nucleus, in accord with previous studies (Smith et al., 2000; Williams & Smith, 2006; Williams et al.,
2007; McCarthy et al., 2009). Specifically, most recordings were made ~72-hours post-inoculation for
PVN, LHA and RCA neurons, and ~96-hours cells in the ARC, consistent with approximate transport
times to these areas (Oldfield et al., 2002; Cano et al., 2003).

The presence of sub-threshold active conductances, including In, It and Kir in the majority of
BAT-projecting neurons is in line with the typical electrophysiological profile of uninfected hypothalamic
neurons (Stern, 2001; van den Top et al., 2004; Smith et al., 2007; Jais et al., 2020). In addition to
supporting an uncompromised physiological profile, these bioelectrical events serve to code external
and intrinsic information to their downstream target(s). The spontaneous burst firing that we observe in
BAT-projecting neurons of the mediobasal hypothalamus, not surprisingly, is consistent with the phasic
oscillatory events driven by It and/or |4 currents in hypothalamic cells (Wagner et al., 2000; van den
Top et al., 2004; Chu et al., 2010; Stagkourakis et al., 2016) that favour the release of neuropeptides
(Dutton & Dyball, 1979; Bicknell & Leng, 1981; Cazalis et al., 1985). The question then becomes
focussed on what is the neurochemical nature of these glucose-responsive neurons, and how do they

regulate BAT-directed sympathetic activity?

3.4.2 Rationalising a functional relevance for BAT-directed hypothalamic glucose-

sensors

PRYV is transported uniquely through synaptically-connected neurons in a retrograde manner
(Pickard et al., 2002; Pomeranz et al., 2017). As such, changes in electrical activity are relayed through
a chain of neurons (defined here by PRV injection) to ultimately drive post-ganglionic sympathetic
neurons innervating brown fat. That being said, the post-ganglionic neurons that form the final common
outflow to BAT are two to three synapses from the neurons sampled in this study, and therefore
represent those that are at or near to the “headwaters” of this pathway. An important consideration,
then, is that the output signal is likely to be modified along its route by converging inputs from other
regions of the CNS. The simplest schema that could explain the postprandial recruitment of brown fat
thermogenesis following the glucose-induced excitation of neurons in the MBH is that this excitation
also promotes an increase in the activity of the post-ganglionic neurons innervating BAT. Conversely,
glucose-induced inhibitions could relieve sympathoinhibitory tone. The challenge is to incorporate, into

a model or overall schema, the heterogeneity that we observed in the glucose-responsiveness of BAT-
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projecting neurons both between and within each neurochemically-diverse nucleus. Moreover, it is
similarly challenging to assimilate relevant data from other studies where glucose-responsiveness has

been evaluated.

3.4.21 Paraventricular nucleus

We selected candidate hypothalamic regions to record from on the basis of those previously
established to contain glucose-sensitive neurons. The PVN of the hypothalamus is a major pre-
autonomic regulatory hub that has foundational links to the control of BAT-directed sympathetic activity
(Morrison et al., 2014). Here, we demonstrate that bath-application of elevated glucose induced
hyperpolarisation and inhibition of firing in a substantial proportion of BAT-projecting PVN neurons
(45%). Congruent with a potential sympathoinhibitory role for these neurons, pharmacological activation
of the PVN was shown to rapidly inhibit BAT SNA and thermogenesis (Madden & Morrison, 2009). In a
similar vein, the orexigenic peptide NPY, which increases the excitability of PVN neurons by reducing
inhibitory input (Cowley et al., 1999; Pronchuk et al., 2002), signals through the PVN to rapidly suppress
BAT SNA and thermogenic activity (Egawa et al., 1991; Shi et al., 2013). Therefore, sympathoinhibitory
PVN neurons may represent the observed glucose-inhibited neurons in this study, and thus provide a

basis for the disinhibition of sympathetic outflow to BAT during the postprandial state.

That being said, in line with exceptionally high neuronal diversity within the nucleus, we also
observed the presence of a smaller number of glucose-excited PVN neurons projecting to BAT (10%).
This is consistent with reports of the presence of both glucose-induced excitations and inhibitions
amongst putative pre-autonomic neurons in the PVN (Melnick et al., 2011). It is possible, or even likely,
that the pharmacological study by Madden and Morrison (2009) mentioned above simply demonstrates
a more dominant, but not exclusive, sympathoinhibitory role for the nucleus. Perhaps the division in
glucose-responsiveness is attributable to distinct subpopulations of neurons which have opposing
effects on BAT sympathetic output. Indeed, chemogenetic activation of PVN oxytocin-expressing
neurons or agonism of central oxytocin receptors resulted in increased energy expenditure and BAT
temperature (Sutton et al., 2014; Roberts et al., 2017). Previous studies indicate that 10-15% of PVN
neurons labelled with PRV transported from brown fat colocalise with oxytocin (Oldfield et al., 2002), a
number which is consistent with the observed proportion of glucose-excited PVN neurons projecting to
BAT; providing weight for the possibility that oxytocinergic neurons represent the small group of

glucose-excited BAT-directed neurons in our study.

3.4.2.2 Lateral hypothalamus

The LHA is a highly interconnected brain region that regulates both cognitive and peripheral
physiological processes, including regulation of the sympathetic nervous system (Ferguson & Samson,
2003). Neurochemical characterisation of BAT-projecting LHA neurons indicated that substantial
proportions (up to 30-50%) express the neuropeptides orexin or melanin-concentrating hormone (MCH)
(Oldfield et al., 2002), both of which are established glucose-responsive populations (Burdakov et al.,
2005). In our sample, 58% (n = 7 of 12) of BAT-directed LHA neurons exhibited large magnitude
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hyperpolarisations in response to application of elevated glucose, with no evidence of any glucose-
activated cells. Considering reports that 70-80% of MCH neurons are glucose-excited and >95% of
orexin neurons are glucose-inhibited (Burdakov et al., 2005; Kong et al., 2010), the absence of glucose-
excited cells would suggest that either the glucose-insensitive MCH neurons are concentrated within
the BAT-projecting population, or that by chance there was preferential recording from predominantly
orexin-expressing neurons; the latter of which is not improbable in light of the modest sample size. In
fact, this explanation seems likely given that following hyperpolarising current injection into cells, all
LHA neurons sampled here displayed H-current-mediated depolarisation (i.e. I4), an
electrophysiological signature of orexin neurons that is absent in MCH-expressing cells (Burdakov et
al., 2005). Therefore, it is most likely that most or all sampled BAT-projecting LHA neurons are orexin-
expressing, and that the discrepancy in the proportion of glucose-sensing orexin neurons compared to
published data is attributed either to differences in recording conditions or the species from which tissue

was collected (mouse vs. rat).

The role of orexin neurons in the regulation of BAT-directed SNA is not entirely clear. Orexin
neurons project to brown fat via the IML or through other pre-motor sites like the raphe pallidus (Oldfield
et al., 2002; Llewellyn-Smith et al., 2003; Tupone et al., 2011), and in these regions, orexin appears to
act to promote neuronal activity and hence increase BAT-directed sympathetic outflow (Antunes et al.,
2001; van den Top et al., 2003; Tupone et al., 2011). However, the thermogenic/sympathetic response
to central administration of orexin receptor agonists (or antagonists) does not consistently support a
pro-thermogenic role for the peptide (Yoshimichi et al., 2001; Monda et al., 2003; Yasuda et al., 2005;
Verty et al., 2010). This may be due to confounding arousal-related effects of orexin signalling that also
contribute to heat production. Alternatively, it has been suggested that in a connected network, orexin
neurons play more of a modulatory role to promote the “gain” of excitatory inputs (Madden et al., 2012).
This is supported by the finding that pharmacological activation of neurons in the LHA/perifornical area,
or orexin injection directly into the raphe pallidus, potentiates cold-induced SNA to BAT but has no
effect in warmer environments when BAT SNA is quiescent (Tupone et al., 2011). Taking all of these
issues together and considering differences in approach (ex vivo vs. in vivo), species (rat vs. mouse)
and context (arousal in free-living rodent experiments), it remains unclear how to rationalise the
glucose-induced inhibition of putative orexinergic BAT-projecting neurons demonstrated here in the

context of glucose-(meal-) induced thermogenesis in brown fat.

In this vein, it is important to acknowledge, however, that in the absence of an in-tact
physiological system or of known neurochemical identities of sampled PVN or LHA cells, the
rationalisation of the in vivo outcome of observed glucose-induced changes in the activity is purely
speculative. Furthermore, even though previous studies have demonstrated that glucose-sensing
responses in orexin and pre-autonomic PVN neurons persist in synaptic isolation (Burdakov et al., 2005;
Melnick et al., 2011), we cannot categorically exclude the contribution of upstream glucose-responsive
neurons to the responses observed here considering our studies were not performed in the presence
of synaptic blockers. Indeed, we focussed the majority of our glucose-sensing recordings on fourth-
order ARC neurons which we hypothesised, and then demonstrated, project to brown fat through these

two nuclei and the DMH (discussed in Section 3.4.3), making it more than likely that the observed
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responses in such nuclei are influenced by inputs from the ARC which are maintained in the slices

examined in this study.

3.4.2.3 Arcuate nucleus & Retrochiasmatic area

The ARC and RCA are the home of the melanocortin system, comprising an arrangement of
functionally-opposing interoceptive populations, namely the catabolic POMC and anabolic AGRP/NPY
neurons, which have been demonstrated to be excited and inhibited by increased glucose, respectively
(Ibrahim et al., 2003; Claret et al., 2007; Fioramonti et al., 2007). In this study, we found that, in contrast
to cells in the PVN and LHA (review above), BAT-projecting neurons in the ARC and RCA were
predominantly excited by elevations in glucose (41% and 47%, respectively). Considering that POMC
neurons are known to project to BAT from both of these regions (Oldfield et al., 2002), we hypothesised
that the glucose-excited responders comprised at least a subset of BAT-projecting POMC neurons.
Immunohistochemical analyses of biocytin-filled cells revealed that 59% or 100% of recovered neurons
in the ARC or RCA colocalised with POMC peptide, respectively. While it is possible that all RCA BAT-
projecting neurons express POMC, it is more likely that our findings are a chance/sampling
phenomenon given previous reports of high, but not exclusive, expression of POMC/cocaine- and
amphetamine-regulated transcript (CART) in BAT-projecting cells in this region (Oldfield et al., 2002).
In accordance with previous reports, POMC-expressing neurons corresponded primarily with glucose-
induced excitations in both nuclei, while only a small fraction of residual POMC-negative cells were

similarly activated by glucose. This indicates that increased extracellular glucose selectively stimulates

POMC neurons projecting to brown fat. Considering that activation of POMC neurons and the
downstream MC4R reliably stimulates BAT thermogenesis (Brito et al., 2007; Song et al., 2008;
Fenselau et al., 2017), our studies elucidate a candidate role for melanocortinergic neurons to activate

BAT SNA following postprandial excursions in glycaemia (discussed further in Section 3.4.4).

Finally, it is important to acknowledge that we did also observe a small proportion of glucose-
inhibited POMC-expressing neurons projecting to BAT (7% in ARC, 16% in RCA). The physiological
function of these neurons is unclear; indeed, they are yet to be reported in the literature (see Chapter
5 for further discussion). In contrast, glucose-inhibited neurons were concentrated within the ARCPOMC-
population, accounting for 80% of all glucose-induced inhibitions within immunohistochemically-
assessed ARC cells. Whilst we cannot be certain of the neurochemical phenotype of the POMC-
negative cells, we speculate that at least some of these neurons include the AgRP/NPY neuronal
population. Notably, ARCPOMC- neurons were frequently localised within the most ventromedial portion
of the nucleus where AGRP/NPY neurons are typically located. It has been shown that chemogenetic
activation of AQRP/NPY neurons suppresses BAT SNA and thermogenesis (Steculorum et al., 2016;
Burke et al., 2017), which is probably mediated by a combination of MC4R antagonism (AgRP) and
activation of hypothalamic and medullary sympathoinhibitory Y1 receptors (NPY) (Verty et al., 2010;
Shi et al., 2013; Nakamura et al., 2017). One possibility consistent with these observations, then, is that
the glucose-induced silencing of BAT-projecting AQRP/NPY neurons could contribute to postprandial
thermogenesis by alleviating sympathoinhibitory tone. However, future studies are required to confirm
the glucose-responsiveness of genetically-identified AQRP/NPY neurons projecting to BAT.
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3.4.3 An evaluation of function-specific glucose-sensing circuitry projecting to BAT

Advancing technologies that permit the identification and manipulation of genetically-defined
neuronal populations have generated much interest in recent years. A part of the evolution of viral and
opto-/chemo-genetic technologies includes the facility to dissect the contribution of individual axonal
projections to the physiological or behavioural phenotype of population-level manipulation (see review,
Haery et al. (2019)). Using these strategies, function-specific circuitry has been extensively investigated
for AgGRP neurons of the hypothalamus, resulting in the elucidation of dedicated projections that control
hunger and other metabolic processes (Atasoy ef al., 2012; Betley et al., 2013; Stachniak et al., 2014;
Fu et al., 2019). Importantly, one such study reported circuit-specific control of autonomic outflow to
brown fat. Investigators showed that optogenetic activation of AgRP terminals in the LHA and
ventrolateral portion of the anterior bed nucleus of the stria terminalis, but not in other sites of projection,
induced insulin resistance in brown fat by inhibition of BAT-directed SNA (Steculorum et al., 2016). In
light of these reports, and in consideration of the heterogeneity in glucose-responsiveness of ARC and
RCA neurons observed here (even within stratified POMC-positive and negative populations), we
hypothesised that different glucose-sensitive subpopulations may project through specific downstream

relays en route to brown fat.

By combining traditional monosynaptic retrograde tracers with transsynaptic PRV transport
from BAT, we confirmed that neurons in the ARC project to brown fat (within four synapses) through
the PVN, LHA and DMH but not the IML, while the inverse is predominantly true for neurons in RCA.
These findings are in line with expected anatomical connectivity based on transport times for the arrival
of PRV in each nucleus (Oldfield et al., 2002; Cano et al., 2003). Additionally, monosynaptic retrograde
tracing from the upper thoracic spinal cord, where the pre-ganglionic sympathetic neurons innervating
BAT (via sympathetic paravertebral ganglia) are located, reveals transport to the RCA which is
consistent with the observed RCA to IML circuit defined here, in addition to transport to the PVN, LHA
and dorsal hypothalamic area (dorsal part of DMH), sites through which ARC neurons are known to
project (Swanson & Kuypers, 1980a; Cechetto & Saper, 1988; Bouret et al., 2004; Wang et al., 2015).

In spite of a function-specific circuit connecting AgRP neurons to brown fat, we found that
glucose-responsiveness of BAT-projecting ARC neurons did not differ based on axonal trajectory. In
other words, there were similar proportions of glucose-induced excitations (40-43%) between specified
relays, and no difference in the magnitude of membrane depolarisation; barring LHA-projecting cells
which, on average, exhibited greater increases in firing rate, which may have some functional relevance.
Moreover, while we observed that similar proportions of ARC PRV*Rb* were inhibited by glucose (7-
11%), this represented less than half of the percentage of glucose-induced inhibitions observed in PRV*
(only) neurons in the ARC (23%). It is possible that another neural projection relays a separate,
predominantly glucose-inhibited subpopulation of ARC neurons; however, it is unclear what this target
would be. We found no IML-projecting neurons in the ARC, consistent with previous reports (Cechetto
& Saper, 1988), confirming that ARC neurons must project to brown fat via pre-motor region, but there
is no substantial projection from the ARC to the remaining pre-motor sites that innervate BAT, such as
the raphe pallidus, RVLM and A5 noradrenergic cell group (Sim & Joseph, 1991; Nogueira et al., 2000;

Cano et al., 2003; Yeo & Herbison, 2011). While we cannot categorically exclude the possibility of
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another ARC-based circuit, we postulate instead that the discrepancy relates to the intrinsic bias that
exists in patch-clamp sampling, leading to selection of cells that were more likely to express POMC in
these experiments (based on morphology and topographical distribution). Indeed, the proportion of
glucose-inhibited POMC-expressing cells (7%) is similar to PRV*Rb* neurons recorded in the ARC (7-
11%).

In consideration of the distinctive nature of spinally-projecting RCA neurons, it is perhaps
unsurprising that the glucose-sensing profile of BAT-projecting neurons in the RCA (PRV* only) was
wholly recapitulated in RCA cells with a defined trajectory through the IML. This suggests that the
predominantly glucose-excited RCA neurons project at least directly to the IML, but we cannot discount

the possibility for fourth-order RCA glucose-sensing circuits that relay elsewhere in the brain.

3.4.4 Glucose-sensing POMC circuits projecting to brown fat: a discussion of the

evidence for functional redundancy

The findings presented in this Chapter support the notion of a demarcated neural circuit that is
responsive to meal-related stimuli (glucose), and thus may subserve postprandial thermogenesis in
brown fat; however, its interpretation is complicated. We demonstrated the existence of glucose-
sensing central regulators of BAT SNA in at least four distinct hypothalamic sites, each with a
heterogenous set of membrane responses. The glucose-sensitive neurons observed in the PVN, LHA
and RCA all project in parallel to brown fat, while glucose-responsive neurons in the ARC reciprocally
regulate downstream glucose-sensors in the PVN and LHA, as well as third-order DMH neurons (whose

glucose-sensitivity was not investigated here).

On the basis of the functional, anatomical and interoceptive nature of sensory “first-order”
melanocortin neurons, we propose that meal-sensing CNS structures that regulate BAT sympathetic
outflow may be orchestrated by hypothalamic POMC neurons. Our circuit-specific studies revealed that
glucose-sensing neurons project from the ARC and RCA to brown fat through multiple sites in
remarkably similar proportions. Furthermore, we determined retrospectively by immunohistochemistry
that POMC neurons constituted at least 50% of the glucose-sensing population relaying through each
site, and that the majority of these POMC cells were excited by glucose. Therefore, our study builds a
compelling case for redundancy in glucose-activated melanocortin circuitry to regulate the meal-
induced activation of BAT SNA. However, it is unclear whether this should translate into functional
redundancy; that is, whether each glucose-activated melanocortin circuit could theoretically subserve
postprandial thermogenesis. By synthesising the cursory indications of melanocortin-responsiveness in
BAT-projecting PVN/LHA neurons described here and findings from past studies, we make tentative

propositions regarding the potential glucose-induced thermogenic relevance of each circuit below.

3.4.41 ARCPOMC _, PVN circuit

The hypothalamic PVN is the principal region responsible for the MC4R-regulated effects on
appetite (Shah et al., 2014; Garfield et al., 2015), however reports are conflicting on its role in the control

of MC4R-mediated energy expenditure. The re-expression of MC4R in Single-minded 1 (Sim1)-
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expressing neurons (which comprises most PVN neurons) in Mc4r knockout mice almost completely
normalises food intake, but only reduces excess body weight by ~60%, attributed in part to persistent
hypometabolism in the partial Mc4r knockout (Balthasar et al., 2005). This finding suggests that MC4R
activity at Sim1-expressing PVN neurons regulates appetite but is dispensable for the regulation of
energy expenditure and BAT thermogenesis, which has since been supported by a number of other
studies (Kublaoui et al., 2006; Shah et al., 2014). However, in contrast to these reports, intra-PVN
microinjection of MTII, the MC3/4R agonist, consistently elevates oxygen consumption and increases
BAT sympathetic outflow (Cowley et al., 1999; Song et al., 2008; Monge-Roffarello et al., 2014b).

MC3/4R agonism of MC4R-expressing PVN neurons is reported to cause robust depolarisation
and increased action potential firing (Ghamari-Langroudi et al., 2011; Garfield et al., 2015; Ghamari-
Langroudi et al., 2015). However, we demonstrate that BAT-projecting neurons in the PVN (and LHA)
are hyperpolarised by MTII, suggesting, perhaps, that sampled BAT-projecting neurons represent a
population that does not express MC4R, but receive input from MC4R-expressing pre-synaptic neurons.
Indeed, recordings from unidentified parvocellular PVN neurons have demonstrated that MC3/4R
agonism leads to inhibition by potentiating GABAergic input (Cowley et al., 1999). Additionally, we found
that all MTIl-responsive neurons were also inhibited by glucose, whereas those that did not respond to
MC3/4R agonism were glucose-insensitive. Remarkably, this exact phenomenon was observed during
in vivo extracellular recordings, employing puff-application of both MTIl and 5.0mM glucose which
rapidly suppressed firing of neurons in the PVN and LHA (Guan et al., 2017), providing further support

for the MTIl-induced hyperpolarisation observed here.

Considering that the vast majority of MC4R-expressing PVN neurons do not express the
vesicular GABA transporter (Xu et al., 2013), it is likely that pre-synaptic, MC4R-expresing GABAergic
neurons are located outside of the PVN. This could also explain why Sim1-specific deletion of Mc4r or
re-expression in global Mc4r-knockout models does not evoke changes in MC4R-regulated energy
expenditure. While the evidence for MC4R signalling in the PVN to regulate BAT thermogenesis is
clearly conflicting, it remains a possibility that elevations in extracellular glucose promote BAT SNA
through hyperpolarisation of sympathoinhibitory MC4R-negative PVN neurons by two mechanisms: 1)
increased a-MSH release from upstream glucose-excited POMC neurons which acts pre-synaptically
on Sim1-negative, MC4R-positive GABAergic neurons to potentiate inhibitory tone, and 2) post-synaptic

glucose-induced inhibition of the same BAT-projecting PVN neurons (Figure 3.5).
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Figure 3.5 | Proposed glucose-regulated effects of ARCPOMC _, PVN circuit

A tentatively-defined glucose-regulated ARCPOMC — PVN circuit that may promote BAT SNA.
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3.44.2 ARCPOMC ;| HA circuit

In contrast to the PVN, melanocortin signalling in the LHA is primarily implicated in the control
of autonomic tone to BAT but reportedly plays little role in appetite regulation. LHA-specific re-
expression of MC4R in Mc4r'™T8/oXTB mjce (by stereotaxic virally-mediated delivery of Cre) was shown
to have no impact on body weight and food intake, but dramatically improved glucose intolerance which
was at least partly due to restoration of BAT-facilitated glucose clearance (Morgan et al., 2015). Indeed,
central administration of MTII in these mice rapidly promoted BAT SNA, but had no effect on global
Mc4r knockouts, indicating the sufficiency of melanocortin signalling in the LHA to promote
thermogenesis.

We rationalised in Section 3.4.2.2 that most if not all LHA neurons sampled here express orexin
on the basis of their electrophysiological profile and glucose-responsiveness. Similar to those in the
PVN, we found that BAT-projecting neurons in the LHA were inhibited by both MC3/4R agonism and
application of high glucose. Remarkably, there are no published reports of membrane responses to
MC3/4R agonism in orexin-expressing (or any) LHA neurons, however central infusion of a-MSH
downregulates orexin expression (Lopez et al., 2007), suggestive of an inhibitory effect in line with our
findings. Considering that few, if any, orexin neurons express the MC4R (Cui et al., 2012; Mickelsen et
al., 2017), this would suggest that the observed MTIl-induced inhibition of LHA neurons is also mediated
pre-synaptically. In support of this model, GABAergic interneurons in the LHA express MC4R and have
been shown to densely innervate orexin neurons (Liu et al., 2003a; Ferrari et al., 2018; Pei et al., 2019).
On the balance of evidence presented from this and former studies, it appears that elevations in glucose
can inhibit BAT-directed putative orexin neurons by: 1) glucose-induced excitation of POMC neurons
which increase the activity of pre-synaptic, MC3/4R-expressing GABAergic interneurons, and 2) post-
synaptic glucose-induced hyperpolarisation of the same melanocortin-responsive LHA neuron (Figure
3.6). However, whether this translates functionally into increased BAT SNA requires further
investigation; as it stands in the literature, there are conflicting reports as to whether orexin neurons are

sympathoinhibitory or sympathoexcitatory (Verty et al., 2010; Tupone et al., 2011).
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Figure 3.6 | Proposed glucose-regulated effects of ARCPPMC —, LHA circuit

A tentatively-defined glucose-regulated ARCPOMC — | HA circuit involving putative orexin neurons that
may promote BAT SNA.
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3.4.43 ARCPOMC _, DMH circuit

In this study, we did not record from BAT-projecting neurons in the DMH primarily because
there is no evidence (yet) that these neurons are capable of sensing changes in extracellular glucose.
Nevertheless, melanocortin activity the DMH is reported to robustly promote energy expenditure
through brown fat activity. DMH-specific deficiency of G protein stimulatory alpha subunit (Gsa), through
which MC4R couples to engage effects on membrane potential and gene transcription (Mountjoy et al.,
1994), causes marked obesity that is underscored by both hyperphagia and diminished energy
expenditure (Chen et al., 2012; Chen et al., 2017; Chen et al., 2019). Importantly, both DMH-specific
Gsa deletion or pharmacological MC3/4R antagonism in the DMH blunts the activation of energy
expenditure and BAT thermogenesis following peripheral administration of MTIl (Enriori et al., 2011;
Chen et al., 2019), confirming the sufficiency of DMH MC4R-activation to promote brown fat
thermogenesis. Previous studies show that MTIl depolarises MC4R-expressing cells in the DMH (Liu
et al., 2003a), however it is not clear whether BAT-projecting DMH neurons, specifically, are excited by
MC3/4R agonism (or may actually be inhibited, as we found with PVN neurons). Nevertheless,
considering that DMH neurons are considered sympathoexcitatory for BAT SNA (Zaretskaia et al.,
2002; Cao et al., 2004), together these reports would suggest that glucose-induced activation of DMH-

projecting POMC neurons is a viable circuit to contribute to postprandial thermogenesis (Figure 3.7).
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Figure 3.7 | Proposed glucose-regulated effects of ARCP°MC . DMH circuit

A tentatively-defined glucose-regulated ARCPOMC . DMH circuit that may promote BAT SNA.

3.4.44 RCAPOMC _; ML circuit

Finally, the direct projection of POMC neurons in the RCA to pre-ganglionic sympathetic
neurons in the IML is a circuit that has arguably the most definitive link to the regulation of diet-induced
thermogenesis, but, unfortunately is largely understudied presumably for its lack of recognition (in
comparison to POMC neurons in the ARC). A landmark publication demonstrated that re-expression of
MCA4R in pre-ganglionic sympathetic (but not parasympathetic) neurons in Mc4r mull mice provides
modest amelioration of obesity by normalisation of oxygen consumption without affecting the marked
hyperphagic phenotype (Rossi et al., 2011), indicating that MC4R-expressing IML neurons specifically
regulate energy expenditure and not appetite. Consistent with these findings, deletion of the MC4R
specifically in pre-ganglionic sympathetic neurons leads to moderate obesity caused by energy
expenditure reduction alone; an effect that is amplified when fed a high-calorie diet (Berglund et al.,
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2014). These findings suggest that the high-calorie diet-induced thermogenesis, which is absent in
global Mc4r knockouts (Butler et al., 2001; Albarado et al., 2004), is mediated primarily through

increased melanocortin signalling in the spinal cord.

In consideration of these loss-of-function studies, and that intrathecal MTII increases energy
expenditure and MC3/4R agonism depolarises and activates cholinergic neurons in the IML (Sohn et
al., 2013; Adank et al., 2018), we propose that this circuit most convincingly activates BAT-directed
SNA following fluctuations in glucose associated with the postprandial state. This proposal is
strengthened by the direct nature of the POMC projection to sympathetic autonomic neurons, which is
thus less susceptible to converging neural inputs that may otherwise attenuate the sympathoexcitatory

output resulting from glucose-induced excitation of IML-projecting POMC neurons (Figure 3.8).
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Figure 3.8 | Proposed glucose-regulated effects of RCAPPMC _; IML circuit

A tentatively-defined glucose-regulated RCAPOMC _, ML circuit that may promote BAT SNA.

In summary, glucose- and MC4R-regulated control of sympathetic output to BAT in each of
these circuits is certainly possible, however there is neither categorical evidence for nor against the
argument of functional (thermogenic) redundancy. It is clear, then, that this question warrants further
study. That being said, on the balance of the evidence presently available, our opinion is that the direct
RCAPOMC _, IML circuit is most compelling in its role for glucose (or meal)-regulated postprandial

thermogenesis in brown fat and, therefore, should be of particular focus in future studies.

3.4.5 Conclusions

Until now, the central mechanisms subserving the hypothalamic regulation of diet-induced
sympathetic activity in brown fat had remained elusive, in contrast to the cold-induced thermogenic
circuit which has been better defined. In this Chapter we present data which unequivocally demonstrate
the glucose-sensing capacity of subsets of hypothalamic neurons projecting to brown fat within three or
four synapses. We demonstrate that POMC-expressing neurons in the ARC and RCA are
predominantly activated by elevations in extracellular glucose concentration, and that these glucose-
sensitive populations project in equal proportions through hypothalamic pre-autonomic nuclei (from the
ARC) and directly to pre-ganglionic sympathetic neurons in the spinal cord (from the RCA). While the
physiological output(s) of glucose-induced changes in neuronal activity were outside of the parameters
of the current investigations, our studies provide a blueprint for a functional link between elevated

glucose levels sensed in the brain and postprandial thermogenesis.
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4.1 Introduction

POMC neurons that encompass both the ARC and RCA form the catabolic arm of the
melanocortin system, promoting satiety and energy expenditure. In line with its role in energy regulation,
embryonic homozygous deletion of the gene encoding POMC with a variety of techniques has
consistently yielded an obese, hyperphagic and hypometabolic phenotype (Yaswen et al., 1999; Challis
etal., 2004; Xu et al., 2005). Furthermore, deletion of the MC4R similarly evokes morbid obesity through
both increased food intake and reduced energy expenditure (Huszar et al., 1997; Ste. Marie et al., 2000;
Butler et al., 2001), outcomes which also present in humans with mutations on either gene (Krude et
al., 1998; Vaisse et al., 1998; Yeo et al., 1998; Farooqi et al., 2000; Creemers et al., 2008). While
impaired melanocortin signalling mildly reduces locomotor activity (Chen et al., 2000; Lam et al., 2015),
there is strong evidence that the hypometabolic phenotype is primarily attributed to blunted BAT
thermogenesis. MC4Rs are expressed in BAT-projecting neurons throughout most brain nuclei and the
IML (Voss-Andreae et al., 2007), and their pharmacological activation promotes interscapular BAT
UCP1 expression, thermogenesis and energy expenditure (Chen et al., 2000; Williams et al., 2003;
Enriori etal., 2011; Xu et al., 2013). By comparison, pharmacological inhibition of MC4R reduces energy
expenditure and UCP1 expression in BAT (Kooijman et al., 2014), and activation of AGRP neurons, the
endogenous melanocortin antagonist, dramatically reduces BAT temperature in mice that do not have

access to food (Burke et al., 2017).

Considering that POMC neurons are activated postprandially by hormones and other stimuli
related to meal consumption (Elias et al., 1998; Claret et al., 2007; Wu et al., 2014), the melanocortin
system is well positioned to mediate the diet-induced activation of sympathetic tone to brown fat. In
support of this framework, MC4R knockouts have a blunted increase in energy expenditure when
exposed to high-fat diet feeding (Butler et al., 2001; Albarado et al., 2004), an effect which seems to be
dependent primarily on MC4R expression on pre-ganglionic sympathetic neurons of the IML (Rossi et
al., 2011; Berglund et al., 2014). However, it remains unclear whether transitory signals associated with
recent meal consumption activate the melanocortin system acutely to modulate BAT thermogenesis, or
whether this process occurs on an “adaptive”, longer-term timescale driven by, for example, hormonal

factors that reflect energy stores.

In light of findings presented in Chapter 3, namely that BAT-projecting POMC neurons are
largely excited by short-term meal-related cues (i.e. glucose), and that chemogenetic activation of
POMC neurons rapidly promotes brown fat thermogenesis (Fenselau et al., 2017), we hypothesise that
acute activation of POMC neurons following consumption of a standard diet to promote thermogenesis
in BAT. Here we aim to confirm, in our hands, that POMC neurons and melanocortin signalling are
sufficient to promote thermogenesis in brown fat. We will then explore the extent to which hypothalamic
POMC neurons are necessary to regulate facultative postprandial thermogenesis in BAT by employing

acute and chronic loss-of-function models.
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4.2 Experimental Procedures

4.21 Validation of Pomc'RES-C" transgenic mouse

In order to selectively modulate hypothalamic POMC neuron activity, we obtained an
established Pomc'RES-Cre transgenic mouse line (see Chapter 2: General Methods) which has been
reported to drive Cre expression specifically in hypothalamic POMC neurons with high specificity
(Fenselau et al., 2017). The fidelity of Cre expression in POMC-expressing neurons was validated by
crossing Pomc'RES-Cre mice with Ai14t9Tomate Cre-reporter mice (Pomc!RES-Cre:: Aj14tdTomato) 'in g similar way
to what has been previously reported (Fenselau et al., 2017). Using mice from different litters, the brains
of 8-week old male mice were collected and processed (see Section 4.2.7) for the specificity and
efficiency of Cre-mediated recombination in POMC neurons. High specificity and efficiency of Cre
expression was confirmed by performing immunohistochemistry against POMC peptide and counting
total tdTomato*, POMC™" and colocalised (tdTomato*POMC™) neurons across the rostro-caudal extent

of the arcuate nucleus and retrochiasmatic area. Neuron counts were made using ImageJ software.

4.2.2 Chemogenetic manipulation of POMC neurons

To test the involvement of POMC neuron activity on BAT thermogenesis, the arcuate nucleus
and retrochiasmatic area of Pomc'RES-Cr® mice were injected with an adeno-associated virus (AAV) that
encoded Cre-dependently for the expression of either the excitatory hM3Dq (Pomc"™?3P9) or inhibitory
hM4Di (Pomc"™4Pi) DREADD. At least two weeks after transduction, the designer drug clozapine-N-
oxide (CNO; 1 or 3mg/kg) or vehicle was administered intraperitoneally in order to activate the DREADD
receptor and hence modulate POMC neuron activity, and thus determine the physiological effect of
POMC neuron modulation on BAT temperature and food intake. Injections were performed in the early
phase of the light period in either ad libitum fed Pomc™3Pa or Pomc"™4P" mice, or an hour prior to
refeeding overnight fasted Pomc™“P' mice. BAT temperature and food intake was recorded at the time
points indicated. Interscapular brown fat temperature was measured using IPTT-300 temperature-
sensitive transponders (Bio Medic Data Systems) and collected using a handheld reader (see Chapter
2: General Methods).

4.2.3 Central administration of melanocortin receptor modulators

In order to pharmacologically modulate melanocortin receptors, wild type C57BI/6 (C57BI/6"T)
or Pomc"™3Pa mice were implanted with an indwelling cannula into the lateral ventricle. To activate
central melanocortin receptors, a MC3/4R agonist (MTIl) was injected intracerebroventricularly (2nmol
in 2uL saline) in C57BI/6™T mice, and food intake and BAT temperature were measured at regular
intervals for up to 24 hours after injection. To inhibit signalling at central melanocortin receptors, a
MC3/4R antagonist (SHU9119) was administered intracerebroventricularly in either fasted C57BI/6W"
mice an hour prior to refeeding (1nmol in 1uL saline) or Pomc"™3Pd mice 30 minutes prior to CNO
injection (0.5nmol in 1uL saline), and food intake and BAT temperature were measured. In all cases,

volume-matched sterile saline was used as control.
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4.2.4 POMC neuron ablation strategy

To establish a chronic POMC loss-of-function model, the arcuate nucleus and retrochiasmatic
area of Pomc'RESC® mice were injected with an AAV that encoded Cre-dependently for either the
modified pro-apoptotic enzyme taCaspase-3 to ablate POMC neurons (Pomc®Pase) or to induce
expression of eGFP as control (Pomce®P). Importantly, mice were assigned to each treatment group
by matching them on a range of metabolic parameters and hence accounting for inter-animal variability.
To this end, Pomc'RES-Cre mice were implanted with a temperature-sensitive transponder beneath the
interscapular BAT two to three weeks prior to virus injection. Twice daily BAT temperature recordings
were made in calorically-sated mice; one made in the early light phase (~9-10:00am) and another in
the late light phase (~4-5:00pm; lights off 7:00pm). Daily food intake and body weights were also
recorded during this period. Furthermore, to assess specifically postprandial thermogenesis, BAT
temperature (and food intake) was recorded following the refeeding of overnight-fasted mice on two
occasions, approximately one week apart. The recorded values of postprandial food intake and BAT

temperature were averaged to ascertain a “baseline” refeeding response.

Following injection of viruses, the effect of POMC neuron ablation on food intake (excluding
week 1), body weight and daily BAT temperature was monitored for 6 weeks. At the end of this period,
mice were subjected to another fast-refeed paradigm to compare postprandial thermogenesis and food

intake between (PomcCasPase ys. Pomce®®™) and within (pre-surgery vs. post-surgery) treatment.

4.2.5 Electrophysiological validation of DREADD function in ex vivo brain slices

POMC neuron modulation with DREADD activation was validated using whole-cell patch clamp
electrophysiology. To prepare brain slices, Pomc™3Pa or Pomc"™4P' mice were anaesthetised and
decapitated, and brains were rapidly collected into oxygenated ice-cold sucrose-modified aCSF (in mM,
200 Sucrose, 1.9 KCI, 1.2 NaH2PO4, 26 NaHCOs, 5.0 D-glucose, 5.0 D-mannitol, 0.5 ascorbic acid, 10
MgClz), and were cut into 250-300um coronal sections of the arcuate nucleus and retrochiasmatic area
using a vibratome (VT1000S; Leica, Cambridge, UK). Slices were transferred to recording aCSF (in
mM, 127 NaCl, 1.9 KCI, 1.2 KH2PO4, 26 NaHCO3, 5.0 D-glucose, 5.0 D-mannitol, 1.3 MgClz, 2.4 CaCl,
0.34 ascorbic acid; equilibrated with 95% O2 and 5% COz2, pH 7.3-7.4, 300-305mOsm/L) at 34-35°C for
25 mins, and then left to rest at room temperature for >45 minutes before electrophysiological

recordings were conducted.

For recordings, hypothalamic brain slices were transferred to a recording chamber and
constantly bathed in aCSF (flow rate = 3-5mL/min). DREADD-expressing neurons were identified by
mCherry epifluorescence, then with differential interference contrast microscopy neurons were selected
for recording using a Multiclamp 700A amplifier (Axon Instruments, Foster City, CA, USA). Patch-
pipettes were pulled using a horizontal puller (Sutter Instruments, USA; P1000 model) from thin-walled
borosilicate glass (Harvard Apparatus; GC150-TF10) to resistances between 6 and 9MQ when filled
with intracellular recording solution (in mM, 140 K-gluconate, 10 HEPES, 10 KCI, 1.0 EGTA and 2.0
Na2ATP, 0.3 NaxGTP; pH adjusted to 7.35 with KOH, osmolarity adjusted to ~305mOsm/L with

sucrose). In current clamp mode, baseline recordings were taken until membrane potential was stable
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(~5 minutes), then CNO was bath-applied to the brain slice for 2-4 minutes. Baseline membrane
potential was taken when stable just prior the application of CNO, and then at the peak of the CNO
response. Firing frequency was determined by measuring the number of action potentials fired in a 30-
second period at baseline and at the peak CNO response. For data analysis, the signal was digitised
at 10kHz and analysed utilising a computer running pClamp10 (Axon Instruments).

Membrane potential values were not compensated to account for liquid junction potential (-9 mV).

4.2.6 Stereotaxic cannulation and virus injection

Pomc'RES-Cre or C57BI/6™T mice were anaesthetised and placed in a stereotaxic apparatus
(mouse adaptor 51625, Stoelting, Wood Dale IL). After exposing the skull via midline incision, a small
hole was drilled for cannulation through which there was subsequent delivery of pharmacological
agents, or for injection of AAVs encoding DREADDs, Caspase or control fluorophores. For cannulation,
a 26-gauge guide cannula (InVivo1, Roanoke, WA) was inserted into the brain just above the lateral
ventricle (coordinates from bregma: AP: -0.5mm, ML: 1.0mm, DV: -1.7mm) and held in place by light-
cured bond and dental cement. A dummy cannula was inserted into the guide when not in use to keep
the cannula patent and free from contaminant. For injection of MTIl and SHU9119 (or saline), a custom-
designed 33-gauge injector was attached to PE tubing connected to a 10pL syringe (Hamilton
Company, USA) and inserted into the guide cannula extending 0.5mm past the tip, into the lateral

ventricle. Pharmacological agents were delivered at approximately 2uL/min.

Bilateral AAV injections were made stereotaxically into the mediobasal hypothalamus of
Pomc'RES-Cre mice to encompass both the ARC and RCA (250nL per side, coordinates from bregma:
AP: -1.3mm, ML: £0.3mm, DV: -5.8mm) via pulled-glass pipettes (tip diameter = 40pm) using a
pressure-injection system. Viruses were delivered over 5 minutes, and pipettes left in place for a further
5 minutes before removal from the brain to minimise efflux of the injectate. The viruses injected were
either AAV-hSyn-DIO-hM3Dg-mCherry (Addgene viral prep #44361-AAV5, titre = 7x10" vg/mL;
PomcM3Pa) - AAV-hSyn-DIO-hM4Di-mCherry (Addgene viral prep #44362-AAV5, titre = 7x10"2 vg/mL;
Pomc™4bi) - AAV-hEF1a-flex-(pro)taCasp3-TEVp (University Zurich Viral Vector Facility v185-
AAV5, titre 4.7x10"? vg/mL from Addgene plasmid #45580; Pomc®asPase) or AAV-synP-DIO-EGFP-
WPRE-hGH (Addgene viral prep #100043-AAV9, titre 2 1x10"® vg/mL; Pomc®®P). The plasmids used
for virus manufacture were a gift from Brian Roth (DREADDs), Nirao Shah & Jim Wells (Caspase) and
lan Wickersham (eGFP).

At the conclusion of experiments, all virally-transfected mice were perfused and brains were
processed (see Section 4.2.7) for accuracy and efficiency of viral-transfection. For DREADD
experiments, only mice which exhibited substantial bilateral expression of mCherry that was wholly
contained within the boundaries of the rostro-caudal extent of the ARC and RCA were used for analysis.
For Caspase experiments, the degree of POMC neuron deletion in Pomc®2P2se mice was determined
by the immunohistochemical processing of hypothalamic brain slices for POMC peptide, which stains
cell bodies (and axons) in the ARC and RCA. Mice that showed an overall reduction in POMC cell body

number greater than 50% relative to control (POMC®®FP) mice were included in analyses. In total, 6 of
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16 PomcC3sPase mice were excluded from analysis due to insufficient bilateral POMC ablation most often

explained by misplaced, unilateral injections of virus into the third ventricle.

4.2.7 Brain tissue preparation & immunohistochemistry

To examine the brain for accuracy of virus injection or validation of Cre-recombination, mice
were terminally anaesthetised with i.p. sodium pentobarbitone (>100mg/kg) and perfused transcardially
first with phosphate-buffered saline (pH = 7.4) and then 4% PFA solution in PB. The brains were stored
in the same fixative overnight at 4°C, and then transferred into 30% sucrose PB solution at 4°C for at
least 24 hours. Using a cryostat (Leica), 35um coronal sections of the brain were collected into four

equal series and stored at -20°C in cryoprotectant until processing.

Brain sections were washed in 0.1M PB, and then blocked in 10% NHS and 0.3% Triton X-100
in PB (PBT) for at least 30 minutes. Sections were then incubated overnight at room temperature in 1%
NHS PBT containing primary antisera (rabbit anti-DsRed, Living Colours 632496, 1:2000; rabbit anti-
POMC, Phoenix Pharmaceuticals H-029-30, 1:2000). The next morning sections were washed in
1%NHS PB and then incubated for 2h at room temperature in PB with Alexa-fluorophore conjugated
secondary antibodies (Donkey anti-rabbit Alexa488, Abcam 1:500; Donkey anti-rabbit Alexa594,
Abcam, 1:500). After several washes in PB, sections were mounted onto glass slides and coverslipped
with VECTASHIELD® HardSet™ with DAPI or Dako Fluorescence Mounting Medium. Fluorescence
images were captured using a Leica SP5 5-channel confocal microscope using a 10x dry objective or

20-40x oil-immersion objective.

4.2.8 Drugs

The peptides MTII (Bachem; used at 2nmol/2uL for i.c.v) and SHU9119 (Bachem; 0.5 or
1nmol/uL) were dissolved in sterile saline and stored at -20°C. Clozapine-N-oxide (CNO, Carbosynth;
used at 1 or 10uM for electrophysiology, 1 or 3mg/kg i.p.) was made up as a stock solution in DMSO
and stored at -20°C. On the day of use, CNO was diluted in either recording aCSF for electrophysiology
(maximum 0.01% DMSO), or in saline (5% DMSOQO) for intraperitoneal injection. For
intracerebroventricular injections, volumes of either 1 or 2uL were delivered, depending on the drug

administered. Intraperitoneal injection volumes were performed at 3mL/kg body weight.

4.2.9 Statistical analyses

Data was graphed and statistically analysed using GraphPad Prism 8.0 (Graphpad Software;
CA, USA); significance for all tests was set at p<0.05. Grouped data is presented as mean + SEM
unless otherwise indicated. Individual data points (paired and unpaired) are also presented in some
grouped data sets. Repeated measures two-way ANOVA with Sidak's multiple comparisons was used
to compare changes in BAT temperature, food intake body weight and feed efficiency over time between

treatment groups, as well as comparing area under the curve (AUC) changes in BAT temperature
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between Pomc®asase and Pomc®®"F mice pre- and post-surgery. Repeated measures three-way ANOVA
with Tukey’s multiple comparisons was used to compare changes in refeed-induced BAT temperature
and food intake in Pomc®@P2s¢ and Pomc®®™ mice across time (refeed) and time (surgery). Paired t
tests were used to compare changes in BAT temperature AUC and electrophysiological parameters.
Note that in all experiments measuring the effect of an acute intervention (e.g. injection of drug,
refeeding), baseline “pre-intervention” time point(s) were excluded from statistical analysis so not to
confound the analysis of intervention. Full statistical reports are stated either in the body text or in the

figure legends.
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4.3 Results

4.3.1 Hypothalamic POMC neurons are sufficient to drive brown fat thermogenesis

To confirm the fidelity of Cre-expression in Pomc'RES-Cre mice, we crossed Cre-expressing males
with female Ai14tdTomato Cre-reporter mice (Pomc'RES-Cre:: Aj14tdTomato) “and processed brains of offspring
immunohistochemically for expression of tdTomato and POMC peptide. In keeping with previous
reports (Fenselau et al., 2017), the Cre-mediated expression of tdTomato was isolated to the arcuate
nucleus and retrochiasmatic area (Figure 4.1A1), with negligible expression in the cortex, hippocampus,
midbrain, cerebellum, pons and medulla. Colocalisation of endogenous tdTomato with
immunohistochemically-labelled POMC peptide revealed Cre-expression with excellent efficiency,
where 95.7 + 0.7% of POMC-immunoreactive neurons throughout the ARC and RCA colocalised with
endogenous tdTomato fluorescence (1930 tdTomato"POMC*/2017 POMC* cells, from n = 2 animals).
Furthermore, Cre-expression was highly specific to POMC-expressing neurons, where 86.8 + 0.1% of
tdTomato neurons colocalised with POMC immunoreactive cell bodies (1930 tdTomato*POMC*/2223
tdTomato* cells, from n = 2 animals). This figure is likely an underestimate of true specificity given the
limitations of antibody penetration and binding to epitopes in fixed material combined with the relatively
low sensitivity of fluorescence immunohistochemistry. Importantly, the efficiency and specificity of Cre
expression remained relatively constant throughout the rostro-caudal extent of the RCA (-0.94 to
-1.06mm from Bregma) and ARC (rostral: -1.22 to —=1.34mm; mid: -1.46 to —-1.94mm; caudal: -2.18
to —2.30mm from Bregma) (Figure 4.1A2). These data in combination validate the adequacy of this
transgenic strain for the targeting of hypothalamic POMC neurons using the Cre-Lox recombination

strategies.

In order to investigate the sufficiency of hypothalamic POMC neurons to activate BAT
thermogenesis, expression of the excitatory (hM3Dq) DREADD was induced in ARC and RCA POMC
neurons (Pomc™3Pa). This was achieved by bilateral injection of a Cre-dependent AAV containing a
double-floxed inverted orientation (DIO) sequence for the mCherry-tagged receptor into the mediobasal
hypothalamus of Pomc'RES-Cr mice (Figure 4.1B). To first validate that exposure of h(M3Dg-expressing
POMC neurons to the designer ligand, clozapine-N-oxide (CNO), increases neuronal activity, whole-
cell patch-clamp recordings were made from mCherry- (hM3Dg-) expressing POMC neurons in acutely
prepared ex vivo brain slices. Bath-application of CNO (1uM) caused a reversible 12.0 £ 1.5mV
depolarisation in membrane potential (n = 11, p<0.0001) as well as a 1.51 + 0.24Hz increase in action
potential frequency (p<0.0001) (Figure 4.1C), validating that activation of the hM3Dq receptor
increases POMC neuron activity.

We sought to test whether acute activation of POMC neurons in ad libitum fed mice was able
to modulate BAT-directed sympathetic outflow, and hence thermogenesis (Figure 4.1D1). Brown fat
thermogenesis was measured by surgically implanting temperature-sensitive transponders beneath the
interscapular brown fat, and evaluating changes in temperature over time. A single intraperitoneal
injection of CNO (1mg/kg) in Pomc™"™3Pa mice significantly elevated BAT temperature for at least four
hours post-injection, with a peak increase of above vehicle of 0.99 + 0.13°C (1h, n = 11, p<0.0001;
Ptreatment=0.0086, pinteraction<0.0001) (Figure 4.1D2). Food intake was also significantly supressed by
hM3Dg-activation, where mice ate 7.9 £ 5.0% less food in the 24 hours subsequent to injection (24h,
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p=0.0040; prreatment=0.0083) (Figure 4.1D3), in line with previous reports that POMC neuron activity
promotes long-term satiety (Aponte et al., 2011; Zhan et al., 2013).

To establish whether increased downstream a-MSH release, as opposed to the release of other
neurotransmitter(s), formed the basis for elevated thermogenesis following POMC neuron activation, a
cohort of Pomc™?3Pa mice were implanted with an indwelling lateral ventricle cannula (Figure 4.1E1).
Intracerebroventricular pre-treatment with the MC3/4R antagonist, SHU9119 (0.5nmol), 30 minutes
prior to intraperitoneal injection effectively blocked CNO-induced BAT thermogenesis in SHU9119-
treated but not saline-treated Pomc"™3Pa mice, with a peak BAT temperature difference of 1.00 + 0.35°C
(1.5h, n = 6, p=0.0008; ptreatment=0.0126, Pinteraction=0.0334) (Figure 4.1E2). SHU9119 administration
combined with intraperitoneal vehicle treatment did not significantly affect BAT temperature compared
with saline-treated controls (preatmen=0.7965, pinteraction=0.1487), indicating that, at least during the light
cycle, central MC3/4Rs do not constitutively promote BAT thermogenesis (Figure 4.1E3).

To further establish the role of melanocortin receptors in the regulation of sympathetic flow to
BAT, we centrally administered the MC3/4R agonist, MTIl (2nmol), to calorically replete C57BI/6"T mice
in the early light phase (Figure 4.1F1). Similar to DREADD-mediated activation of hypothalamic POMC
neurons, central melanocortin agonism significantly increased BAT temperature compared to saline-
treated controls (0.74 + 0.21°C greater than saline at 1h, n = 9, p<0.0001; ptreatment=0.0026,
Pinteraction<0.0001) (Figure 4.1F2). The satiety-inducing effect of central melanocortin receptor agonism
appeared to be more potent than DREADD-mediated activation of POMC neurons, where overnight
food intake was reduced by 25.8 + 12.0% compared to vehicle treated mice (24h, p<0.0001;
Ptreatment=0.0342, pinteraction=0.0017) (Figure 4.1F3), although we recognise this may be due to the supra-
effective dose of the agonist used. Our findings corroborate thermogenic effects related to MC3/4R
activation, and, hence, that hypothalamic POMC neurons are sufficient to drive thermogenesis through

melanocortin signalling.
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Figure 4.1 | POMC neuron and melanocortin receptor activation drive BAT thermogenesis and
reduce feeding

(A1 and A:2) Representative confocal microphotographs of Pomc!RES-Cre::Aj14tdTomato reporter mice
confirmed recombination (tdTomato expression, red) primarily within POMC neurons (identified
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immunohistochemically, green) of the retrochiasmatic area and all levels of the arcuate nucleus
(colocalised expression appears as yellow) (A1). Diagram for quantification of the percentage efficiency
(double labelled/all POMC+) and specificity (double labelled/all tdTomato+) of Cre-expression in
POMC neurons in Pomc'RES-Cr transgenic mice, n = 2. Rostro-caudal distance from Bregma in bottom
right corner. RCA, retrochiasmatic area. ARC-r, ARC-m and ARC-c, rostral mid and caudal arcuate
nucleus. Scale bar, 100um. (B) POMC-activation strategy: Pomc'RES-Ce mice injected bilaterally with
Cre-dependent AAV to induce expression of excitatory DREADD receptor, hM3Dq, in POMC neurons
in the mediobasal hypothalamus (Pomc"™?3P9). Representative confocal microphotographs revealing
expression of mCherry-tagged DREADD in the arcuate nucleus and retrochiasmatic area, with DAPI
counterstain. Scale bar, 100um. (C) Representative trace of ex vivo whole-cell patch-clamp recording
from Pomc"™3Pa neuron that is depolarised and increases action potential firing rate in response to
bath application of 1uM CNO. Grouped data depicts the increase in resting membrane potential (RMP)
and action potential (AP) frequency for all recorded Pomc"™3Pd cells. Changes in electrophysiological
parameters were analysed by paired t test (RMP, n = 11 cells; t = 8.249, df = 10, ****p<0.0001. AP, n
=11 cells; t = 6.280, df = 10, ****p<0.0001). (D1-3) Experimental timeline for acute activation of POMC
neurons by injection of hM3Dq agonist, CNO (1mg/kg), in fed Pomc"™3Pa mice in the early phase of
the light cycle (D1). Diagrams indicate the effect on BAT temperature (D2) and food intake (D3) in the
indicated hours subsequent to injection. BAT temperature and food intake were analysed by repeated
measures (both factors) two-way ANOVA followed by Sidak's multiple comparisons test (D2, n = 11
animals; treatment F(1, 10) = 40.33, p<0.0001; time F(4, 40) = 31.16, p<0.0001; interaction F(4, 40) =
11.41, p<0.0001. Oh, p=0.9999; 1h, ****p<0.0001; 2h, ****p<0.0001; 3h, ****p<0.0001; 4h,
***p=0.0001. D3, n= 11 animals; treatment F(1, 10) = 10.77, p=0.0083; time F(5, 50) =552.2,
p<0.0001; interaction F(5, 50) = 1.664, p=0.1607. 1h, p=0.9999; 2h, p=0.9971; 3h, p=0.9768; 4h,
p=0.9548; 8h, p=0.2002; 24h, **p=0.0040). (E1.3) Experimental timeline for acute activation of POMC
neurons with CNO (1mg/kg) in fed Pomc"™3Pd mice pre-treated with intracerebroventricular injection of
MC3/4R antagonist, SHU9119 (0.5nmol) (E1). Diagrams indicate BAT temperature in CNO-injected
(E2) or vehicle-injected (Es) mice that received injection of 0.5nmol SHU9119 or saline 30 minutes
prior. BAT temperature was analysed by repeated measures (both factors) two-way ANOVA followed
by Sidak's multiple comparisons test (I, n = 6 animals; treatment F(1, 5) = 14.45, p=0.0126; time F(4,
20) = 8.796, p=0.0003; interaction F(4, 20) = 3.240, p=0.0334. Oh, p=0.8957; 1h, ***p=0.0008; 2h,
**p=0.0068; 3h, ***p=0.0002; 4h, ***p=0.0003. J, n= 6 animals; treatment F(1, 5) = 0.07395,
p=0.7965; time F(4, 20) = 8.279, p=0.5230; interaction F(4, 20) = 1.907, p=0.1487. 0-4h, p>0.05). (F1-
3) Experimental timeline for acute activation of melanocortin receptors by intracerebroventricular
injection of M3/4R agonist, MTII (2nmol), in fed wild-type C57BI/6 mice in the early phase of the light
cycle (K). Diagrams indicate the effect on BAT temperature (L) and food intake at varying time intervals
in the 24h subsequent to injection (M). BAT temperature and food intake was analysed by repeated
measures (both factors) two-way ANOVA followed by Sidak's multiple comparisons test (L, n= 9
animals; treatment F(1, 8) = 18.62, p=0.0026; time F(4, 32) = 9.465, p<0.0001; interaction F(4, 32) =
12.91, p<0.0001. Oh, p=0.1193; 1h, ****p<0.0001; 2h, ****p<0.0001; 3h, ***p=0.0002; 4h,
****p<0.0001. M, n = 9 animals; treatment F(1, 8) = 6.502, p=0.0342; time F(5, 40) = 360.4, p<0.0001;
interaction F(5, 40) = 4.765, p=0.0017. 1h, p>0.9999; 2h, p>0.9999; 3h, p=0.9991; 8h, p=0.2381; 24h,
****p<0.0001).

Data are represented as mean + SEM for figures Az, D2, D3, Ez, Es, F2 and Fs and as individual paired
values in C.
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4.3.2 Postprandial BAT thermogenesis is partially attributed to POMC neuron activity

To address our primary hypothesis that POMC neurons are acutely activated by food intake to
subsequently promote BAT-directed sympathetic activity and diet-induced thermogenesis, we sought
to acutely inactivate POMC neurons prior to meal consumption. To this end, Pomc'RES-Cr mice were
injected bilaterally with a Cre-dependent AAV that induced expression of the inhibitory DREADD
receptor, hM4Di, in POMC neurons of the mediobasal hypothalamus (Pomc"™4P)) (Figure 4.2A). To
validate functionality of the receptor, whole-cell recordings were from POMC"™4Pi neurons in ex vivo
brain slices. Bath-applied CNO (10uM) caused a reversible hyperpolarisation (-6.2 £ 1.1mV; n = 16,
p<0.0001) and reduction in firing frequency (-0.51 + 0.14Hz, p=0.0025), including the complete
silencing of 7 of 16 (44%) neurons (Figure 4.2B), substantiating the effectiveness of the hM4Di

DREADD to acutely reduce neuronal activity.

We found that intraperitoneal injection of CNO (3mg/kg) in ad libitum fed Pomc"™4P! mice had
no effect on brown fat temperature relative to vehicle-injected mice (n = 9, pPtreatment=0.2445,
Pinteraction=0.5455) (Figure 4.2C), in support of our previous findings that melanocortin antagonism did
not affect BAT temperature in fed mice. In order to test the involvement of POMC neurons to regulate
thermogenesis following an acute, temporally-defined meal bout, overnight-fasted Pomc"™4P! mice
received a CNO injection one hour prior to refeeding (Figure 4.2D1). DREADD-mediated pre-inhibition
of POMC neurons caused a significant attenuation, but not elimination, of the postprandial elevation in
brown fat temperature (n = 11, ptreatment=0.0046) and the associated AUC of BAT temperature across
time (-5.0 £ 1.4%, p=0.0043) (Figure 4.2D:). This finding demonstrates a role for the meal-induced
activation of POMC neurons in regulating, at least partially, the postprandial recruitment of BAT
thermogenesis. Inhibition of POMC neurons had no effect on food intake in the first four hours of
refeeding following overnight fasting (1-4h, p>0.05), but caused a small increase in 24h food intake (8.6
+ 5.7%, p=0.0232), suggesting that POMC neuron activity regulates long-term satiety even in overnight
fasted mice (Figure 4.2Ds).

To further substantiate these findings using a pharmacological approach, we also administered
the MC3/4R antagonist, SHU9119 (1nmol), intracerebroventricularly into overnight fasted C57BI/6"T
mice an hour prior to refeeding (Figure 4.2E1). Indeed, antagonism of central MC3/4Rs significantly
reduced postprandial thermogenesis in BAT (n = 9, pireatment=0.0100) and associated AUC following
refeeding (-6.4 + 2.2%, p=0.0194) relative to controls pre-treated with saline (Figure 4.2E2). Similar to
DREADD-mediated inhibition of hypothalamic POMC neurons, pre-treatment with SHU9119 had no
short-term effect food intake (1-4h, p>0.05) but significantly increased overnight food intake by 7.3
4.8% (24h, p=0.0305) (Figure 4.2E3).
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Figure 4.2 | POMC neuron and melanocortin receptor inhibition reduce postprandial
thermogenesis and increase fasting-induced refeeding

(A) A Cre-dependent AAV was injected bilaterally into the mediobasal hypothalamus of Pomc'RES-Cre
mice, inducing expression of the inhibitory DREADD receptor, hM4Di, in POMC neurons in the
mediobasal hypothalamus (Pomc"™4P)). Representative confocal microphotographs revealing
expression of mCherry-tagged DREADD in the arcuate nucleus and retrochiasmatic area, with DAPI
counterstain. Scale bar, 100pm. (B) Representative trace of ex vivo whole-cell patch-clamp recording
from Pomc"™“P! neuron that is hyperpolarised and decreases action potential firing rate in response to
bath application of 10uM CNO. Grouped data depicts the decrease in resting membrane potential
(RMP) and firing rate for all recorded POMC"™4Di cells. Changes in electrophysiological parameters
were analysed by paired t test (RMP, n = 16 cells; t = 5.421, df = 15, ****p<0.0001. AP, n = 16 cells; t
= 3,625, df = 15 **p=0.0025). (C) Diagram depicting BAT temperature in response to acute inhibition
of POMC neurons by injection of hM4Di agonist, CNO (3mg/kg), in ad libitum fed POMC"™4P' mice in
the early phase of the light cycle. BAT temperature was analysed by repeated measures (both factors)
two-way ANOVA (n= 9 animals; treatment F(1, 8) = 1.578, p=0.2445; time F(4, 32) = 0.7817,
p=0.5455; interaction F(4, 32) = 0.4180, p=0.7944). (D1.3) Experimental timeline for acute inhibition of
POMC neurons by injection of CNO (3mg/kg) in the early phase of the light cycle prior to refeeding
overnight fasted POMC"4P! mice (D1). Diagrams indicate the effect on BAT temperature with AUC
analysis (y=30) (Dz) and food intake at varying time intervals in the 24h subsequent to refeeding (Ds).
BAT temperature and refeed food intake was analysed by repeated measures (both factors) two-way
ANOVA followed by Sidak's multiple comparisons test (D2, n = 11 animals; treatment (1, 10) = 13.23,
**p=0.0046; time F(6, 60) = 40.46, p<0.0001; interaction F(6, 60) = 0.4824, p=0.8189. -1h, Oh, 0.5h,
1h, 2h, 4h, p>0.05; 3h, p=0.0509. D3, n = 11 animals; treatment F(1, 10) = 0.3595, p=0.5621; time F(4,
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40) = 513.2, p<0.0001; interaction F(4, 40) = 2.122, p=0.0959. 1h, p=0.9958; 2h, p>0.9999; 3h,
p=0.9888; 4h, p>0.9999; 24h, *p=0.0232) and AUC by paired t test (n = 11 animals; t = 3.666, df = 10,
**p=0.0043). (E13) Experimental timeline for acute inhibition of melanocortin receptors by
intracerebroventricular injection of M3/4R antagonist, SHU9119 (1nmol), in the early phase of the light
cycle prior to refeeding overnight fasted wild-type C57BI/6 mice. (E+1). Diagrams indicate the effect on
BAT temperature with AUC analysis (y=30) (Ez) and food intake at varying time intervals in the 24h
subsequent to refeeding (Es). BAT temperature and refeed food intake was analysed by repeated
measures (both factors) two-way ANOVA followed by Sidak's multiple comparisons test (E2, n =9
animals; treatment F(1, 8) = 11.26, **p=0.0100; time F(6, 48) = 62.60, p<0.0001; interaction F(6, 48)
= 0.4008, p=0.8749. -1h, Oh, 0.5h, 1h, 2h, 3h, 4h, p>0.05. E3, n = 9 animals; treatment F(1, 8) = 3.075,
p=0.1176; time F(4, 32) = 582.4, p<0.0001; interaction F(4, 32) = 0.4903, p=0.7428. 1h, p=0.6993; 2h,
p=0.5765; 3h, p=0.0804; 4h, p=0.2223; 24h, *p=0.0305) and AUC by paired f test (n = 9 animals; t =
2.917, df = 8, *p=0.0194).

Data are represented as mean + SEM for figures C, D2, D3, E2 and Es and as individual paired values
in B, D2 and Ea2.
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4.3.3 Hypothalamic POMC neuron deletion reduces postprandial BAT thermogenesis

We next sought to generate a chronic POMC loss-of-function model to further corroborate
findings that inactivation of the melanocortin system reduces postprandial thermogenesis in brown fat.
To this end, we induced apoptosis of hypothalamic POMC neurons by employing an established cell-
type specific model involving the pro-apoptotic enzyme, pro-taCasp3, and its activator, tobacco etch
virus protease (TEVp) (Yang et al., 2013). Delivery of this construct was achieved by bilateral injection
of AAVs encoding Cre-dependently either pro-taCasp3-TEVp to ablate POMC neurons (Pomc®2sPase) or
eGFP as control (Pomc®®™) in adult mice (Figure 4.3A). This strategy enabled ablation specific to
hypothalamic POMC neurons and circumvented potential confounding adaptations associated with
embryonic deletion. Inclusion criteria for PomcCasPase animals required at least a 50% reduction in POMC
cell number compared to Pomce®FP controls determined by port-mortem immunohistochemical
evaluation of the number of POMC-expressing neurons across the ARC and RCA. In 10 of 16 animals,
we observed moderate to extensive ablation of POMC neurons across both nuclei, where in many cases
there were few, if any, cells remaining in each slice (Figure 4.3A). It is noteworthy that, despite
substantial or complete ablation of POMC neuronal cell bodies in sections from some mice, there
remained residual POMC-immunoreactive fibres. It is likely that the latter are derived from POMC
neurons in the nucleus of the solitary tract which are known to have substantial projections to the ARC
and RCA (Wang et al., 2015).

In line with the established role of hypothalamic POMC neurons in body weight regulation,
PomcCasrase mice gained significantly more weight than Pomcé®™ controls in the weeks subsequent to
virus injection. While mice were matched for body weight before assignment to receive Caspase or
eGFP, the subsequent exclusion of six Pomc®2sPase mice with insufficient neuronal ablation reduced the
average starting body weight of mice receiving Caspase virus, however this was not statistically
significant (Ow, p=0.7285) (Figure 4.3B, left). Nonetheless, there was significant interaction of body
weight over time, where Pomct®Pa¢ gained weight more rapidly than Pomce®FP controls
(pinteraction<0.0001). Expressed as a percentage from body weight at surgery, POMC-ablated mice
gained dramatically more than control animals, increasing body weight by 47.4 + 6.5% at six weeks
post-surgery compared to 22.9 + 2.9% gain in controls (n = 10, n = 12, respectively; 6w, p<0.0001;
Ptreatment=0.0016, Pinteraction<0.0001) (Figure 4.3B, right). Furthermore, ablation of hypothalamic POMC
neurons resulted in marked increases in food intake, with PomcCt2sP@se mice eating on average 41%
more than controls six weeks after virus injection (6w, p=0.0081; ptreatment=0.0274, pinteraction<0.0001)
(Figure 4.3C). When standardised to body weight, food intake in Pomc®asPas¢ mice peaked two weeks
following surgery (36% greater than Pomc®¢FP, p=0.0034) but remained consistently higher than control

for the entire post-operative period (ptreatmen=0.0199, Dinteraction=0.0031) (Figure 4.3D).

Considering that a role for brown fat in diet-induced thermogenesis was discovered by
demonstrating changes in feed efficiency (Rothwell & Stock, 1979), we calculated the weight gain of
mice as a proportion of their caloric intake to obtain a crude estimate of energy expenditure. We found
that change in feed efficiency in PomcC2sPase mice was significantly elevated within two weeks of surgery
(2w, p<0.0001), however the effect appeared to diminish across the six-week experimental period
(ptreatment=0.0019, pinteraction=0.0001) (Figure 4.3E). This indicates that POMC neuron ablation may
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reduce energy expenditure, albeit temporarily, potentially by means of reducing thermogenesis in brown
fat. Indeed, we observed that POMC-ablation gradually reduced brown fat temperature in the calorically-

sated state as recorded during the light cycle (6w, p=0.0210; ptreatmen=0.0398) (Figure 4.3F).

Six weeks following virus injection, we investigated BAT thermogenesis in overnight fasted mice
following refeeding in Pomc®2sPase and Pomc®C P mice, and compared these to baseline measurements
that were made prior to virus injection, to account for inter-subject variability and order effects. We found
that while refeed-induced BAT thermogenesis appeared to be blunted in both groups following surgery,
this reduction was significantly greater in PomcC®2sPas¢ mice (prime(refeed) x time(surgery) x vius=0.0020) (Figure
4.3G1). This effect was also reflected by a significantly reduced AUC in POMC-deficient mice compared
to baseline postprandial thermogenesis (9.2 + 2.4%, p=0.0003), while a smaller reduction that did not
meet statistical significance was observed in Pomc®®" mice (3.9 + 1.4%, p=0.0806) (Figure 4.3Gx,
inset). These studies indicate that permanent loss-of-function of hypothalamic POMC neurons also

attenuates the engagement of brown fat thermogenesis in the postprandial state.

Intriguingly, hypothalamic POMC deletion reduced postprandial thermogenesis in spite of
dramatic increases in food intake from baseline compared to control-injected mice (ptime(refeed) x time(surgery)
xvius=0.0002) (Figure 4.3G2). Compared to pre-surgery refeed food intake, GFP-injected mice showed
no significant change in food intake at any time point (1-24h, p>0.05). In contrast, hypothalamic POMC
ablation evoked a marked increase in food intake where mice consumed 98.2 + 31.5% and 61.2 +
14.9% more food at 8 and 24 hours, respectively, compared to pre-surgery refeeding (8h, p=0.0005;
24h, p<0.0001). Furthermore, comparison of food intake between virus-treatment groups indicated a
33.9% increase after 24 hours (p<0.0001), highlighting the long-term satiety role driven by hypothalamic
POMC neurons.
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Figure 4.3 | Ablation of hypothalamic POMC neurons attenuates fast-refeeding thermogenesis
in brown fat

(A) A Cre-dependent AAV was injected bilaterally into the mediobasal hypothalamus of Pomc'RES-Cre
mice, encoding for pro-taCasp3-TEVp (“Caspase”), a pro-apoptotic enzyme to ablate POMC neurons,
or eGFP as control (Pomc®®Pae and Pomc®®f®, respectively). Representative confocal
microphotographs revealing immunoreactive POMC cell bodies are dramatically reduced in
POMCCaspase mice compared to control POMCEeFP mice. Scale bar, 50um. 3V, third ventricle. (B)
Diagram depicting body weight (left) and body weight gain as a percentage of body weight at surgery
(right) of PomcCasPase and Pomc®®™ mice. Changes in body weight were analysed by repeated
measures (time factor) two-way ANOVA followed by Sidak's multiple comparisons test (absolute
BW, n =12 (eGFP) and n = 10 (Caspase) animals; treatment F(1, 20) = 0.07339, p=0.7892; time F(6,
120) = 187.5, p<0.0001; interaction F(6, 120) = 18.60, p<0.0001. 0-6w, all p>0.05. BW gain (%), n =
12 (eGFP) and n = 10 (Caspase) animals; treatment F(1, 20) = 13.25, #p=0.0016; time F(6, 120) =
114.7, p<0.0001; interaction F(6, 120) = 13.97, p<0.0001. Ow, 1w, p>0.9999; 2w, p=0.2137; 3w,
**p=0.0067; 4w, 5w, 6w, ****p<0.0001). (C) Diagram depicting daily food intake following virus injection
averaged across the span of week. Food intake was not measured in the week immediately after
surgery (week 1). Changes in food intake were analysed by repeated measures (time factor) two-way
ANOVA followed by Sidak's multiple comparisons test (n = 12 (eGFP) and n = 10 (Caspase) animals;
treatment F(1, 20) = 5.660, #p=0.0274; time F(5, 100) = 22.83, p<0.0001; interaction F(5, 100) =
6.169, p<0.0001. Ow, p=0.9953; 2w, p=0.1423; 3w, p=0.1890; 4w, p=0.2237; 5w, *p=0.0137; 6w,
**p=0.0081). (D) Diagram depicting daily food intake relative to daily body weight following virus
injection averaged across the span of week. Food intake was not measured in the week immediately
after surgery (week 1). Changes in food intake were analysed by repeated measures (time factor) two-
way ANOVA followed by Sidak's multiple comparisons test (n = 12 (eGFP) and n = 10 (Caspase)
animals; treatment F(1, 20) = 6.399, #p=0.0199; time F(5, 100) = 9.632, p<0.0001; interaction F(5, 100)
= 3.852, p=0.0031. Ow, p>0.9999; 2w, **p=0.0034; 3w, p=0.1497; 4w, p=0.3614; 5w, p=0.0727; 6w,
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p=0.0603). (E) Diagram depicting the change in feed efficiency of mice from virus injection, as
calculated by their weekly weight gain as a proportion of weekly energy consumption from food. Food
intake was not measured in the week immediately after surgery (week 1), and hence feed efficiency
could not be calculated in this week. Changes in feed efficiency were analysed by repeated measures
(time factor) two-way ANOVA followed by Sidak's multiple comparisons test (n = 12 (eGFP) and n =
10 (Caspase) animals; treatment F(1, 20) = 12.72, #p=0.0019; time F(5, 100) = 23.76, p<0.0001;
interaction F(5, 100) = 5.619, p=0.0001. Ow, p>0.9999; 2w, ****p<0.0001; 3w, **p=0.0019; 4w,
**p=0.0012; 5w, p=0.2179; 6w, p=0.4484). (F) Diagram depicting the change in BAT temperature
(averaged across the span of a week) relative to week 0 when viruses were injected. Changes in BAT
temperature were analysed by repeated measures (time factor) two-way ANOVA followed by Sidak's
multiple comparisons test (n = 12 (eGFP) and n = 10 (Caspase) animals; treatment F(1, 20) = 4.835,
#p=0.0398; time F(7, 140) = 9.672, p<0.0001; interaction F(7, 140) = 1.341, p=0.2357. -1w, p=0.9969;
Ow, p>0.9999; 1w, p=0.5805 2w, p=0.9997; 3w, p=0.6138; 4w, p=0.4394; 5w, p=0.4836; 6w,
*p=0.0210). (G1 and G2) Diagrams depicting the BAT temperature with AUC (G1) and food intake (Gz)
following the refeeding of overnight fasted mice as either the average of two pre-surgery fast-refeeds
(Ow, week zero; open circles/squares) or six weeks following virus injection (6w; closed
circles/squares). G1; changes in BAT temperature were analysed by repeated measures (timerefeed and
timesurgery factors) three-way ANOVA followed by Tukey's multiple comparisons test (n = 12 (eGFP)
and n= 10 (Caspase) animals; timerefeed F(5, 100) = 99.70, p<0.0001; timesurgery F(1, 20) = 19.46,
p=0.0003; virus F(1, 20) = 0.006719, p=0.7981; interaction: timerefeed X timesurgery F(5, 100) =
3.880, p=0.0030; interaction: timerefeed X virus F(5, 100) = 0.2221, p=0.9522; interaction: timesurgery X
virus F(1, 20) = 8.037, p=0.0102; interaction: timerefeed X tiMmesurgery X virus F(5, 100) =
4.106, #p=0.0020. Within-group Ow to 6w multiple comparisons: eGFP: Oh, p=0.0181; other time
points, p>0.05. Caspase: 2h, **p=0.0098; other time points, p>0.05) and AUC by repeated measures
(time factor) two-way ANOVA followed by Sidak's multiple comparisons test (n = 12 (eGFP) and n =
10 (Caspase) animals; virus F(1, 20) = 0.1635, p=0.6902; timesurgery F(1, 20) = 24.61, p<0.0001;
interaction F(1, 20) = 4.069, p=0.0573. eGFP: p=0.0806 (NS); Caspase: ***p=0.0003). G2; changes in
refeed food intake were analysed by repeated measures (timerefeed and timesurgery factors) three-way
ANOVA followed by Tukey's multiple comparisons test (n = 12 (eGFP) and n = 10 (Caspase) animals;
timereteed F(5, 100) = 844.3, p<0.0001; timesurgery F(1, 20) = 19.71, p=0.0003; virus F(1, 20) = 4.306,
p=0.0511; interaction: timerefeed X timesurgery F(5, 100) = 18.36, p<0.0001; interaction: timerefeed X
virus F(5, 100) = 4.861, p=0.0005; interaction: timesurgery X virus F(1, 20) = 5.452, p=0.0301;
interaction: timerefeed X timesurgery X Vvirus F(5, 100) = 5.281, p=0.0002. Within-group Ow to 6w multiple
comparisons: eGFP: all time points, p>0.05. Caspase: 8h, ***p=0.0005; 24h, ****p<0.0001; other time
points, p>0.05. Between-group multiple comparisons: 24h, ##5<0.0001. All other time points, p>0.05).

Data are represented as mean £ SEM in all diagrams and individual values labelled by paired lines in
G1.
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4.4 Discussion

Hypothalamic POMC neurons and associated MC3/4R have a well-established role in the
control of energy homeostasis, however it is not presently understood whether POMC neurons play an
acute role in the modulation of BAT thermogenesis immediately following meal consumption. This is an
essential piece of information if we are to better understand the nature of the central neural control of
postprandial thermogenesis. Here we present data to corroborate the sufficiency of (chemogenetically-
mediated) POMC neuron activation to increase brown fat temperature specifically through the
engagement of downstream MC3/4Rs. In addition, we demonstrate through acute loss-of-function
studies that hypothalamic POMC neurons and central MC3/4R signalling contribute to postprandial
thermogenesis in brown fat, indicating that prandial stimuli rapidly activate uncoupled respiration
through the central melanocortin system. Moreover, the chronic disruption (caspase-mediated ablation)
of hypothalamic POMC signalling recapitulated the reduced postprandial thermogenesis seen with
acute inactivation of POMC cells, as well as evoking enduring reductions in BAT temperature
throughout the periprandial period. Our findings endorse a schema whereby the postprandial activation
of hypothalamic POMC neurons is necessary to recruit the complete facultative component of diet-

induced thermogenesis in brown fat.

4.41 Rationale

These studies were undertaken primarily to extend the findings presented in Chapter 3, that
hypothalamic POMC neurons with a defined polysynaptic projection to brown fat are largely excited by
elevations in extracellular glucose, where glucose was used as an experimentally convenient and
appropriate surrogate of a meal. To reproduce the studies in an in vivo context, the experiments here
were originally carried out with intention to verify the contribution of POMC neurons to glucose-induced
thermogenesis in brown fat. However, we experienced difficulties related to evoking robust BAT
thermogenic responses to peripheral or central administration of a glucose bolus. Irrespective of the
dose of glucose administered and metabolic state of the animal (i.e. fasted or calorically sated), the
enduring hyperthermia associated with the stress of experimenter-handling obfuscated any such
response above control injection (data not presented). Despite extensive efforts, these experimental
“complications” consistently yielded unreliable data. This outcome may seem at odds with reports that
intracerebroventricular and intra-hypothalamic infusions of glucose stimulate BAT SNA (Sakaguchi &
Bray, 1987, 1988; Holt & York, 1989; Tovar et al., 2013), however in each of the preceding cases,
electrophysiological recordings from BAT sympathetic nerves were necessarily performed in
anaesthetised animals. Nevertheless, in hindsight the experimental challenges are unsurprising
considering psychosocial stress is known to engage sympathetic nerves innervating brown fat via

cortical and hypothalamic circuitry (Kataoka et al., 2014; Kataoka et al., 2020).

While the original intention was to create consistency between the ex vivo (i.e. data presented
in Chapter 3) and in vivo approaches, the fact remains that glucose was used primarily surrogate for a
meal. In reality, the fast-refeed paradigm utilised in the experiments described here is a more

appropriate representation of the postprandial state and has previously been shown to rapidly promote
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heat production and increase UCP1 expression in interscapular brown fat (Mounien et al., 2010; Lockie
etal., 2012; Li et al., 2018). This approach not only guarantees the temporal precision of onset of meal
consumption, which is requisite for measurement of transitory changes in temperature, but still
encapsulates the energetically deplete-to-replete environment fashioned during ex vivo glucose-

sensing studies.

4.4.2 Validation of melanocortin-driven thermogenesis

The sufficiency and necessity of the melanocortin system to influence BAT thermogenesis was
explored here using modern chemogenetic and Cre-lox recombination technologies (Armbruster et al.,
2007; Tsien, 2016). In light of reports that Pomc-Cre BAC transgenic mice show embryonic expression
of Cre in neuronal progenitor cells that do not express POMC in adulthood (Padilla et al., 2012), we
adopted the use of the Pomc'RES-Cre transgenic strain to circumvent potential confounds associated with
non-specific recombination. Consistent with the original publication (Fenselau et al., 2017), we
demonstrate that Pomc'RES-Ce mice exhibit excellent efficiency and specificity of Cre expression within
POMC neurons in the ARC and RCA, and hence can verify their adequacy to specifically modulate
melanocortin activity. Importantly, we confirmed through current-clamp recordings of DREADD-
transfected POMC cells that the CNO-induced activation of Gq (via hM3Dq) signalling depolarises and
promotes action potential firing, while Gi (via hM4Di) signalling leads to hyperpolarisation and
suppression of neuronal activity, consistent with previous studies implementing similar strategies
(Atasoy et al., 2012; Zhan et al., 2013).

The view that melanocortin signalling increases energy expenditure, particularly by means of
SNS activation, has been extensively examined (see review Krashes et al. (2016)). Using DREADDs,
we confirmed the sufficiency of hypothalamic POMC neuron activity to acutely evoke BAT
thermogenesis. This dramatic thermogenic response occurs even during the early light-period and
calorically-sated state, when POMC neuron activity is typically at its maximum (Mandelblat-Cerf et al.,
2015). BAT temperature peaked within less than an hour of CNO injection, recapitulating the rapid

response observed using the Pomc-Cre BAC transgenic mouseline (Fenselau et al., 2017).

The heterogeneity of hypothalamic POMC neurons is often underappreciated; for example
Pomc mRNA transcripts colocalise with other neuropeptides like CART and nociceptin (Adam et al.,
2002; Jais et al., 2020), and CRACM studies reveal the existence of functional both GABAergic and
glutamatergic POMC synapses (Dicken et al., 2012; Jarvie & Hentges, 2012; Wittmann et al., 2013;
Atasoy et al., 2014). In consideration of this, we extended our observations to investigate the
contribution made specifically by a-MSH (rather than other transmitters) by pre-treating mice centrally
with a MC3/4R antagonist. Indeed, the BAT temperature changes following activation of hypothalamic
POMC cells were completely abolished by SHU9119, indicative of an melanocortin-dependent
mechanism. In favour of this, we and others demonstrate that central (or peripheral) administration of
MTII, the MC3/4R agonist, recapitulates the thermogenic response in brown fat (Williams et al., 2003;

Yasuda et al., 2004; Song et al., 2008; Enriori et al., 2011). As such, we contend that the melanocortin
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system is sufficient to drive thermogenesis in BAT and moreover is central to the coordination of

postprandial thermogenesis given that POMC neurons are readily activated by meal-related stimuli.

4.4.3 Evidence for the involvement of the melanocortin system in the regulation of

postprandial thermogenesis

Our primary aim was to delineate the contribution of meal-activated POMC neurons to the
facultative component of postprandial thermogenesis in BAT. We demonstrated that chemogenetic
inhibition of POMC cells had no effect on BAT temperature in energy-replete mice. However, both
inhibition of hypothalamic POMC neurons or central MC3/4R antagonism prior to refeeding overnight-
fasted mice significantly attenuated subsequent BAT temperature excursions. To our knowledge, this
is the first direct evidence, using an acute loss-of-function model, that increased central melanocortin
signalling promotes thermogenesis in brown fat directly subsequent to meal consumption. Other studies
may have alluded to this fact, finding that infusion of a MC3/4R antagonist into the fourth ventricle just
prior to the dark period (when rodents are active and food consummatory behaviour typically occurs)
caused a reduction in core body temperature (Zheng et al., 2005). However, it is unclear whether the

change in core temperature was a consequence of reduced meal-induced thermogenesis in BAT.

We then extended our studies into a chronic loss-of-function setting by ablating hypothalamic
POMC neurons using an established model to trigger Caspase-3-mediated apoptosis in a cell-specific
manner (Yang et al., 2013). Consistent with former studies of adult-onset ablation of POMC neurons,
mice rapidly developed obesity gaining significantly more weight than controls over the experimental
period (Zhan et al., 2013). We observed that feed efficiency (weight gain relative to food intake)
dramatically increased following POMC ablation, but the difference compared to controls tapered off by
the end of the six-week experimental period. This measure is a crude indication that energy expenditure
was reduced (albeit temporarily with a peak at approximately 2 weeks post-lesion) in POMC deficient
mice, however we cannot categorically exclude other forms of inefficient weight gain like nutrient
malabsorption or excretion, considering that a genetic model of hypothalamic POMC deficiency

promotes increased urinary glucose excretion (Chhabra et al., 2016; Chhabra et al., 2017).

Nevertheless, BAT temperature during the light phase and calorically-replete state
progressively decreased after virus injection (maximally reduced 6 weeks post-lesion), supportive of a
“constitutive” role of melanocortin-induced thermogenesis outside of the acute postprandial period. The
discrepancy in the timeline between changes in feed efficiency and (periprandial) BAT temperature (see
Figures 4.3E and F) may be explained by a progressive worsening of the thermogenic capacity of BAT
which, when combined with sub-thermoneutral housing (24-25°C) that was employed here, caused
mice to adopt less metabolically-efficient thermogenic processes to maintain core body temperature.
This type of compensation has been demonstrated to occur in a different context in which Ucp1
knockout mice exhibited increased energy expenditure when housed at standard animal house
conditions (18-22°C); an effect that is reversed to an obesity-promoting hypometabolism when Ucp1
knockouts are housed at thermoneutrality (~30°C ) (Enerback et al., 1997; Liu et al., 2003b; Feldmann
et al., 2009). Thus, paradoxically, POMC deletion may acutely reduce energy expenditure by blunting
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diet-induced thermogenesis in BAT, but then the reliance on inefficient heat-production mechanisms
reverses this change in expenditure, reflected by the return of feed efficiency to levels similar to GFP-
injected controls. In support of maintained disruption to BAT thermogenesis (in spite of diminished feed
efficiency), refeeding following an overnight-fast at the end of the six-week period revealed a remarkable
attenuation in postprandial thermogenesis in POMC-ablated mice but not controls, consistent with our

hypothesis that POMC neurons contribute to postprandial thermogenesis in BAT.

4.4.4 Melanocortin-independent regulators of postprandial thermogenesis?

It is worth noting that while both acute and chronic disruptions in hypothalamic POMC neuron
signalling provided statistically significant reductions in postprandial brown fat temperature, these were
only partial effects; far from a complete abolition of the thermogenic response. Notably, the residual
thermogenic response was not due to an incomplete deactivation/ablation of hypothalamic POMC
neurons, considering that a robust postprandial thermogenic response remained even in mice in which
retrospective immunohistochemical analyses revealed a near complete (~95-99%) deletion of POMC
neurons (data not shown). Instead, we propose that there are at least two other likely physiological
explanations for this outcome.

4441 Other, non-POMC central regulators

The first is that there are POMC-independent central pathways that are also recruited
postprandially to activate BAT-directed SNA which contribute to the response. Indeed, there is evidence
that other appropriately-positioned neuronal populations which access peripheral indicators of meal-
consumption may contribute to the regulation of BAT thermogenesis. For example, also located within
the arcuate nucleus, anabolic AGQRP/NPY neurons are typically inhibited by signals related to energy-
repletion such as glucose, insulin and leptin (van den Top et al., 2004; Fioramonti et al., 2007; Kénner
etal., 2007; Mountjoy et al., 2007). The postprandial reduction of central release of NPY, an established
suppressor of sympathetic outflow to BAT (Egawa et al., 1991; Nakamura et al., 2017), may therefore
relieve tonic sympathoinhibition and promote increased thermogenesis in brown fat. Furthermore,
glucose-sensitive orexin and melanin-concentrating hormone (MCH) neurons of the Iateral
hypothalamus are implicated in the control of BAT-directed sympathetic output (Oldfield et al., 2002;
Burdakov et al., 2006; Kong et al., 2010). Indeed, infusion of MCH and/or orexin receptor agonists or
antagonists into the lateral ventricle or directly into raphe pallidus modulates brown fat temperature and
sympathetic tone (Verty et al., 2010; Tupone et al., 2011). Further experiments are required, then, to

determine the involvement of other central neural circuits in mediating postprandial thermogenesis.

4.4.4.2 Peripherally-derived factors

An alternative explanation is the involvement of peripheral factor(s) which either directly or
indirectly (through the CNS) recruit BAT thermogenesis in the postprandial state. In this vein, a recent

publication reported the gut-derived hormone, secretin, is responsible for mediating thermogenesis in
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brown fat upon refeeding (Li et al., 2018). The authors demonstrate that elevations in circulating secretin
following meal consumption drove BAT thermogenesis independently of B-adrenergic signalling, and
that inactivation of secretin signalling (using a polyclonal antibody) completely abolished the
thermogenic response to feeding overnight-fasted mice. However, these findings are difficult to
reconcile with our current view of postprandial thermogenesis for a number of reasons: a) the authors
report the complete absence of any thermogenic response, even obligatory thermogenesis, and; b) the
secretin-dependent component of thermogenesis reported are within 60 minutes of meal consumption,
which corresponds to the cephalic phase of postprandial thermogenesis in both rats and humans
(Rothwell & Stock, 1984b; LeBlanc & Cabanac, 1989). This period is largely preabsorptive meaning the
physiological response primarily occurs as a result of sensory cues or food anticipation (Henry ef al.,
2010; Smeets et al., 2010), and thus it is unclear how a gut-derived peptide mediates the entire
thermogenic effect within this timeframe. Nonetheless, we agree with the authors that the SNS appears
to contribute to facultative postprandial thermogenesis primarily during the absorptive phase (1-4
hours), and this has been corroborated in human studies using B-blockers (De Jonge & Garrel, 1997;
Pezeshki et al., 2016; Limberg et al., 2017). This period of SNS engagement is largely temporally
consistent with the attenuated BAT thermogenesis effects we observed following inactivation of

melanocortin signalling and subsequent refeeding (see Figures 4.2D2 and Ez, 4.3G1).

There is also substantial evidence to suggest that meal-induced secretion of leptin could
mediate changes in BAT-directed sympathetic outflow. Leptin has been shown to activate hypothalamic
POMC neurons and thus promote BAT SNA (Elias et al., 1998; Ste. Marie et al., 2000; Cowley et al.,
2001), however this would not explain residual thermogenic responses observed here in POMC-ablated
mice. Indeed, there are studies that demonstrate that leptin-induced activation of BAT SNA occurs
independently of MC4R signalling (Haynes et al., 1999; Enriori et al., 2011). It is possible, instead, that
BAT-projecting circuits in the POA and DMH are responsible for the sympathoexcitatory effects of leptin.
Leptin receptor (LepR)-expressing neurons in these nuclei have been demonstrated to project multi-
synaptically to brown fat (Zhang et al., 2011). In this vein, leptin signalling in the DMH regulates energy
expenditure in part by activation of BAT thermogenesis, and deletion of the LepR in the POA impairs

HFD-induced elevations in energy expenditure (Rezai-Zadeh et al., 2014; Yu et al., 2018).

As an alternative to a centrally-mediated effect, it was recently indicated that postprandial
elevations in core temperature are dependent, at least in part, on leptin-induced activation of brown fat
thermogenesis, in a manner that is independent of the SNS (Perry et al., 2020). The reports relating to
leptin-regulated BAT thermogenesis are only further confounded by another study which concluded that
leptin is not thermogenic (i.e. it does not stimulate the production of heat), but instead is pyrexic (i.e. it
increases body temperature) (Fischer et al., 2016). The authors demonstrated through infrared
thermography that temperature of the tail, a major thermoregulatory organ in mice, dramatically reduces
in response to leptin treatment (in ob/ob mice). This suggests that leptin functions to induce tail
vasoconstriction which resultantly reduces thermal conductance (heat loss); thus, increasing core
temperature without altering energy expenditure. This assertion is supported by another study that
demonstrated that, under sub-thermoneutral conditions, leptin signalling maintains core body

temperature in a manner that is not dependent on BAT thermogenesis, but instead through reducing
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thermal conductance (heat loss) (Kaiyala et al.,, 2016). In view of these reports, it remains to be

determined, then, whether leptin signalling contributes to postprandial thermogenesis in brown fat.
4.44.3 Other technical considerations

We draw attention to the possibility of another, technical, consideration which may
underestimate the true impact of melanocortin inactivation on postprandial thermogenesis in BAT. While
telemetric recordings of brown fat temperature have been a mainstay in this field for over a decade and
are assumed to be an accurate measure of BAT activity (Verty et al., 2009; Meyer et al., 2017), including
the IPTT-300 transponder (Bio Medic Data Systems) employed here especially for measurements in
mice (Kong et al., 2012; Tan et al., 2016), there is the possibility that these devices also measure, in
some part, changes in core temperature particularly considering the very small volume of interscapular
BAT in a mouse. Indeed, some studies concurrently record core and BAT temperature to gain an index
of thermogenesis specifically attributed to BAT activity (Almeida et al., 2012; Mohammed et al., 2014).
Moreover, there is a potential for BAT temperature measurements to be “contaminated” by heat
produced from nearby skeletal muscle during the basic rest-activity cycles that accompany food-
seeking behaviour (see Blessing (2018) for review). In light of these technical considerations, a
thermogenic component (of unknown size) unrelated to sympathetically-mediated uncoupled
respiration in BAT may influence our readings, obfuscating and diminishing the true effect size of

hypothalamic POMC neuron inactivation/deletion on postprandial thermogenesis.

Nevertheless, we reconcile our findings with others presented in the literature and the potential
of technical impediments by acknowledging that the central melanocortin system likely only contributes
in part to facultative meal-induced thermogenesis in brown fat, and that future studies are needed to
determine the relative contributions of other meal-related factors, or meal-responsive circuits, to the

process.

4.4.5 Commentary on manipulations of food intake

While ancillary to the primary aims of this chapter, we also measured ingestive behaviour in
mice following acute and chronic manipulations to central melanocortin circuitry. In addition to energy
expenditure regulation. Opto- or chemo-genetic activation of hypothalamic POMC neurons is known to
induce hypophagia, however, intriguing in relation to this phenomenon are reports that suppression of
food intake only manifests on a long-term (~24 hour) timescale (Aponte et al., 2011; Zhan et al., 2013;
Fenselau et al., 2017), which contrasts dramatically with the rapidly-evoked voracious feeding observed
following AgRP neuron stimulation (Aponte et al., 2011; Krashes et al., 2011). We observed that the
DREADD-mediated activation of POMC neurons, as well as the central administration of a MC3/4R
agonist, recapitulated published findings of suppressed 24-hour food intake, with the exception that we
also observed indications of more rapidly-induced satiety. While not presented in the Results of this
chapter, statistical analysis of (specifically) the four-hour feeding window subsequent to CNO injection
revealed a significantly reduced intake for both chemogenetic and pharmacological activation of

melanocortin signalling, a finding that is directly at odds with a recent report (Fenselau et al., 2017).
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One possible explanation for this deviation is that our experiments were performed during the
early phase of the light period when drive to eat (i.e. AQRP neuron activity) is low, while Fenselau and
colleagues measured food intake following POMC neuron stimulation at the onset of the dark cycle.
Perhaps the depletion of energy stores fomented over the course of the light cycle (i.e. increasing AGRP
neuron activation) resulted in the overriding of a rapidly-driven POMC satiety signal in their study, which
otherwise, manifested under our experimental conditions of caloric repletion. This hypothesis is
supported by the finding that concurrent optogenetic activation of both AGQRP and POMC neurons
produces a robust feeding response and rapid latency to eat, identical to that which occurs with

activation of AgRP neurons alone (Atasoy et al., 2012).

We also demonstrate that DREADD-mediated POMC inhibition or central MC3/4R antagonism
in energy-deplete (overnight-fasted) caused overnight, but not short-term, increases in food intake;
indicating that the presence of an orexigenic homeostatic signal at the time of POMC neuron or MC3/4R
inhibition does not preclude long-term reductions in satiety. This finding extends previous indications
that chemogenetic inhibition of hypothalamic POMC neurons induces an equivalently slow-to-mount
hyperphagia in calorically-replete mice (Atasoy et al., 2012; Uner et al., 2019). Furthermore, a role for
MC4R-regulated long-term satiety in energy-deplete mice was further corroborated by the deletion of
hypothalamic POMC neurons. POMC-ablated mice consumed significantly more food over the 24-hour
refeed period compared to controls, with no statistically significant change in short-term refeeding food
intake. Moreover, daily food intake was increased in these mice, even when accounting for successive
increases in body weight, substantiate a role for hypothalamic POMC neurons in the regulation of long-

term satiety.

4.4.6 Conclusions

The central melanocortin system has an established role to promote adaptive thermogenesis
in brown fat in periods of caloric excess, however direct evidence is lacking for its recruitment and
associated thermogenesis following acute dietary intake. Here we affirm that DREADD-evoked activity
of hypothalamic POMC neurons is sufficient to promote BAT thermogenesis through activation of
downstream MC3/4R, ruling out the involvement of other neurotransmitters released by this
neurochemically-heterogenous population in the mediation of POMC-driven thermogenesis. We
demonstrate unambiguously, through both acute and chronic inactivation of central melanocortin
signalling, that a temporally-defined dietary intervention invokes hypothalamic POMC activity to drive
thermogenesis in brown fat. Collectively these studies substantiate the necessity of POMC neurons in
the mediobasal hypothalamus to orchestrate adaptive energy-expending processes following acute
bouts of feeding. These data thus extend the comprehensive body of literature which implicates
hypothalamic POMC neurons as an integral processor of episodic signals relating to energetic status,

and contributing to the acute recruitment of BAT activity in the postprandial state.
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5.1 Introduction

The physiological function of hypothalamic POMC neurons is largely attributed to their capacity
to detect and integrate humoral signals relating to energy status. In view of the complexity associated
with signalling in the hypothalamus, responsiveness to these sensory signals is unlikely to be
homogeneous across all POMC neurons. Indeed, two topographically-segregated subpopulations of
POMC neurons have been identified to respond to either, but not both, of the peripherally-derived
hormones, leptin and insulin (Williams et al., 2010). Furthermore, single-cell RNA sequencing
technology revealed significant genetic variation between POMC-expressing neurons, leading to the
identification of (at least) three genetically-distinct clusters (Campbell et al., 2017; Lam et al., 2017).
POMC neurons are widely accepted to respond to elevations in extracellular glucose by depolarisation
and concomitant increased action potential firing. The mechanism mediating this response has been
primarily attributed to inactivation of Katp channels, which is proposed to occur following the neuron-
autonomous intracellular metabolism of glucose into ATP (lbrahim et al., 2003; Parton et al., 2007).
However, in consideration of their functional and genetic heterogeneity, including our observations of
formerly unidentified glucose-inhibited POMC neurons (see Chapter 3), the mechanisms regulating

POMC neuronal glucose-sensing require further investigation.

There is mounting evidence that astroglial networks in the hypothalamus and brain stem can
be instrumental in the neuronal detection of glucose availability. Glucose entry into the brain from the
periphery is primarily facilitated by diffusion through glucose transporter-1 (GLUT1) which is expressed
on astrocytic endfeet that ensheath cerebral vasculature (Kacem et al., 1998; Devraj et al., 2011).
Disruption of brain glucose uptake by the deletion of astrocytic insulin receptors was shown to cause
defects in glucose-induced satiety and peripheral glucose tolerance, likely as a result of disturbances
to POMC neuron glucose-sensing (Garcia-Caceres et al., 2016). Astroglial cells form large
interconnected networks adjoined by gap-junction channels that permit their electrical and chemical
coupling. Connexin 43 (Cx43) is one of three connexin proteins that mediate the formation of astrocytic
syncytia by facilitating the passage of ions, or small molecules like glucose-derived metabolites,
between astrocytes (through gap-junctions) or from astrocytes into the extracellular space (through
hemi-channels) (see Giaume et al. (2010)). Orexin neurons in the lateral hypothalamus were
demonstrated to require astrocyte-derived lactate (a glucose metabolite) to sustain their tonic firing, and
the transduction of this signal is at least partially dependent on astrocytic Cx43 (Parsons & Hirasawa,
2010; Clasadonte et al., 2017). Moreover, astrocyte-dependent metabolism of glucose in proportion to
its extracellular availability can facilitate the neuronal sensing of glucose via the paracrine action of
released metabolites. For example, the glucose-dependent release of astrocyte-derived purines (ATP
and adenosine) can act on neuronally-expressed G-protein coupled receptors (GPCRs) to mediate
glucose-induced changes in neuronal activity in the nucleus of the solitary tract and ventrolateral pre-
optic area (McDougal ef al., 2013; Rogers et al., 2016; Scharbarg et al., 2016; Rogers ef al., 2018). A
role for astrocyte-derived transmitters (gliotransmitters) in hypothalamic POMC neuron glucose-sensing

is yet to be determined.

The propagation of calcium waves through connected astroglial networks (via gap-junctions) is

considered to be a specific form of astrocyte “excitability” that can promote, or be the result of, reciprocal
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communication between astrocytes and neurons (Scemes & Giaume, 2006). The calcium-dependent
liberation of ATP from astrocytes can act on P2X/P2Y receptors expressed on adjacent neurons, or
alternatively can be degraded into adenosine by extracellularly-expressed ectonucleotideases and
signal through pre- and/or post-synaptic adenosine receptors (Fields & Burnstock, 2006; Garré et al.,
2010). Recently, chemogenetic and optogenetic technologies have been employed to “artificially” evoke
astrocytic calcium waves, demonstrating the capacity for astrocyte-derived purines to modulate the
activity of neighbouring neuronal populations (Gourine et al., 2010; Savtchouk & Volterra, 2018; Durkee
et al., 2019). Within the hypothalamus, optogenetic activation of astrocytes was found to increase local
adenosine production which signalled via the adenosine A1 receptor (A1R) to decrease food intake
(Sweeney et al., 2016). Similarly, chemogenetic activation of hypothalamic astrocytes reduced dark
cycle food intake by inhibiting AGRP neurons through AiR-dependent signalling (Yang et al., 2015).
However, these findings are in conflict with another study, which demonstrated that chemogenetic
activation of astrocytes specifically within the ARC (not whole hypothalamus) evokes voracious feeding
characteristic of AQRP neuron activation, but not did examine the mechanism responsible for astrocyte-

regulated neuronal activation (Chen et al., 2016).

Here, we aim to comprehensively investigate the heterogeneity associated with glucose-
sensing POMC neurons in the ARC and RCA, with a focus on identifying previously unknown
mechanism(s) that facilitate glucose-induced changes in neuronal activity. In light of the demonstrable
role for gliotransmitters to regulate neuronal activity in the ARC and mediate neuronal glucose-sensing
elsewhere in the brain, we hypothesised that astrocyte-derived adenosine communicates changes in

extracellular glucose to neighbouring POMC neurons through a paracrine signalling mechanism.
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5.2 Experimental Procedures

5.2.1 Preparation of brain slices for ex vivo recording

Acute hypothalamic brain slices from Pomc®®"P mice were prepared for subsequent whole-cell
patch clamp electrophysiology. Overnight-fasted mice were anaesthetised with isoflurane and
decapitated. Brains were rapidly collected into oxygenated ice-cold sucrose-modified aCSF (in mM, 200
sucrose, 1.9 KCI, 1.2 NaH2POs, 26 NaHCO3, 2.0 D-glucose, 8.0 D-mannitol, 0.5 ascorbic acid, 10
MgCl2), and were cut into 250-300pm coronal sections encompassing the ARC and RCA using a
vibratome (VT1000S; Leica, Cambridge, UK). Slices were transferred to recording aCSF (in mM, 127
NaCl, 1.9 KCI, 1.2 KH2PO4, 26 NaHCOs3, 1.0 D-glucose, 9.0 D-mannitol, 1.3 MgClz, 2.4 CaClz, 0.34
ascorbic acid; equilibrated with 95% Oz and 5% COz, pH 7.3-7.4, 300-305mOsm/L) at 34-35°C for 25
mins, and then left to recover at room temperature for >45 minutes before electrophysiological
recordings were conducted. For a subset of experiments, brain slices were prepared from ad libitum
fed Pomc®®FP mice using the same method, with the exception that both cutting and recording solutions

contained 5.0 D-glucose and 5.0 D-mannitol (mM).

5.2.2 Electrophysiology: Investigating POMC glucose-sensing mechanism

For recording, brain slices were transferred to a recording chamber and constantly bathed in
aCSF (flow rate = 3-6mL/min). GFP-expressing POMC neurons in the ARC and RCA were identified
using epifluorescence and differential interference contrast microscopy, and whole-cell patch clamp
recordings were made using a Multiclamp 700A amplifier (Axon Instruments, Foster City, CA, USA).
Patch-pipettes were pulled using a horizontal puller (Sutter Instruments, USA; P1000 model) from thin-
walled borosilicate glass (Harvard Apparatus; GC150-TF10) to resistances between 6 and 10MQ when
filled with intracellular recording solution (in mM, 140 K-gluconate, 10 HEPES, 10 KCI, 1.0 NazEGTA
and 1.0 or 2.0 Na2ATP; pH adjusted to 7.35 with KOH, osmolarity adjusted to ~305mOsm/L with

sucrose).

In order to investigate the mechanism of glucose-sensing in POMC neurons, glucose-
responsive cells were first identified by increasing extracellular D-glucose from 1.0mM to 5.0mM.
Neurons were considered glucose-sensing if membrane potential changes were 22.0mV for a glucose-
induced excitation or =-2.0mV for a glucose-induced inhibition. Furthermore, changes in membrane
potential and/or firing rate were required to be time-locked to the arrival of increased glucose at the
brain slice to be considered a true response, and to exhibit a complete or partial reversal of the response
upon washout to 1.0mM glucose. To test the involvement of adenosine receptors, transporter channels
or astrocyte metabolism in POMC neuron glucose-sensing, the relevant inhibitor was bath-applied: a)
in most cases, following washout of glucose and subsequent reversal of the response for at least 5
minutes before high glucose was re-applied, or b) in a few cases, while the high glucose was still present
to determine the potential for reversal of the response by a pharmacological agent. Glucose-induced
changes in membrane potential and/or firing rate in the presence of the inhibitor were quantified and

compared to the baseline response. For data analysis, the signal was digitised at 2-10 kHz and
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analysed utilising a computer running pClamp10 (Axon Instruments). Membrane potential values were

not compensated to account for liquid junction potential (-9 mV).

5.2.3 Adenosine receptor antagonism food intake and energy expenditure studies

C57BI/6™T mice were used to investigate how central antagonism of AR affects food intake
and energy expenditure during the dark cycle (feeding phase). In order to deliver drugs centrally,
C57BI/6"T mice were implanted with an indwelling cannula into the lateral ventricle. The A1R antagonist,
DPCPX, was injected intracerebroventricularly (300ng, in 2uL 20% DMSO in saline) in the half-hour
preceding the dark cycle, and food intake and energy expenditure were measured at regular intervals
in a cross-over design. A separate cohort of mice were injected with antagonists of the remaining
adenosine receptors, A2aR (SCH442416), A2sR (PSB603) and AsR (MRS1523) to determine their

involvement in food intake regulation. In all experiments, volume-matched vehicle was used as control.

To measure energy expenditure, mice were individually housed in an indirect calorimeter
(LabMaster; TSE-systems, Bad Homburg, Germany) which measured consumption and production of
oxygen and carbon dioxide, respectively, to indirectly calculate energy expenditure. Airflow was set at
0.5L/min, and gas was sampled from each cage for 3.75 minutes at 30-minute intervals. After 48 hr
acclimatisation, mice were injected with an adenosine receptor antagonist or vehicle immediately before
the onset of the dark period. The experiment was crossed-over following a 48-hour washout period.

Data was analysed as half-hourly readings and presented relative to animal body weight.

5.2.4 Electrophysiology: Investigating astrocyte communication to POMC neurons

In order to determine how the activity of MBH astrocytes affects POMC neurons, we transfected
astrocytes to express the Gg-coupled DREADD, hM3Dgq. To achieve DREADD expression specifically
in astrocytes surrounding POMC neurons, an AAV encoding the receptor with a GFAP promoter was
injected into the ARC and RCA. Specificity of DREADD expression in astrocytes was first confirmed by
AAV injection into C57BI/6"T mice (C57BI/6WT::GFAP"™3Da) whose brains were collected two weeks
later and processed immunohistochemically for GFAP, NeuN (neuronal marker) and mCherry (see
Section 5.2.8).

Following confirmation of astrocyte-specific expression, AAV was injected bilaterally into
Pomc®®™ mice (PomceCFP::GFAPMM3DY) At least two weeks later, hypothalamic brain slices for
electrophysiology were prepared (see Preparation of brain slices for ex vivo recording above) and
whole-cell current-clamp recordings were made from GFP-expressing POMC neurons in the field of
mCherry-expressing astrocytes. Following stabilisation of POMC neuron membrane potential and firing,
the hM3Dqg-receptor agonist, CNO (1uM), was briefly bath applied (3-5 minutes) to activate astrocytes
and promote gliotransmission, and the subsequent change in POMC neuron membrane potential and
firing rate was quantified. In a subset of cells, CNO was washed off and then re-applied in the presence
of a non-selective adenosine receptor antagonist (CGS15943) and ectonucleotidease inhibitor

(PSB12379) to test the contribution of astrocyte-derived nucleosides to POMC neuron responses.

Page | 93



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

5.2.5 Fos analysis

In a separate set of experiments, POMC neuron activation was assessed in vivo following CNO-
induced activation of MBH astrocytes. At least two weeks after virus injection and four consecutive days
of handling, Pomce¢FP::GFAP"™3Dd mice received i.p. injection of vehicle (5% DMSO in saline) or CNO
(1mg/kg). Mice were perfused 90 minutes following injection, and brain tissue was collected and
processed immunohistochemically for Fos protein (see Section 5.2.8), a marker of recent neuronal
activation. Quantification of Fos expression in POMC neurons was performed by counts made of
colocalised Fos-related immunofluorescence with antibody-amplified GFP expression in POMC
neurons. 10 x 1.0um z-stack sections were taken of one hemisphere of the RCA and rostral, mid and
caudal ARC in each animal, and counts were made from the maximum intensity projection images using
ImageJ software. Data are reported as total Fos numbers per hemisphere or as the proportion of

activated relative to total POMC neurons.

5.2.6 Astrocyte activation food intake and brown adipose tissue temperature studies

To test the hypothesis that astrocyte activation recruits both POMC and AgRP neurons,
Agrp'RES-Cre mice received bilateral injections of AAV-GFAP-hM3Dg-mCherry into the MBH, in
conjunction with a second virus that Cre-dependently encoded either mCherry as control
(GFAP"M3Da:: AgrpmChem) or the inhibitory Gi-coupled hM4Di DREADD receptor (GFAPM3Da:: AgrphM4Di)
under a human synapsin (neuron-specific) promoter. With this design, administration of the DREADD
ligand, CNO, only activates astrocytes in GFAP"™3Da::AgrpmChe™y mice, or concurrently activates and
inhibits astrocytes and AgRP neurons, respectively, in GFAP"™3Da:: AgrphM4Di mice. Food intake and
brown adipose tissue (BAT) temperature, which are both influenced by POMC and AgRP neuron
activity, were monitored in the hours subsequent to intraperitoneal injection of vehicle or CNO (3mg/kg).
To control for the effect of AGRP neuron inhibition, a third group of Agrp'*¥S-Ce mice injected only with
the AAV encoding hM4Di (Agrp"™4P)) were included in experiments. Interscapular brown fat temperature
was measured using IPTT-300 temperature-sensitive transponders (Bio Medic Data Systems) and

collected using a handheld reader (see Chapter 2: General Methods).

5.2.7 Stereotaxic cannulation and virus injection

Mice were anaesthetised and placed in a stereotaxic apparatus (mouse adaptor 51625,
Stoelting, Wood Dale IL). After exposing the skull via midline incision, a small hole was drilled for
cannulation through which there was subsequent delivery of pharmacological agents, or for injection of
AAVs encoding DREADDs. For cannulation, a 26-gauge guide cannula (InVivo1, Roanoke, WA) was
inserted into the brain just above the lateral ventricle (coordinates from bregma: AP: -0.5mm, ML:
1.0mm, DV: -=1.7mm) and held in place by light-cured bond and dental cement. A dummy cannula was
inserted into the guide when not in use to keep the cannula patent and free from contaminant. For
injection of adenosine receptor antagonists, a custom-designed 33-gauge injector was attached to PE

tubing connected to a 10uL syringe (Hamilton Company, USA) and inserted into the guide cannula
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extending 0.5mm past the tip, into the lateral ventricle. Pharmacological agents were delivered at

approximately 2uL/min.

Bilateral AAV injections were made stereotaxically into the mediobasal hypothalamus of
C57BI/6™T, Pomce®™ and Agrp'RESC mice to encompass both the ARC and RCA (60nL per side,
coordinates from bregma: AP: -1.3mm, ML: +0.3mm, DV: -5.8mm) via pulled-glass pipettes (tip
diameter = 40pm) using a pressure-injection system. Viruses were delivered over 5 minutes, and
pipettes left in place for a further 5 minutes before removal from the brain to minimise efflux of the
injectate. C57BI/6™T (for virus validation) and PomceC™? (for electrophysiology and Fos experiments)
mice were injected with AAV-GFAP-hM3Dg-mCherry (Addgene viral prep #50478-AAV5, titre = 7x10'?
vg/mL) diluted 1:3 in sterile PBS. For food intake and BAT temperature experiments, Agrp'RES-€ mice
were injected with a 1:3 mixture of AAV-GFAP-hM3Dg-mCherry and either AAV-hSyn-DIO-mCherry
(Addgene viral prep #50459-AAV5, titre = 7x10'2 vg/mL; GFAP"M3Da::AgrpmChemy) or AAV-hSyn-DIO-
hM4Di-mCherry (Addgene viral prep #44362-AAV5, titre 2 7x10"2 vg/mL; GFAPM3Da:: Agrp™4Di) 'or with
only AAV-hSyn-DIO-hM4Di-mCherry (Agrp"™4P)). The plasmids used for virus manufacture were a gift
from Brian Roth (DREADDs and mCherry control).

At the conclusion of experiments, all virally-transfected mice were perfused and brains were
processed (see Section 5.2.8) for accuracy and efficiency of viral-transfection. For experiments
involving astrocyte-specific expression of hM3Dq DREADD, only mice which exhibited substantial
bilateral expression of the mCherry reporter that was wholly or predominantly contained within the
rostro-caudal extent of the RCA and ARC were used for analysis. For experiments involving AgRP
neuron-specific expression of hM4Di DREADD, only mice which exhibited substantial bilateral
expression of mCherry that was wholly contained within the boundaries of the rostro-caudal extent of

the ARC and RCA were used for analysis.

5.2.8 Brain tissue preparation & immunohistochemistry

To examine the brain for accuracy of virus injection or for Fos expression, mice were terminally
anaesthetised with i.p. sodium pentobarbitone (>100mg/kg) and perfused transcardially first with
phosphate-buffered saline (pH = 7.4) and then 4% PFA solution in PB. The brains were stored in the
same fixative overnight at 4°C, and then transferred into 30% sucrose PB solution at 4°C for at least 24
hours. Using a cryostat (Leica), 35um coronal sections of the brain were collected into four equal series

and stored at -20°C in cryoprotectant until processing.

Brain sections were washed in 0.1M PB, and then blocked in 10% NHS and 0.3% PBT for at
least 30 minutes. Sections were then incubated overnight at room temperature in 1% NHS PBT
containing primary antisera (chicken anti-GFP, Abcam 13970, 1:2000; rabbit anti-DsRed, Living Colours
632496, 1:2000; goat anti-GFAP, Abcam ab53554, 1:1000; rabbit anti-NeuN, Merck Millipore ABN78,
1:500; rabbit anti-Fos, Santa Cruz sc-52, 1:350; rabbit anti-Adenosine A1 receptor, Abcam ab82477,
1:200; rabbit anti-Adenosine Aza receptor, Abcam ab3461, 1:50; rabbit anti-Adenosine As receptor,
Santa Cruz sc-13938, 1:20). The next morning sections were washed in 1% NHS PB and then
incubated for 2h at room temperature in PB with Alexa-fluorophore conjugated secondary antibodies
(Donkey anti-chicken Alexa488, Jackson Laboratories 1:500; Donkey anti-rabbit Alexa594, Abcam,

Page | 95



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

1:400; Donkey anti-rabbit Alexa647, Abcam 1:400; Donkey anti-goat Alexa647, Abcam 1:400). After
several washes in PB, sections were mounted onto glass slides and coverslipped with VECTASHIELD®
HardSet™ with DAPI mounting medium. Fluorescence images were captured using a Leica SP5 5-
channel confocal microscope using a 10x dry objective or 20-40x immersion objective with 6-10x 1.0-

1.5um Z-stacks.

5.2.9 Drugs

For electrophysiological and in vivo experiments, drugs were made up as concentrated stocks
prior to experiments and diluted in recording aCSF (electrophysiology) or vehicle (in vivo) just prior to
use, with the exception of Gap26 (AusPep; used at 200uM) which was dissolved in aCSF from solid on
the day of recording. DPCPX (Tocris; used at 100nM or 300ng/2pL for i.c.v.), SCH442416 (Tocris;
300ng/2uL for i.c.v.), PSB603 (Tocris; 300ng/2uL for i.c.v.), MRS1523 (Santa Cruz; 300nM or
100ng/2uL for i.c.v.), CGS15943 (Tocris; 1uM), Gabazine (Tocris; 10uM), SDZ WAG 994 (Tocris;
500nM), BAY876 (Tocris; 1uM) and clozapine-N-oxide (CNO, Carbosynth; 1uM or 3mg/kg for i.p.) were
dissolved in DMSO and stored at —-20°C. Carbenoxolone (Sigma-Aldrich; used at 100-200uM),
PSB12379 (Tocris; 1uM) and fluorocitrate (Sigma-Aldrich, 50uM) were dissolved in distilled water and
stored at —20°C. The fluorocitrate stock was prepared by dissolving DL-Fluorocitric acid barium salt
(Sigma-Aldrich, F9634) in 1.5M HCI, and then adding equimolar sulfate (as Na2SOa) to precipitate the
barium out of solution as BaSOa. The pH of the supernatant solution was then neutralised to = 7.4 by
dropwise addition of 5M NaOH.

The final concentration of DMSO when drugs were dissolved in aCSF for electrophysiological
recordings did not exceed 0.05%. For intracerebroventricular injection, the final concentration of DMSO
was 10% (MRS1523 and vehicle) or 20% (DPCPX, SCH442416, PSB603 and vehicle) diluted in sterile
saline. For intraperitoneal injection of CNO, the injected concentration of DMSO was 5% in saline. For
intracerebroventricular injections, a volume of 2uL solution was delivered over approximately one

minute. Intraperitoneal injection volumes were performed at 3mL/kg body weight.

5.2.10 Statistical analyses

Data was graphed and statistically analysed using GraphPad Prism 8.0 (Graphpad Software;
CA, USA); significance for all tests was set at p < 0.05. Grouped data is presented as mean + SEM
unless otherwise indicated. Individual data points (paired and unpaired) are also presented in some
grouped data sets. Chi-squared Test for Independence was used to determine differences in glucose-
responsiveness of POMC neurons in the ARC compared to RCA. Paired t tests were used to compare
changes in membrane potential and action potential firing rate in glucose-responsive neurons at
baseline and in the presence of a pharmacological inhibitor. Repeated measures two-way ANOVA with
Sidak's multiple comparisons was used to compare changes in food intake and energy expenditure
following central administration of adenosine receptor antagonists as well as changes in Fos expression
across rostro-caudal levels of the ARC and RCA following chemogenetic activation of astrocytes. One

sample t tests were used to measure change in membrane potential and action potential frequency of
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POMC neurons following chemogenetic activation of astrocytes, while paired t test was used to
compare electrophysiological parameter changes induced by CNO in the presence and absence of
pharmacological inhibitors. Changes in food intake (1-8h) and BAT temperature following in vivo
chemogenetic activation of astrocytes were analysed using repeated measures two-way ANOVA with
Sidak's multiple comparisons, while the 24h food intake interval was analysed using paired ¢ test. Note
that for energy expenditure and BAT temperature experiments, baseline “pre-intervention” time point(s)
were excluded from statistical analysis so not to confound the analysis of intervention. Full statistical

reports are stated either in the body text or in the figure legends.
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5.3 Results

5.3.1 POMC neuron glucose-responsiveness is heterogeneous

We prepared acute ex vivo hypothalamic brain slices from overnight fasted Pomc®®™ mice, and
made whole-cell current clamp recordings from POMC neurons throughout the rostro-caudal extent of
the ARC and RCA. We increased the extracellular glucose concentration from 1.0 to 5.0mM and noted
changes in membrane potential and firing activity indicative of glucose-sensitivity. We recorded from a
total of 452 POMC neurons in the mediobasal hypothalamus (RCA, n = 195; ARC, n = 257) and
observed a range of glucose-induced changes in electrical activity; including those that have been
previously reported and some not yet described in POMC neurons (Figures 5.1A1 and Az). Most POMC
neurons in the RCA (46%) and ARC (55%) were not responsive to increased glucose, displaying no
sustained change in membrane potential or firing rate when D-glucose levels increased to 5.0mM
(Figure 5.1B4). Current injection steps at baseline and during 5.0mM glucose application reveal similar
current-voltage (IV) relationships in non-responsive (NR) POMC neurons, consistent with a lack of
change in neuronal conductance (Figure 5.1Bz). The most prevalent responses were glucose-induced
excitations (GE; 39% RCA, 33% ARC), characterised by depolarisation and increased spontaneous
firing rate following the glucose excursion (Figure 5.1C4). In approximately 70% of GE cells, the
response reversed following washout of glucose (within 20 minutes). The change in IV relationship
revealed in most, but not all, glucose-excited POMC neurons, the closure of one or more potassium
conductances indicated by increased input resistance and the intersection of the IV curves near the
reversal potential for potassium ions (= -90mV) (Figure 5.1C2). It is likely that closure of the Kare
channel is responsible for reduced potassium conductance and hence depolarisation of POMC cells, in
line with previous reports (Ibrahim et al., 2003; Parton et al., 2007). It is worthy of note that some
glucose-induced excitations evoked changes in IV relationships consistent with the opening of one or
more non-selective cation conductances (reduced input resistance, reversal potential = —-40mV),
suggestive of other conductances which may regulate depolarisation following exposure to high glucose
(data not shown).

We observed a relatively small population of glucose-inhibited (GI) POMC neurons that,
remarkably, has not yet been reported despite many published glucose-sensing works on these cells.
These neurons (7% RCA, 8% ARC) were hyperpolarised and silenced by the presence of high glucose
(Figure 5.1D1). Most IV curves of glucose-inhibited POMC neurons revealed a reduction in input
resistance with a reversal potential around that of potassium, indicating the opening of one or more
potassium channels (Figure 5.1D2). We also observed a number of glucose-induced inhibitions
associated with reduced input resistance with a reversal potential = -65mV, suggestive of activation of
chloride conductance(s) (data not shown).

Intriguingly, a small fraction of POMC neurons (8% RCA, 4% ARC) displayed a unique glucose-
induced burst-firing response that has not yet been reported (Figures 5.1E14). This response was
characterised by spontaneous oscillations in membrane potential with superimposed bursts of action
potentials at the peak of the depolarising phase, followed by hyperpolarisation and cessation of activity
preceding the onset of the subsequent regenerative cycle of activity. This pattern of activity persisted
well after returning glucose to baseline levels (in some cells for over an hour). The frequency and
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magnitude of the oscillations varied considerably between cells, but remained relatively consistent
within cells once rhythmic behaviour was established. Due to the dynamic nature of the oscillations, it
was difficult to ascertain reliable 1V relationships for most glucose-induced burst-firing cells, barring one
with a particularly slow and large magnitude oscillation (Figure 5.1E1). Determination of IV relationships
during the “down”, “mid” (between) and “up” oscillation state revealed the unambiguous opening/closure
of an inwardly-rectifying potassium channel (Figure 5.1E2). Notably, glucose-induced burst-firing was
evoked in POMC neurons regardless of baseline neuronal activity (i.e. quiescent, irregularly firing, tonic
firing; see Figures 5.1E1, Es and E4), and was unaffected by repeated exposure to 5.0mM glucose (n
= 5) (Figure 5.1Es). Another feature of these cells was the expression of a hyperpolarisation-activated
non-selective cation conductance (In). This conductance is observed as a depolarising sag at the peak
of the membrane response to hyperpolarising current injection and as a rebound excitation at the
termination of hyperpolarising current injection (see Figures 5.1Dz and Ez2). This is a known “pacemaker
activity-driving” conductance described extensively in the nervous system and heart (McCormick &
Pape, 1990; Brauer et al., 2001; Herrmann et al., 2015), and may contribute to the burst-firing patterns
of activity described here. Application of the GABAA receptor antagonist, Gabazine, was able to
reversibly and repeatedly block action potential trains during the “up” state of the burst, but did not
completely prevent underlying oscillation in membrane potential (Figure 5.1Ea4), indicating that pre-
synaptic GABAergic neurons are important for co-ordinating and initiating burst-firing, but do not impact

the opening/closure of potassium channels mediating oscillations.

The proportions of glucose-induced responses of POMC-expressing neurons trended to be
dependent on whether neurons were located in the ARC or the RCA (Chi-squared Test of
Independence, x3(3) = 6.972, p=0.0728). While we did not specifically aim to correlate topographical
location of glucose-induced responses within each nucleus, there was no overt distribution across the
medio-lateral or dorso-ventral bounds of the nuclei. However, glucose-induced burst-firing POMC
neurons were distributed more rostrally in the hypothalamus, with a greater proportion of these neurons
found in the RCA than ARC (8.2% versus 3.9%), and those in the ARC were located only in the rostral
or middle region of the nucleus.
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Figure 5.1 | RCA and ARC POMC neurons sense increases in extracellular glucose, evoking
burst-firing in a subset of these cells

(A1 and A2) Whole-cell patch clamp recordings were made from GFP-expressing POMC neurons in
ex vivo brain slices from Pomc®®F® mice in the retrochiasmatic area (A1) and arcuate nucleus (A2). The
proportion of responses to elevated extracellular D-glucose in each nucleus is depicted as a pie chart.
Confocal microphotographs of coronal sections from Pomc®®FP mice demonstrating POMC neuron
expression in the RCA (A1) and ARC (Az), with DAPI counterstain. 3V, third ventricle. Scale bars,
50um. (B1 and B:2) Representative whole-cell recording from a POMC neuron that is not responsive
to elevation in extracellular D-glucose concentration from 1.0 to 5.0mM (B1). Current-voltage (V)

Page | 100



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

relationship curves are plotted for the cell's response to hyperpolarising and depolarising current steps
(shown superimposed) at baseline (1.0mM G, black) and in elevated glucose (5.0mM G, grey),
indicating no change in conductance or resting membrane potential for the cell (Bz2). Top right in each
set of trace sweeps indicates the magnitude of current injection steps and holding current (I4oLp). (C+
and C2) Representative whole-cell recording from a POMC neuron that is excited by elevation in
extracellular D-glucose concentration from 1.0 to 5.0mM (C+). IV relationship curves are plotted for the
cell's response to hyperpolarising and depolarising current steps (shown superimposed) at baseline
(1.0mM G, black) and in elevated glucose (5.0mM G, grey), indicating increased resistance (slope)
and resting membrane potential for the cell (Cz2). IV curves intersect at approximately —83mV, which
approximates the reversal potential of K* under our recording conditions, indicating the glucose-
induced excitation was a result of closure of one or more K* conductances. Top right in each set of
trace sweeps indicates the magnitude of current injection steps and holding current (ltowp). (D1 and
D2) Representative whole-cell recording from a POMC neuron that is inhibited by elevation in
extracellular D-glucose concentration from 1.0 to 5.0mM (D1). IV relationship curves are plotted for the
cell’s response to hyperpolarising and depolarising current steps (shown superimposed) at baseline
(1.0mM G, black) and in elevated glucose (5.0mM G, grey), indicating decreased resistance (slope)
and resting membrane potential for the cell (D2). IV curves intersect at approximately -88mV,
indicating the glucose-induced inhibition was a result of opening of one or more K* conductances. Top
right in each set of trace sweeps indicates the magnitude of current injection steps and holding current
(IoLp). (E1-4) Representative whole-cell recording from POMC neurons which elicit spontaneous burst-
firing and oscillations in membrane potential in response to changes in extracellular D-glucose
concentration from 1.0 to 5.0mM (E1, Es and E4). IV relationship curves are plotted for the cell’s (E1)
response to hyperpolarising and depolarising current steps (shown superimposed) at baseline at the
bottom (“down” state, black), mid-way (“mid” state, grey) and top (“‘up” state, maroon) of an oscillation,
demonstrating intersection of curves consistently at approximately -82mV which indicates oscillations
involve the repeated opening and closure of one or more K* conductances (Ez2). Top right in each set
of trace sweeps indicates the magnitude of current injection steps and holding current (lhoLp). Re-
application of 5.0mM D-glucose had no obvious effect on membrane potential oscillations or firing (E3),
however application of GABAAa receptor antagonist, Gabazine (10uM), reversibly prevented the firing
of action potentials during a burst, but did not completely block the underlying oscillations in membrane
potential (E4).

Note that breaks in electrophysiology recordings are denoted with “//” along with the length of time for
which recording was broken, to the nearest minute. Breaks in recording of less than two minutes are
not denoted further than a gap in the trace. Black, grey and maroon arrows indicate the break in
respective recordings where IV relationships were determined.
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5.3.2 Adenosine receptor-regulated glucose-sensing in POMC neurons

We examined expression of adenosine receptors in hypothalamic POMC neurons and their
association with astrocytes using immunohistochemistry on brain sections from Pomc®®F® mice. We
observed that the overwhelming majority of GFP-expressing POMC cell bodies colocalised with A1R,
A2aR and AsR (Figures 5.2A-C). In fact, there was abundant expression of adenosine receptors
throughout the arcuate nucleus and retrochiasmatic area in both POMC-expressing and non-POMC
neurons, indicating the potential for widespread action of adenosine in these neural circuits. To identify
astrocyte processes that may interact with adenosine receptor-expressing POMC neurons, we co-
stained sections for the astrocyte marker, glial fibrillary acidic protein (GFAP). We observed numerous
POMC neurons expressing AiR, A2aR or AsR with close appositions to, or even ensheathed by
astrocytic processes (Figures 5.2A-C, white arrows). Interestingly, many astrocytic processes
colocalised with the AsR (Figure 5.2C, grey arrow) but not A1R or A2aR, indicating that astrocyte activity

itself may also be modulated by extracellular adenosine.

We next investigated the role of extracellular adenosine in mediating or regulating glucose-
responsive POMC neurons. Using the non-selective adenosine receptor (AR) inhibitor, CGS15943, we
observed that AR antagonism reversed or prevented 40% (n = 2 of 5) of glucose-induced excitations in
POMC neurons (Figure 5.2D2). The remaining GE neurons were unaffected by adenosine receptor
antagonism, reversing only upon washout of 5.0mM glucose (Figure 5.2D3). Similarly, the reversal of
a glucose-induced inhibition was seen when CGS15943 was applied at the peak of the response while
5.0mM glucose was still present (n = 1 of 3, 33%) (Figure 5.2E2), however other GI POMC neurons
remained responsive to glucose in the presence of the antagonist (Figure 5.2E3). To test for the
presence of tonic adenosinergic input to POMC neurons, or whether adenosine specifically signals
changes in extracellular glucose, we investigated the effect of adenosine receptor antagonism in POMC
neurons from ad libitum fed mice bathed in 5.0mM glucose, as relevant for the physiological state
(Figure 5.2F1). We observed mixed responses to CGS15943 application where most cells did not
respond, but 15% (n = 2 of 13) were inhibited and 38% (n = 5 of 13) were reversibly excited (Figures
5.2F; and F3), confirming the presence of adenosinergic tone moderating neuronal activity in a subset
of POMC neurons.
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Figure 5.2 | POMC neurons express adenosine receptors which provide excitatory or inhibitory
tone

(A-C) Representative confocal microphotographs of coronal sections of the arcuate nucleus from
Pomce®FP mice immunohistochemically stained for GFAP, an astrocyte marker, and A1R (A), A2aR (B)
or AsR (C). Zoom insets: white arrow heads indicate POMC cells (green) which colocalise with
adenosine receptor (magenta) that also have touching or apposing astrocytic processes (cyan). Grey
arrowhead with white outline in (C) indicates an astrocyte process that colocalises with A3R. 3V, third
ventricle. Scale bars, 50um (low magnification), 10um (high magnification). (D13) Testing the
involvement of adenosine receptors in GE POMC neurons from overnight-fasted Pomc®®™ mice using
non-selective adenosine receptor (AR) antagonist, CGS15943 (1uM). Representative whole-cell
current-clamp recording where 5.0mM glucose reversibly excited a POMC neuron, but when high
glucose was re-applied in the presence of CGS15943 the response was blocked (D2). Representative
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whole-cell current-clamp recording where a POMC neuron was depolarised and increased firing rate
in 5.0mM glucose, and application of CGS15943 had no effect on the glucose-induced response which
was only reversed upon washout of high glucose (Ds). (E1-3) Testing the involvement of adenosine
receptors in GI POMC neurons from overnight-fasted Pomc®®™® mice using non-selective AR
antagonist, CGS15943 (1uM). Representative whole-cell current-clamp recording of POMC neuron
whose action potential firing and membrane potential was inhibited in 5.0mM glucose, but this effect
was completely reversed when CGS15943 was bath-applied while 5.0mM glucose was still present
(E2). Representative whole-cell current-clamp recording of a GI POMC neuron sharply hyperpolarised
by 5.0mM glucose, an effect which remained when re-applied in the presence of CGS15943 (Es). (F-
3) Testing the constitutive activity at adenosine receptors in POMC neurons of ad libitum fed Pomce®F?
mice in 5.0mM extracellular glucose using non-selective AR antagonist, CGS15943 (1uM).
Representative whole-cell current-clamp recordings of POMC neuron that was inhibited (F2) or excited
(F3) by application of CGS15943, indicating a tonic excitatory or inhibitory adenosine-mediated tone,
respectively.

Note that breaks in electrophysiology recordings are denoted with “//” along with the length of time for
which recording was broken, to the nearest minute. Breaks in recording of less than two minutes are
not denoted further than a gap in the trace.
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5.3.3 Adenosine receptor subtypes involved in POMC neuron glucose-sensing

We next aimed to establish the involvement of specific adenosine receptor subtypes in
influencing neuronal activity following elevations in glucose in POMC neurons. In light of reports
indicating astrocyte-derived adenosine acts on hypothalamic AiR to regulate appetite (Yang et al.,
2015; Sweeney et al., 2016), we focussed primarily on the role for A1R-mediated signalling in POMC
neuron glucose-sensing. Remarkably, application of the selective A1R antagonist, DPCPX, completely
reversed or prevented glucose-induced excitations in 50% (n = 9 of 18) of neurons (Figure 5.3Az2). On
average, DPCPX-sensitive GE POMC neurons showed a baseline depolarisation of 6.1 £ 1.1mV and
increase in AP firing by 0.44 = 0.12Hz in response to 5.0mM glucose, which were abrogated to 0.4
0.3mV (p=0.0013) and -0.07 + 0.05Hz (p=0.0109), respectively, when re-applied in the presence of the
A1R antagonist (Figure 5.3As). To confirm that A1R activation can mimic the effects of elevated glucose
and activate POMC neurons, the selective A1R agonist, SDZ WAG 994, was applied to a subset of
POMC neurons that were already determined to be glucose-excited. Indeed, 38% (n = 3 of 8) of GE
POMC neurons were reversibly depolarised by A1R agonism, resulting in an increase in input resistance
and change in current-voltage relationship consistent with the closure of one or more potassium
conductances (Figure 5.3B). Importantly, we found that A1R antagonism had no effect on glucose-
induced inhibitions in all (n = 5 of 5) GI POMC neurons tested (Figure 5.3C).

We briefly addressed the role of AsR in regulating POMC neuron activity. Re-application of
5.0mM glucose with the selective AsR antagonist, MRS1523, on GE POMC neurons had no effect on
glucose-induced excitations in most cases (n = 9 of 11, 82%). However, in a fraction of cells (n = 2 of
11, 18%), AsR antagonism during the second application of high glucose evoked a “glucose-adapting”
response, previously reported in CART- (POMC-) expressing neurons in the ARC in the absence of
pharmacological intervention (van den Top et al, 2017). Glucose-adapting responses were
characterised by transient membrane hyperpolarisation and inhibition of action potential firing, followed
by the establishment of a firing rate at a lower frequency than at basal glucose levels (Figures 5.3D+
and D). Importantly, upon washout of high glucose, the cells returned to the original firing frequency.
Furthermore, we observed in a minority of otherwise NR POMC neurons that MRS1523 application
induced a transient inhibition that appeared to be mediated by the closure of a potassium conductance
(n=20f 12, 17%) (Figure 5.3E2), but had no effect on the membrane potential of other POMC cells. In
both cases, re-application of glucose revealed a glucose-adapting response, even though the cells were
not responsive to glucose in the absence of MRS1523. This finding highlights the possibility of plasticity

in the glucose-sensitivity of POMC neurons.

We hypothesised that adenosine-mediated modulation of POMC neuron activity would affect
food intake and/or energy expenditure in vivo. To this end, we acutely injected selective adenosine
receptor antagonists into the lateral ventricle of C57BI/6"T mice just before the onset of the dark cycle,
when mice engage in consummatory behaviour. Antagonism of central A1R had no effect on food
consumption in the first three hours of the dark cycle (p>0.05), but caused a 22.9 + 8.0% increase in
overnight food intake (16h, p=0.0009; pinteraction=0.0174) (Figure 5.3F1). In light of these findings, we
also tested a role for central A1R-regulated energy expenditure through indirect calorimetry, and found

DPCPX treatment significantly reduced dark cycle energy expenditure (ptreatmen=0.0337) (Figure 5.3F2).
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Notably, central administration of antagonists for A2aR, A2sR and AsR had no effect on short- or long-
term food intake (p>0.05) (Figures 5.3G-l).
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Figure 5.3 | AiR-dependent glucose-induced activation of POMC neurons mediates satiety and
energy expenditure

(A1-3) Testing the involvement of A1R in GE POMC neurons from overnight-fasted Pomc®®™ mice using
selective A1R antagonist, DPCPX (100nM) (A1). Representative whole-cell current-clamp recording
from a POMC neuron that was depolarised and increased firing frequency in response to 5.0mM D-
glucose, but concurrent application of DPCPX reversed this effect entirely (A2). Diagrams depicting
the change in resting membrane potential (RMP) and action potential (AP) firing frequency of the
POMC neurons whose glucose-induced excitations were abolished by DPCPX (As). Changes in
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electrophysiological parameters were analysed by paired { test (RMP, n = 9 cells; t = 4.822, df = 8,
**p=0.0013. AP, n =9 cells; t = 3.298, df = 8, *p=0.0109). (B) Representative whole-cell current-clamp
recording of GE POMC neuron that was also reversibly excited by bath-application of selective A1R
agonist, SDZ WAG 994 (500nM). IV relationship curves are plotted for the cell’'s response to
superimposed hyperpolarising current steps just prior to (control, black arrow) and during application
of A1R agonist (maroon arrow), indicating increased resistance (slope) and resting membrane potential
for the cell. IV curves intersect at approximately -84mV, which approximates to the reversal potential
of K* under our recording conditions, indicating agonism of A1R in POMC neurons induces excitation
as a result of closure of one or more K* conductances. Top right in each set of trace sweeps indicates
the magnitude of current injection steps and holding current (lhop). (C1 and Cz) Testing the
involvement of A1R in GI POMC neurons from overnight-fasted Pomc®®™ mice using selective A1R
antagonist, DPCPX (100nM) (C+). Representative whole-cell current-clamp recording from a POMC
neuron that was hyperpolarised and silenced both in the presence and absence of DPCPX, indicating
that a mechanism independent of the A1R mediates glucose-induced inhibition (Cz). (D1 and Dz)
Testing the involvement of AsR in GE POMC neurons from overnight-fasted Pomc®®™ mice using
selective AsR antagonist, MRS1523 (300nM) (D1). Representative whole-cell current-clamp recording
from a POMC neuron that was at first excited by glucose but became “glucose-adapting” when glucose
was re-applied in the presence of MRS1523 (D2). The adaptation response was characterised by a
transient inhibition that stabilised at a lower firing frequency than in 1.0mM glucose, but then reversed
back to basal firing upon washout of 5.0mM glucose. The diagram indicates the spontaneous AP
frequency (measured in 15 second bins) across the entirety of the trace with indications of when 5.0mM
glucose and MRS 1523 were applied. (E1 and Ez) Testing the involvement of AsR in NR POMC neurons
from overnight-fasted Pomc®®™ mice using selective AsR antagonist, MRS1523 (300nM) (E1).
Representative whole-cell current-clamp recording from a POMC neuron that was at first not
responsive to the elevation in extracellular glucose. However, upon application of MRS1523, the cell
exhibited a transient hyperpolarisation that was replicated when 5.0mM glucose was applied in the
presence of MRS1523, indicating that glucose-sensing in POMC neurons may be subject to a
functional plasticity (Ez). IV relationship curves are plotted for the cell’'s response to hyperpolarising
current steps (shown superimposed) just prior to (control, black arrow) and during the transient
inhibition following application of the AsR antagonist (pink arrow), indicating decreased resistance
(slope) and resting membrane potential for the cell. 1V curves intersect at approximately -88mV, which
approximates to the reversal potential of K* under our recording conditions, indicating antagonism of
AsR in POMC neurons induces a transient inhibition as a result of opening of one or more K*
conductances. Top right in each set of trace sweeps indicates the magnitude of current injection steps
and holding current (lnowp). (F1 and F2) Cumulative food intake (F1) and energy expenditure (F2) in
C57BI/6"™T mice that were injected via the lateral ventricle with 2uL of vehicle (20%DMSO in saline) or
300ng DPCPX, AiR antagonist, just before the onset of the dark cycle. Food intake measurements
were made at indicated times, energy expenditure measurements were made every 30 minutes. Grey
box indicates hours of dark cycle. Food intake was analysed by repeated measures (both factors) two-
way ANOVA followed by Sidak's multiple comparisons test (F1: n = 11 animals; treatment F(1, 10) =
6.462, p=0.0293; time F(2, 20) = 346.3, p<0.0001; interaction F(2, 20) = 4.995, p=0.0174. 1h,
p=0.9873; 3h, p=0.8629; 16h, ***p=0.0009. F2: n = 7 animals; treatment F(1, 6) = 7.506, *p=0.0337;
time F(39, 234) = 3.538, p<0.0001; interaction F(39, 234) = 0.9126, p=0.6220. All time points, p>0.05).
(G) Cumulative food intake in C57BI/6"T mice that were injected with 2uL of vehicle (20%DMSO in
saline) or 300ng SCH442416, A2aR antagonist, into the lateral ventricle just before the onset of the
dark cycle. Food intake measurements were made at indicated times. Grey box indicates hours of dark
cycle. Food intake was analysed by repeated measures (time factor only) two-way ANOVA followed
by Sidak's multiple comparisons test (n = 5 vehicle, n = 5 antagonist; treatment F(1, 8) = 0.02829,
p=0.8706; time F(2, 16) = 326.5, p<0.0001; interaction F(2, 16) = 0.09092, p=0.9136. 1h, p=0.9997
3h, p=0.9739; 16h, p=0.9997). (H) Cumulative food intake in C57BI/6"T mice that were injected with
2uL of vehicle (20%DMSO in saline) or 300ng PSB603, A2sR antagonist, into the lateral ventricle just
before the onset of the dark cycle. Food intake measurements were made at indicated times. Grey
box indicates hours of dark cycle. Food intake was analysed by repeated measures (both factors) two-
way ANOVA followed by Sidak's multiple comparisons test (n = 11 animals; treatment F(1, 10) =
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0.2076, p=0.6584; time F(2, 20) = 546.9, p<0.0001; interaction F(2, 20) = 0.0002530, p=0.9997. 1h,
p=0.9720 3h, p=0.9699; 16h, p=0.9653). (I) Cumulative food intake in C57BI/6"T mice that were
injected with 2uL of vehicle (10%DMSO in saline) or 100ng MRS1523, AsR antagonist, into the lateral
ventricle just before the onset of the dark cycle. Food intake measurements were made at indicated
times. Grey box indicates hours of dark cycle. Food intake was analysed by repeated measures (both
factors) two-way ANOVA followed by Sidak's multiple comparisons test (n = 10 animals; treatment F(1,
9) = 1.043, p=0.3339; time F(2, 18) = 1065, p<0.0001; interaction F(2, 18) = 0.06737, p=0.9351. 1h,
p=0.9935 3h, p=0.8444; 16h, p=0.9237).

Note that breaks in electrophysiology recordings are denoted with “//” along with the length of time for
which recording was broken, to the nearest minute. Breaks in recording of less than two minutes are
not denoted further than a gap in the trace. Black, maroon and pink arrows indicate the break in
respective recordings where |V relationships were determined. Data in As and F-I| are represented as
mean + SEM, and grey lines in As represent paired individual values.
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5.3.4 Astrocytic Cx43 hemichannel-dependent regulation of POMC glucose-sensing

Having established a role for adenosine in regulating glucose-sensing in POMC neurons, we
next sought to explore the source of endogenous adenosine. Numerous studies have previously shown
adenosine can act as a neurotransmitter/neuromodulator released from neurons in an activity-
dependent manner (Wall & Dale, 2008; Wall & Dale, 2013). However, adenosine can also be released
from glia via hemi-channels or converted from ATP following release from glia hemi-channels (Bennett
et al., 2003; Kang et al., 2008). Therefore, we investigated the function of the glial hemi-channel Cx43
in the regulation of POMC glucose-sensing by identifying glucose-excited neurons whose response
reversed completely upon washout to basal glucose concentration, and then re-applying 5.0mM
glucose in the presence of the non-selective gap-junction/hemi-channel blocker, carbenoxolone (Figure
5.4A1). Carbenoxolone was applied for at least 10 minutes, allowing for at least inhibition of Cx43 hemi-
channels (Kang et al., 2008), but there is also some indication of inhibition of gap-junctions at this
incubation time (Verselis & Srinivas, 2013). Application of carbenoxolone alone to GE POMC neurons
caused hyperpolarisation in 79% of neurons (n = 19 of 24; A-5.4 + 0.6mV), while 8% were depolarised
(n=2of 24; A+7.2 £ 3.6mV) and 13% were unaffected (n = 3 of 24). Strikingly, re-application of high
glucose in the presence of carbenoxolone revealed that only 27% (n = 7 of 26) of formerly glucose-
excited POMC neurons remained activated by elevated extracellular glucose (Figures 5.4A2 and As).
Instead, the majority of cells (n = 10 of 26, 38%) exhibited hyperpolarisations (A-4.6 £ 0.6mV, p<0.0001,
compared to control) and reductions in firing rate (A-0.09 £ 0.07Hz, p=0.0200) consistent with a reversal
from a glucose-excited to a glucose-inhibited neuron (Figures 5.4A4 and As). In the remaining cells (n
= 9 of 26, 35%), glucose-responsiveness was blocked entirely by Cx43 inhibition, with average
membrane potential and firing changes significantly blunted from the original response (RMP,
p<0.0001; AP, p=0.0200) (Figures 5.4As and As).

Considering that carbenoxolone alone exposed plasticity in POMC neuron glucose-
responsiveness, we investigated whether Cx43 inhibition could unveil glucose-sensitivity in POMC
neurons otherwise identified as glucose-unresponsive (Figure 5.4B1). Carbenoxolone application
hyperpolarised the majority of NR POMC neurons (54%, n = 21 of 39; A-5.5 £ 0.7mV), but depolarised
18% (n =7 of 39; A+12.8 £ 1.8mV) of cells with no effect on the remainder (n = 11 of 39, 28%). While
the majority of POMC neurons (n = 19 of 38, 50%) remained non-responsive to fluctuations in
extracellular glucose (Figure 5.4Bs), remarkably, 29% (n = 11 of 38) of formerly unresponsive neurons
were excited (A+7.7 £ 1.0mV, p<0.0001) upon re-application of high glucose in the presence of
carbenoxolone (Figures 5.4B2, B3 and Bs). Furthermore, the remaining 21% (n = 8 of 38) of NR POMC
neurons exhibited glucose-induced inhibitions (A-6.6 + 0.8mV, p=0.0002) (Figure 5.4B4), indicating
that carbenoxolone treatment can reveal glucose-sensitivity in POMC neurons that otherwise displayed

no obvious changes in membrane potential or firing frequency in 5.0mM glucose.

To investigate the mechanism of carbenoxolone-induced membrane potential changes
(independent of glucose-sensing), we determined the IV relationships pre- and post-application of
carbenoxolone. Interestingly, carbenoxolone-induced hyperpolarisation occurred primarily through the
activation or inhibition of one or more ion pumps, reflected by a shift in the IV curve with no obvious

change in input resistance (n = 14 of 27, 52%). However, it is worthy to note that a change in membrane
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potential without obvious change in conductance could be explained by co-incident activation/inhibition
of separate conductances that give rise to no overall net change in whole-cell conductance. Inhibition
was also mediated by the opening of one or more potassium (n = 10 of 27, 37%; Vrev= —86 £ 2mV) or
chloride (n = 3 of 27, 11%; Vrev= —63 + 2mV) conductances. Alternatively, the carbenoxolone-induced
excitations were primarily mediated by the closure of one or more potassium channels (n = 4 of 4,
100%; Vrev=—92 + 5mV).

Carbenoxolone is known to have low specificity for Cx43 (Willebrords et al., 2017), so to clarify
the role of Cx43 activity, the experiments were repeated using a highly specific Cx43 inhibitor peptide,
Gap26 (Figure 5.4C4). Following identification of reversibly glucose-activated POMC neurons, Gap26
was bath-applied for at least 10 minutes, which is sufficient time to specifically inhibit Cx43 hemi-
channels (but not gap-junctions) (Desplantez et al., 2012). Gap26 application alone evoked fewer
responses than carbenoxolone. The majority of POMC cells displayed no Gap26-induced change in
membrane potential or firing (n = 7 of 14, 50%), but 29% (n = 4 of 14) of cells were depolarised (A+5.5
1+ 0.8mV) and 21% (n = 3 of 14) hyperpolarised (A-4.1 £ 0.4mV) by Cx43 hemi-channel inhibition. Upon
subsequent application of 5.0mM glucose, Gap26-mediated inhibition of Cx43 revealed a strikingly
similar proportion of changes to glucose responses in otherwise GE neurons as was observed with
carbenoxolone (Figure 5.4C2 compared to Figure 5.4B2). Gap26 completely abolished glucose-
induced depolarisations (p=0.0131, compared to control) in 40% (n = 6 of 15) of neurons (Figures
5.4C2, Cs and Cs). 27% (n = 4 of 15) of responses were reversed to glucose-induced hyperpolarisations
(A-7.3 £ 1.0mV, p=0.0014) and inhibition of firing (A-0.51 £ 0.49Hz, p=0.0214) (Figure 5.4C4). Similar
to carbenoxolone, only 33% (n = 5 of 15) of GE POMC neurons were activated when 5.0mM glucose

was re-applied in the presence of the specific Cx43 inhibitor, Gap26 (Figure 5.4Cs).

Page | 111



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

A Carbenoxolone 90s Carbenoxolone
1 (low sp:euflcny) 10mV|_ |—|1 omM P —[Glucose]
5 38%
'é 100% mm}
0*43 5m|n
Aetroevt POMC ?1°§tr5°(l)m(,\5,,E Carbenoxolone -44mv- "
. -
strocyte GE (1.0~5.0mM) GE—- NR in Carbenoxolone n=9/26
4 90s Carbenoxolone . 5 90s Carbenoxolone Ae
10vaM v [1[Glucose] 10mV|_M|—|_//M|— 107 e —I 15 —‘
5 ~ 1.04 =«
\ T 054!
0 & 00
-5 <-05
10min A0——— A0——
51mV-- 177 il . eV e ® eV ee®
GE -Gl in Carbenoxolone n=10/26 GE -+ GE in Carbenoxolone n= 7/26 Il Control WM Carbenoxolone
Carbenoxolone 120s Carbenoxolone

(low specmcny)

10mV|_ 1 om 22 P [Glucose]
Qr > _

Control: NR
Carbenoxolone -58mV--

POMC -
Astrocyte ?JR (1.0-5.0mM) (1.0~5.0mM)
4 90s Carbenoxolone B 90s
10mv[__|—|1 Om |v| [Glucose] 10mV |—|1 omM P —[Glucose]
11m|nW 5 2
W _51mV-- e \.\R’G \.\R"G\ “‘110 “RJG\
NR -Gl in Carbenoxolone n =8/38 NR-NR in Carbenoxolone n=19/38 3 Control [ Carbenoxolone
Gap26 Gap26
h|gh specificity) 3 10mV,_1 omM |—|5 OmM [Glucose]
100% ||||||>
C‘\'«g 0%
6min
Control: GE
Gap26 -51mV-- R e e
Astrocyte POMC 1.0-5.0mM)
stroeyie GE ( (1.0~5.0mM) GE-+>NR in Gap26 n=6/15

4 oo ZAPLE e 51205 5 0mM
180s Glucose] -
|—|1o M [ 1.0mM
1omvi AN . E— = 11.0m

_56MV- - SRR ML, /7 Wi - - ree e

GE—>Gl in Gap26 n=4/15 GE-+GE in Gap26 n=5/15 Hm Control W Gap26
Figure 5.4 | Astrocytic Cx43 hemi-channels contribute to sensing of glucose in POMC neurons

(A1-6) Testing the involvement of Cx43 hemi-channels expressed on astrocytes in the regulation of
glucose-sensing in GE POMC neurons using the low-specificity inhibitor, carbenoxolone (100uM) (A1).
The change in proportion of response types in previously-identified GE POMC neurons following a
second exposure to 5.0mM glucose in the presence of carbenoxolone (Az2). Representative whole-cell
current-clamp recording from a POMC neuron that was originally excited by glucose and then became:
non-responsive (As), glucose-inhibited (As4) or remained glucose-excited (As) upon subsequent
challenge with elevated glucose. Diagrams depicting the RMP and AP firing frequency changes of GE
POMC neurons that became NR or Gl in the presence of carbenoxolone (As). Changes in
electrophysiological parameters were analysed by paired t test (RMP: GE to NR, n =9 cells; t = 9.226,
df =8, ***p<0.0001; GE to GI, n=10cells; t = 11.39, df = 9, ****p<0.0001. AP: GE to NR, n =9 cells;
t=2.897, df = 8, *p=0.0200; GE to GI, n = 10 cells; t = 2.821, df = 9, *p=0.0200). (B1-s) Testing the
involvement of Cx43 hemi-channels expressed on astrocytes in the regulation of glucose-sensing in
non-responsive POMC neurons using the low-specificity inhibitor, carbenoxolone (100uM) (B1). The
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change in proportion of response types in previously-identified NR POMC neurons following a second
exposure to 5.0mM glucose in the presence of carbenoxolone (Bz). Representative whole-cell current-
clamp recording from a POMC neuron that was originally non-responsive to glucose and then became:
glucose-excited (Bs), glucose-inhibited (B4) or remained non-responsive (Bs) upon subsequent
challenge with elevated glucose. Diagrams depicting the resting membrane potential (RMP) and firing
frequency changes of NR POMC neurons that became GE or Gl in the presence of carbenoxolone
(Bs). Changes in electrophysiological parameters were analysed by paired t test (RMP: NR to GE, n =
11 cells; t = 7.133, df = 10, ****p<0.0001; NR to Gl, n = 8 cells; t = 7.373, df = 7, ***p=0.0002. AP: NR
to GE, n = 11 cells; t = 2.124, df = 10, p=0.0596; NR to Gl, n = 8 cells; t = 1.666, df = 7, p=0.1396).
(C1-6) Testing the involvement of connexin43 (Cx43) hemichannels expressed on astrocytes in the
regulation of glucose-sensing in glucose-excited POMC neurons using the high-specificity peptide
inhibitor, Gap26 (200pM) (C1). The change in proportion of response types in previously-identified GE
POMC neurons following a second exposure to 5.0mM glucose in the presence of Gap26 (C2).
Representative whole-cell current-clamp recording from a POMC neuron that was originally excited by
glucose and then became: non-responsive (Cs), glucose-inhibited (C4) or remained glucose-excited
(Cs) upon subsequent challenge with elevated glucose. Diagrams depicting the RMP and firing
frequency changes of GE POMC neurons that became NR or Gl in the presence of Gap26 (Cs).
Changes in electrophysiological parameters were analysed by paired t test (RMP: GE to NR, n = 6
cells; t = 3.766, df = 5, *p=0.0131; GE to Gl, n = 4 cells; t = 11.43, df = 3, **p=0.0014. AP: GE to NR,
n =6 cells; t=2.109, df = 5, p=0.0887; GE to Gl, n = 4 cells; t = 4.425, df = 3, *p=0.0214).

Note that breaks in electrophysiology recordings are denoted with “//” along with the length of time for
which recording was broken, to the nearest minute. Breaks in recording of less than two minutes are
not denoted further than a gap in the trace. Data in As, Bs and Cs are represented as mean + SEM and
grey lines represent paired individual values.
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5.3.5 Ectonucleotidease activity and astrocyte metabolism contribute to POMC

neuron glucose-sensing

Local extracellular adenosine concentration can be influenced by the activity of extracellularly-
expressed ectonucleotideases which successively dephosphorylate of released nucleotides into
adenosine (Latini & Pedata, 2001). The final dephosphorylation step from adenosine monophosphate
(AMP) into adenosine is catalysed by the enzyme ecto-5-nucleotidease (also known as CD73)
(Zimmermann, 1992). Using the highly specific CD73 inhibitor, PSB12379, we investigated a role for
extracellularly produced adenosine in the regulation of glucose-induced excitations in POMC neurons
(Figure 5.5A1). CD73 inhibition alone had no effect on the majority of POMC neurons (n = 14 of 18,
78%), but in a fraction of cells did induce either inhibition (17%, n = 3 of 18) or excitation (5%, n = 1 of
18). Strikingly, CD73 inhibition reversed the majority of glucose-induced excitations, where 35% (n =7
of 20) of previously GE POMC cells became unresponsive to 5.0mM glucose (RMP change: p=0.0001
compared to control), while another 35% (n = 7 of 20) were hyperpolarised and inhibited by increased
extracellular glucose (A-5.4 £ 0.8mV, p=0.0007) (Figures 5.5A24 and As). The remaining 30% (n =6
of 20) of GE POMC neurons remained depolarised upon re-application of high glucose (Figure 5.5As).
We also tested whether CD73 inhibition would change the responsiveness of otherwise glucose-
insensitive neurons. Intriguingly, while 4 of 7 (57%) neurons remained unresponsive, PSB12379
uncovered glucose-induced inhibitions in 3 of 7 (43%) cells, reinforcing the potential plastic nature of

glucose-sensing in POMC neurons.

To emphasize the role specifically of astrocytic glucose metabolism in modulating POMC
activity, we utilised the glial-specific metabolic poison, fluorocitrate, to inhibit mitochondrial respiration
in astrocytes but not neurons (Figure 5.5B1). Application of the glial metabolic toxin hyperpolarised
44% (n = 7 of 16; A-4.4 £ 1.0mV) of POMC neurons previously identified as glucose-excited, and
depolarised and excited 31% (n =5 of 16; A+4.8 + 1.5mV). Fluorocitrate had perhaps the most profound
effect on glucose-induced excitations compared to other inhibitors used, preventing or reversing over
80% of responses (Figure 5.5B2). Glucose-induced depolarisation (p=0.0013) and activation of firing
(p=0.0130) was abolished completely in 7 of 16 (44%) cells, while the metabolic poison also uncovered
a glucose-induced hyperpolarisation (A-6.1 £ 0.9mV, p=0.0010) and suppression of firing (A-0.11 %
0.08Hz, p=0.0372) in 37% (n = 6 of 16) of formerly glucose-excited POMC neurons (Figures 5.5B3, B4
and Be). Only 19% (n = 3 of 16) of POMC neurons persisted to be excited by the second application of
5.0mM glucose in the presence of fluorocitrate (Figure 5.5Bs).

To further test the role of astrocyte metabolism on POMC neuron activity, we pharmacologically
inactivated the major glucose transporter isoform expressed in astrocytes, GLUT1, with the specific
inhibitor BAY876. GLUT1 inhibition blocked 50% (n = 2 of 4) of glucose-induced excitations in POMC
neurons (not shown). To test whether astrocyte-derived metabolites provide modulatory tone to
adjacent POMC neurons, we investigated the effect of GLUT1 inhibition on POMC neurons from ad
libitum fed mice in 5.0mM glucose (Figure 5.5C1). BAY876 alone induced a reversible membrane
hyperpolarisation in 38% (n = 6 of 16) of POMC neurons, with only a fraction of cells depolarising in
response to the GLUT1 inhibitor (13%, n = 2 of 16), indicating the presence of a more dominant

excitatory paracrine input from astrocytes in the calorically-sated state (Figures 5.5C2 and Cs).
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Figure 5.5 | Astrocyte metabolism and extracellular adenosine production regulate POMC
neuron glucose-sensing

(A1-6) Testing the involvement of ecto-5’-nucleotidease (CD73), an extracellularly expressed enzyme
that degrades AMP to adenosine, in the regulation of glucose-sensing in GE POMC neurons using the
inhibitor, PSB12379 (1uM) (A1). Note that CD73 is on the astrocyte for graphical purposes only; it is
unclear where exactly CD73 is expressed extracellularly. The change in proportion of response types
in previously-identified GE POMC neurons following a second exposure to 5.0mM glucose in the
presence of PSB12379 (Az). Representative whole-cell current-clamp recording from a POMC neuron
that was originally excited by glucose and then became: non-responsive (As), glucose-inhibited (A4) or
remained glucose-excited (As) upon subsequent challenge with elevated glucose. Diagrams depicting
the RMP and firing frequency changes of GE POMC neurons that became NR or Gl in the presence
of PSB12379 (As). Changes in electrophysiological parameters were analysed by paired ¢ test (RMP:
GE toNR, n=7 cells; t = 8.646, df= 6, ***p=0.0001; GE to Gl, n=7 cells; t=6.315, df = 6, ***p=0.0007.
AP: GE to NR, n =7 cells; t = 2.783, df = 6, *p=0.0319; GE to Gl, n = 7 cells; t = 5.777, df = 6,
**p=0.0012). (B1.6) Testing the involvement of astrocyte metabolism in the regulation of glucose-
sensing in GE POMC neurons using the tri-carboxylic acid (TCA) cycle inhibitor, fluorocitrate (50uM)
(B1). The change in proportion of response types in previously-identified GE POMC neurons following
a second exposure to 5.0mM glucose in the presence of fluorocitrate (Bz). Representative whole-cell
current-clamp recording from a POMC neuron that was originally excited by glucose and then became:
non-responsive (Bs), glucose-inhibited (Bs4) or remained glucose-excited (Bs) upon subsequent

Page | 115



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

challenge with elevated glucose. Diagrams depicting the RMP and firing frequency changes of GE
POMC neurons that became NR or Gl in the presence of fluorocitrate (Bs). Changes in
electrophysiological parameters were analysed by paired f test (RMP: GE to NR, n =7 cells; t = 5.626,
df=6, **p=0.0013; GE to GI, n =6 cells; t = 6.892, df = 5, ***p=0.0010. AP: GE to NR, n =7 cells; t =
3.490, df = 6, *p=0.0130; GE to GI, n = 6 cells; t = 2.817, df = 5, *p=0.0372). (C1-3) Testing the
constitutive function of glucose transporter-1 (GLUT1), expressed primarily in astrocytes, on POMC
neuron activity from ad libitum fed Pomc®C P mice in 5.0mM extracellular glucose using the specific
inhibitor, BAY876 (1uM). Representative whole-cell current-clamp recordings of POMC neuron that
was inhibited (Cz) or excited (Cs) by application of BAY876, indicating the tonic release of excitatory
or inhibitory signals from astrocytes, respectively.

Note that breaks in electrophysiology recordings are denoted with “//” along with the length of time for
which recording was broken, to the nearest minute. Breaks in recording of less than two minutes are
not denoted further than a gap in the trace. Data in As and Bs are represented as mean + SEM and
grey lines represent paired individual values.
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5.3.6 DREADD-mediated stimulation of mediobasal hypothalamus astrocytes

activates adjacent POMC neurons

Fluctuations in glucose availability have been reported to evoke calcium waves which spread
through interconnected astrocyte networks as a form of excitability, promoting the release of ATP and
adenosine to act on neighbouring neurons in the NTS (McDougal et al., 2013; Rogers et al., 2018). A
temporally-precise chemogenetic tool to selectively prevent or subdue astrocytic calcium flux would
permit optimal testing of the involvement of astrocytes in POMC neuron glucose-sensing, however this
technology does not presently exist. As an alternative, the expression and activation of Gg-coupled
DREADDs in astrocytes has been shown to promote calcium flux and hence the release of
neurotransmitters, such as ATP or adenosine (Martin-Fernandez et al., 2017; Durkee et al., 2019). To
investigate whether the DREADD-mediated activation of astrocytes regulates POMC neuronal activity,
we injected a recombinant AAV viral vector encoding the hM3Dq DREADD with a GFAP promoter to
target expression specifically to astrocytes (AAV-GFAP-hM3Dg-mCherry) into the mediobasal
hypothalamus of mice (Figure 5.6A). Using C57BI/6"T mice, we optimised injection volume to ensure
DREADD (mCherry) labelling that encompassed both the rostro-caudal extent of the ARC and RCA,
but with minimal expression in adjacent nuclei (Figure 5.6B). Furthermore, by reducing the viral titre
(see Section 5.2.7), expression of mCherry-tagged DREADDs was restricted specifically to GFAP-
expressing astrocytes (>95%), with negligible levels of expression in neurons (NeuN-labelled cells)
(Figures 5.6D1and D2). DREADD (mCherry) expression was most abundant at the astrocyte cell body
(see arrows in Figure 5.6D1), but labelling of fine astrocytic spongiform processes was also evident,

manifesting as sparse “cloud’-like mCherry labelling around the more densely-labelled cell body.

To investigate astrocyte-mediated regulation of POMC neuron activity, AAV-GFAP-hM3Dg-
mCherry into the mediobasal hypothalamus of Pomc®®™" mice (PomceCP::GFAP"™3Pa) (Figure 5.6C).
Following vehicle or CNO (1mg/kg) intraperitoneal injection, Pomc®CFP::GFAP"M30da mice were perfused
and brains collected for processing of the neuronal marker of activation, c-Fos. We found that DREADD-
mediated activation of astrocytes in vivo significantly elevated the total number of Fos-expressing cells
in the MBH (ptreatment=0.0145), with CNO-treated mice exhibiting greater numbers of activated cells in
the retrochiasmatic area (p=0.0105), and rostral (p=0.0337) and mid (p=0.0245) arcuate nucleus
(Figures 5.6E and F). Importantly, POMC neurons constituted a substantial portion of activated cells,
where 36.7 + 3.7% of all POMC neurons colocalised with Fos in CNO-treated mice compared with 6.6
1 1.8% in control (unpaired t test, t = 6.130, df = 3, p=0.0087). Astrocyte-mediated activation of POMC
neurons was consistent along the rostro-caudal extent of the RCA and ARC (ptreatment=0.0080), where
CNO-treated mice showed greater activation of POMC neurons than vehicle in the retrochiasmatic area
(p=0.0027), and rostral (p=0.0026), mid (p=0.0204) and caudal (p=0.0068) arcuate nucleus (Figure
5.6F). Notably, we observed that all CNO-treated mice showed at least some CNO-induced Fos
labelling of cells lining the third ventricle, consistent with the location and elongated morphology of
tanycytes (see Figure 5.6E). All Fos-expressing (putative) tanycytes also colocalised with mCherry (not
shown), suggesting that tanycyte activation is a result of direct stimulation through hM3Dq receptors

expressed by the cell, and not as a response secondary to astrocyte activation.
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We next performed current-clamp recordings from POMC neurons in acute ex vivo brain slices
from PomceCFP::GFAP"™3Pa mice (Figure 5.6G1). Consistent with findings from the Fos-activation
experiment, 60% (n = 9 of 15) of POMC neurons were reversibly depolarised (A+6.7 + 1.3mV) and
showed increased firing (A+0.70 £ 0.21Hz) in response to bath-application of CNO (Figures 5.6G2, Gs
and Gs). Intriguingly, patch-clamp recordings revealed that a small subset (20%, n = 3 of 15) of neurons
were in fact hyperpolarised (A-7.7 + 0.5mV) following astrocyte activation, while a further 20% (n = 3
of 15) of neurons showed no response, suggesting that there is heterogeneity in responsivity between
POMC cells (Figures 5.6G4 and Gs). Following washout and reversal of the CNO-induced excitation,
we investigated the mechanism through which Gg-signalling activation in astrocytes can depolarise
neighbouring POMC neurons. Pre-treatment with a non-selective adenosine receptor antagonist and
CD73 inhibitor significantly reduced subsequent CNO-induced excitation in 63% (n = 5 of 8) cells,
attenuating depolarisation (p=0.0330) and action potential firing (p=0.0653) compared to baseline CNO
application (Figures 5.6Ge and G7), indicating that at least part of the response is mediated by

activation of adenosine receptors which promote membrane depolarisation.

Page | 118



Chapter 5: The regulation of POMC neuron glucose-sensing by astrocyte-derived signals

PomceerP::GFAP0a

A aavscrar- B C57BI/6"T::GFAP™M3Da
hM3Dg-mCherry

mCherry DAPI O

o
<
a
e
]
=
(%)
K"ﬁ 5
C57BV62:P Retrochiasmatic Arcuate Nucleus Retrochiasmatic Arcuate Nucleus
or Pomc® Area Area

Fos+ cells/hemisphere

RCA ARC ARC ARC
(Rostral)  (Mid)  (Caudal)

o<}
o
1

*k

o

*k

(=2}
o
L

*k

'
o
L

N
o
L

Fos+ POMC cells (%)

o
I

RCA ARC ARC ARC
(Rostral)  (Mid)  (Caudal)

o
%
G1

Astrocyte

CNO 2 Excited 3 60s CNO

/\\W\J Inhibited o[
_ 60%

responsive

Non-

i

hmapg- POMC ~O3MV- N : . AT—
ei ressi?l ) POMC response CNO-induced excitation n=9/15  CNO-induced inhibition n=3/15
p 9 to astrocyte activation
G_. mmExcited mmNo response G 6 CGS15943 + PSB12379 G., = CNO
B Inhibited 60s CNO CNO 1 CNO + antagonists
15 tomv| B 151 15 P2085
> 10 S0 N =10
E 5 é T
5 - 05
L o * = %
% s 47mV- Zo <00
-10 -5 -0.5

AR and CD73 antagonism blocks excitation n=5/8

Figure 5.6 | DREADD-mediated activation of MBH astrocytes activates POMC neurons

(A) Astrocyte-activation strategy: C57BI/6"T or Pomc®c™ mice injected bilaterally with AAV with GFAP
promoter to induce expression of excitatory DREADD receptor, hM3Dq, in astrocytes in the
mediobasal hypothalamus. (B) Representative confocal microphotographs of coronal sections from
C57BI/6"WT::GFAP"™3Pa mice revealing expression of mCherry-tagged DREADD expressed in
astrocytes restricted to the RCA and ARC, with DAPI counterstain. Scale bar, 100pm. (C)
Representative confocal microphotographs of coronal sections from PomceCP::GFAP"™3Da mijce
revealing expression of mCherry-tagged DREADD expressed in astrocytes restricted to the RCA and
ARC encompassing eGFP-labelled POMC neurons, with DAPI counterstain. Scale bar, 100um. (D1
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and D2) Representative confocal microphotographs of coronal sections from C57BI/6"T::GFAP"M3Dq
mice confirming that DREADD (mCherry) expression is restricted to astrocytes (GFAP, D1), and is not
expressed in neurons (NeuN, D2). Scale bar, 25um. (E) Representative confocal microphotographs of
coronal sections from PomceCFP::GFAP"3Dd mice injected with vehicle (top) or CNO (1mg/kg, bottom)
intraperitoneally 90 minutes prior to perfusion. Left images show the expression of mCherry-tagged
DREADD in arcuate nucleus (red), POMC neurons (green), and Fos protein (magenta). Zoom insets:
white arrow heads indicate POMC cells (green) which colocalise with Fos protein (magenta). 3V, third
ventricle. Scale bars, 50um (low magnification), 25um (high magnification). (F) Diagrams depicting the
total number of Fos-expressing cells per hemisphere (top) and percentage of POMC cells that
colocalise with Fos (bottom) throughout the rostro-caudal extent of the RCA and ARC, following
intraperitoneal injection of vehicle or CNO (1mg/kg). Fos expression between treatments were
analysed by repeated measures (by brain region only) two-way ANOVA followed by Sidak's multiple
comparisons test (Total Fos+, n= 2 (vehicle), n = 3 (CNO) animals; treatment F(1, 3) = 26.06,
p=0.0145; brain region F(3, 9) = 0.8955, p=0.4802; interaction F(3, 9) = 0.4421, p=0.7286. RCA,
*p=0.0105; ARC (rostral), *p=0.0337; ARC (mid), *p=0.0245; ARC (caudal), p=0.1444 (NS). %POMC
Fos+, n = 2 (vehicle), n = 3 (CNO) animals; treatment (1, 3) = 40.09, p=0.0080; brain region F(3, 9)
= 3.010, p=0.0871; interaction F(3, 9) = 0.3882, p=0.7643. RCA, **p=0.0027; ARC (rostral),
**p=0.0026; ARC (mid), *p=0.0204; ARC (caudal), **p=0.0068). (G1-7) Investigating the effect of
DREADD-mediated activation of MBH astrocytes on POMC neuron activity, by bath-application of the
hM3Dq agonist, CNO (1uM) (G1). The proportion of POMC neuron responses to CNO-induced
activation of MBH astrocytes (Gz). Representative whole-cell current-clamp recording from a POMC
neuron that was excited (Gs) or inhibited (G4) by DREADD-mediated activation of astrocytes. In a
subset of POMC neurons excited by astrocyte activation, re-application of CNO in the presence of the
non-selective adenosine receptor antagonist, CGS15943, and CD73 inhibitor, PSB12379, blocked or
attenuated the excitation (Ge). Diagrams depicting the CNO-induced changes in RMP and firing
frequency for: the different POMC neuron responses to astrocyte activation (Gs), and the effect of
adenosine receptor and CD73 inhibition on CNO-mediated excitation of POMC neurons (G7). Changes
in electrophysiological parameters were analysed by one sample t test (Gs; RMP: excited, n = 9 cells,
t=5.157, df = 8, ***p=0.0009; inhibited, n = 3 cells, t = 16.67, df = 2, **p=0.0036; non-responsive, n =
3 cells, t = 1.001, df = 2, p=0.4224. AP: excited, n = 9 cells, t = 3.384, df = 8, **p=0.0096; inhibited, n
= 3 cells, t = 1.981, df = 2, p=0.1862; non-responsive, n = 3 cells, t = 0.2701, df = 2, p=0.8124) and
paired f test (G7; RMP, n = 5 cells, t = 3.197, df = 4, *p=0.0330; AP, n = 5 cells, t = 2.521, df = 4,
p=0.0653).

Datain F, Gs and Gr are represented as mean + SEM. Grey circles in Gs and grey lines in G7 represent
individual and paired values, respectively.
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5.3.7 Astrocyte-mediated activation of both POMC and AgRP neurons

Despite our findings that activation of MBH astrocytes stimulates satiety-promoting POMC
neurons, previous studies report marked hyperphagia following in vivo chemogenetic stimulation of
MBH astrocytes (Chen et al., 2016). The authors found that co-inhibition of orexigenic AQRP neurons
abolished the effect entirely, leading to the conclusion that AQRP neuron activity increases following
activation of astrocyte gliotransmission. In consideration of this and our findings presented here, we
hypothesised that in the context of chemogenetic (non-physiological) activation of astrocytes, there is
indiscriminate activation of both AgRP and anorexigenic POMC neuronal populations. To test this
hypothesis in vivo, we designed an experiment to measure food intake and brown fat temperature, each
of which are increased following activation of AQRP or POMC neurons, respectively (Krashes et al.,
2011; Fenselau et al., 2017) (see also Chapter 4).

To reproduce the experiments performed by Chen et al. (2016), which permit concurrent
activation of MBH astrocytes and inhibition of AGQRP neurons, we injected AAV-GFAP-hM3Dg-mChery
into the MBH of Agrp'RES-Ce mice, in addition to a Cre-dependent AAV with a neuronal promoter to
express mCherry (control; GFAP"™S3Da::AgrpmChemy)  or  the inhibitory DREADD, hM4Di
(GFAPM3Da:: AgrphM4Di) - in AgRP neurons (Figure 5.7A1 and Az2). We included an additional control
group in which only AgRP neurons were transfected with the hM4Di DREADD (Agrp"™4P)) (Figure
5.7As), to account for effects related to silencing AgRP neurons without MBH astrocyte activation.
Hypothalamic sections from experimental mice revealed expression of mCherry-labelled cells with
neuronal morphology in the innermost ventromedial portion of the arcuate nucleus and retrochiasmatic
area in all mice, consistent with viral expression of mCherry or hM4Di-mCherry (Figures 5.7A1.3). In
addition, GFAP"™3Da_jnjected mice showed dispersed mCherry expression in cells of spongiform
morphology wholly or predominantly contained within the boundaries of the ARC and RCA, indicative

of hM3Dg-mCherry expression in astrocytes (Figures 5.7A1 and Az).

Intraperitoneal injection of CNO (3mg/kg) into GFAP"™3Da:: Agrp™mChey mice during the early light
cycle revealed the expected hyperphagia induced by MBH astrocyte activation (ptreatmen=0.0002,
Pinteraction<0.0001) (Figure 5.7B1). CNO treatment dramatically increased 4h food intake by an average
of 0.66 + 0.07g compared to vehicle (p<0.0001), but did not appear to stimulate hyperphagia any further
than control beyond this time point (8h: A0.62 £ 0.069). Interestingly, by 24h post-injection, CNO-treated
mice had consumed the same amount of food as vehicle-treated animals (p=0.9653). Consistent with
previous reports (Chen et al., 2016), the hyperphagia induced by MBH astrocyte activation was
attributed to stimulation of AGRP neuron activity. This was evidenced by a markedly blunted food intake
in GFAP"™3Da:: Agrp"™4Di mice, consuming only 0.11 + 0.06g (p=0.0166) more food 4 hours after CNO
administration compared to vehicle (Figure 5.7B2). Similarly to GFAP"™3Da:: AgrpmChemy mice, there was
no effect of CNO treatment in 24h food intake (p=0.3890) in GFAP"3Pa::Agrp"™4Di mice. Importantly,
AgRP neuron inhibition in the absence of astrocyte stimulation caused a reduction in 8h (p=0.0111) and
24h (p=0.0317) food intake compared to vehicle-treated Agrp"™“?" animals (Figure 5.7B3), consistent

with the expected outcome of inhibition of orexigenic AGRP neurons.

We recorded interscapular BAT temperature changes to gauge whether MBH astrocyte

activation simultaneously activates POMC neurons. While there was no effect of CNO administration
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on BAT temperature in GFAP"™3Da:AgrpmChe™ mice relative to vehicle (pireatmen=0.5716,
Pinteraction=0.2508) (Figure 5.7C1), we observed a CNO-induced thermogenic response in
GFAPMS3Da:: Agrp"™4Di gnimals that persisted at least three hours following injection (pinteraction=0.0334)
(Figure 5.7C2). Importantly, AGRP neuron inhibition alone had no effect on BAT thermogenesis
(ptreatment=0.7284, pinteraction=0.9735) (Figure 5.7C3). These findings together indicate astrocyte-driven
activation of BAT thermogenesis, presumably by promoting POMC neuron activity, is uncovered only
under conditions of concurrent AGRP inhibition.

To gain insight on whether metabolic state influences the physiological outcome of DREADD-
mediated MBH astrocyte activation, we fasted mice overnight and administered CNO (or vehicle) a half-
hour prior to refeeding the next morning. MBH astrocyte activation (alone) did not exacerbate fasting-
induced hyperphagia upon refeed, in fact CNO-treated GFAP"™3Da:: Agrp™Che™ mice ate modestly less
food following 8 hours of refeeding (A-0.30 + 0.20g, p=0.0399), but this effect had normalised by 24h
(p=0.7010) (Figure 5.7D1). Conversely, CNO treatment significantly reduced short-term food intake at
4h (p=0.0444) and 8h (p=0.0347) post-refeed for GFAP"M3Da::Agrp"™4Pi mice, and at all 1-8h (p<0.01)
timepoints in Agrp"™“P mice, but had no impact on overnight food intake in either group (24h: p=0.4796,
p=0.3455, respectively) (Figures 5.7D2 and Ds). These findings reinforce the notion that AgRP-driven
hyperphagia resulting from MBH astrocyte activation occurs only in the calorically-sated state. hM4Di-
mediated inhibition of AgRP neurons, however, in both the presence and absence of astrocyte
activation is sufficient to abrogate fasting-induced hyperphagia. There was no effect of MBH astrocyte
activation, AgRP neuron inhibition, or a combination of both on postprandial thermogenesis in overnight

fasted mice (all: ptreatment>0.05, Pinteraction>0.05) (Figures 5.7D1.3).
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Figure 5.7 | DREADD-mediated activation of MBH astrocytes in vivo likely activates both AgRP
and POMC neurons

(A1-3) Strategy to deconstruct the potential recruitment of both AQRP and POMC neurons following the
DREADD-mediated activation of MBH astrocytes. Two experimental groups enabling MBH astrocyte
activation were injected with an AAV encoding for the expression of the excitatory hM3Dg DREADD
in astrocytes, and the Cre-dependent expression of either mCherry (GFAP"™3Da::Agrp™mChemy - A1) or the
inhibitory DREADD hM4Di (GFAPM3Da::AgrphM4bi- Az) in AgRP neurons (using Agrp'RES-Cre mice). A
third experimental group controlling for AGQRP neuron inhibition were injected with only the AAV
encoding for the Cre-dependent expression of the inhibitory DREADD hM4Di (Agrp™4Pi, Ag).
Representative confocal microphotographs of coronal sections from the experimental groups,
demonstrating mCherry fluorescence in astrocytes in the arcuate nucleus and AgRP neurons (A1 and
A2), or justin AgGRP neurons (As), consistent with expected expression based on viruses injected. DAPI
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counterstain. Scale bar, 100um. (B1.3) Diagrams depicting food intake in the hours subsequent to
intraperitoneal injection of vehicle or CNO (3mg/kg), performed during the early light phase in
calorically-sated GFAP"™3Da::AgrpmChemy (By), GFAPM3Da::Agrp™4Di (B,) or Agrp™4P' (Bs) mice.
Differences in food intake from 1-8h were analysed by repeated measures (both factors) two-way
ANOVA followed by Sidak's multiple comparisons test (B4, n = 5 animals; treatment (1, 4) = 157.0,
p=0.0002; time F(4, 16) = 70.40, p<0.0001; interaction F(4, 16) = 27.38, p<0.0001. 1h, **p=0.0013;
2h, ***p<0.0001; 3h, ****p<0.0001; 4h, ***p<0.0001; 8h, ****p<0.0001. B2, n= 5 animals;
treatment F(1, 4) = 3.651, p=0.1286; time F(4, 16) = 91.40, p<0.0001; interaction F(4, 16) =
1.710, p=0.1970. 1h, p=0.8645; 2h, p=0.2717; 3h, *p=0.0378; 4h, *p=0.0166; **8h, p=0.0023. B3, n =
5 animals; treatment F(1, 4) = 1.864, p=0.2440; time F(4, 16) = 39.18, p<0.0001; interaction F(4, 16)
= 1.458, p=0.2609. 1h, p=0.9987; 2h, p=0.3453; 3h, p=0.5546; 4h, p=0.1306; 8h, *p=0.0111) and food
intake at 24h was analysed by paired t test (B1, n = 5 animals; t = 0.1128, df = 4, p=0.9157 (NS). Bz,
n =15 animals; t = 0.9653, df = 4, p=0.3890 (NS). B3, n = 5 animals; t = 3.241, df = 4, *p=0.0317). (Cx-
3) Diagrams depicting change in BAT temperature in the four hours subsequent to intraperitoneal
injection of vehicle or CNO (3mg/kg), performed during the early light phase in calorically-sated
GFAPMM3Da:: AgrpmChemy (C4), GFAPM3Da:: Agrp™4Di (C2) or Agrp™4Pi (C3) mice. Differences in BAT
temperature were analysed by repeated measures (both factors) two-way ANOVA followed by Sidak's
multiple comparisons test (C1, n = 5 animals; treatment F(1, 4) = 0.3788, p=0.5716; time F(4, 16) =
4.773, p=0.0100; interaction F(4, 16) = 1.494, p=0.2508. Oh, p>0.9999; 1h, p=0.9708; 2h, p=0.9383;
3h, p=0.8156; 4h, p=0.1827. C2, n = 5 animals; treatment F(1, 4) = 5.028, p=0.0884; time F(4, 16) =
9.080, p=0.0005; interaction F(4, 16) = 3.420, p=0.0334. Oh, p>0.9999; 1h, p=0.3028; ***2h, p=0.0007;
*3h, p=0.0169; 4h, p=0.0519. Cs, n = 5 animals; treatment F(1, 4) = 0.1388, p=0.7284; time F(4, 16) =
0.7938, p=0.5463; interaction F(4, 16) = 0.1195, p=0.9735. Oh, p>0.9999; 1h, p=0.9082; 2h, p=0.9987;
3h, p=0.9986; 4h, p=0.9719). (D13) Diagrams depicting food intake in the hours subsequent to
refeeding overnight fasted GFAP"™3Pa::AgrpmChemy (Dy), GFAPM3Da:: Agrp™4Di (D7) or Agrp™4P (Ds)
mice, where mice were injected intraperitoneally with vehicle or CNO (3mg/kg) a half-hour prior to
refeeding. Differences in food intake from 1-8h were analysed by repeated measures (both factors)
two-way ANOVA followed by Sidak's multiple comparisons test (D1, n = 5 animals; treatment F(1, 4)
=0.004151, p=0.9517; time F(4, 16) = 96.07, p<0.0001; interaction F(4, 16) = 3.154, p=0.0432. 1h,
p=0.7686; 2h, p=0.9753; 3h, p=0.9862; 4h, p=0.7686; 8h, *p=0.0399. D2, n = 5 animals; treatment F(1,
4) = 4151, p=0.1113; time F(4, 16) = 127.3, p<0.0001; interaction F(4, 16) = 0.4207, p=0.7914. 1h,
p=0.5790; 2h, p=0.0631; 3h, p=0.0760; 4h, *p=0.0444; *8h, p=0.0347. D3, n= 5 animals;
treatment F(1, 4) = 4.824, p=0.0930; time F(4, 16) = 78.32, p<0.0001; interaction F(4, 16) =
0.6071, p=0.6633. 1h, **p=0.0044; 2h, **p=0.0046; 3h, ***p=0.0008; 4h, ***p=0.0001; 8h, ***p=0.0005)
and food intake at 24h was analysed by paired ¢ test (D1, n = 5 animals; t = 0.4127, df = 4, p=0.7010
(NS). D2, n=5 animals; = 0.7788, df = 4, p=0.4796 (NS). D3, n = 5 animals; t = 1.068, df = 4, p=0.3455
(NS)). (E1-3) Diagrams depicting change in BAT temperature following refeeding of overnight fasted
GFAPMM3Da:: AgrpmChemy (E ) GFAP"™M3Da:: AgrphM4Di (E;) or Agrp"™4Pi (E3) mice, where mice were injected
intraperitoneally with vehicle or CNO (3mg/kg) a half-hour prior to refeeding. Differences in BAT
temperature were analysed by repeated measures (both factors) two-way ANOVA followed by Sidak's
multiple comparisons test (E1, n = 5 animals; treatment F(1, 4) = 0.2084, p=0.6717; time F(5, 20) =
73.85, p<0.0001; interaction F(5, 20) = 0.6024, p=0.6988. Oh, p>0.9999; 1h, p=0.9708; 1.5h,
p=0.9980; 2.5h, p=0.6600; 3.5h, p=0.6635; 4.5h, p>0.9999. E2, n = 5 animals; treatment F(1, 4) =
0.01094, p=0.9217; time F(5, 20) = 31.19, p<0.0001; interaction F(5, 20) = 0.3048, p=0.9042. Oh,
p>0.9999; 1h, p=0.9972; 1.5h, p=0.9469; 2.5h, p=0.9962; 3.5h, p>0.9999; 4.5h, p=0.9935. E3,n=5
animals; treatment F(1, 4) = 0.1432, p=0.7243; time F(5, 20) = 55.35, p<0.0001; interaction F(5, 20) =
0.5353, p=0.7471. Oh, p>0.9999; 1h, p=0.9059; 1.5h, p=0.9960; 2.5h, p=0.6187; 3.5h, p=0.9802; 4.5h,
p=0.9644).

Data in B-E are represented as mean + SEM.
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5.4 Discussion

In this chapter, we aimed to comprehensively profile the glucose-sensitivity of hypothalamic
POMC neurons and to delineate the underlying signal transduction mechanisms driving POMC
neuronal glucose-sensing. Patch clamp recordings obtained from over 450 POMC-expressing neurons
in the mediobasal hypothalamus revealed responses not previously reported in POMC neurons; namely
glucose-induced inhibitions and novel glucose-induced burst-firing responses. We also defined the
contribution of astrocyte metabolism and adenosine signalling to the mechanistic underpinnings of
glucose-responsiveness. Approximately half of glucose-induced excitations were blocked or reversed
by a selective A1R antagonist. Investigation of the nature of glucose-induced changes in adenosine
signalling indicated that astrocyte mitochondrial respiration of glucose leads to increased release of
ATP through Cx43 hemi-channels. ATP is subsequently degraded extracellularly by ectonucleotideases
into adenosine which in turn drives excitation of glucose-excited POMC neurons. These data show for
the first time a critical role of glial-derived adenosine in POMC glucose-sensing. Pharmacological
manipulation of the adenosine synthesis pathway revealed a remarkable plasticity in POMC neuron
glucose-responsiveness, reflective of a multifactorial glucose-sensing mechanism whereby glucose-
excited neurons could be switched to glucose-inhibited. Further studies will be required to fully
appreciate the functional significance of this potential plasticity. Finally, we substantiate the sufficiency
of chemogenetically-stimulated astrocyte signalling to activate adjacent POMC and AgRP neurons, the
former via liberation of adenosine, resulting in rapid physiological adaptations to appetite and brown fat

thermogenesis.

5.4.1 Novel insights into the heterogeneity of hypothalamic POMC neuron glucose-

sensing

Glucose-induced changes in POMC neuron activity are widely believed to underpin two primary
physiological functions of the melanocortin system: 1) the detection of caloric sufficiency and resultant
promotion of satiety, and 2) the regulation of peripheral glucose homeostasis through modulation of
autonomic outflow (Plum et al., 2006; Claret et al., 2007; Parton et al., 2007; Santoro et al., 2017).
However, both traditional electrophysiological or indirect calcium imaging-based assessments of
glucose-sensitivity have yielded conflicting results regarding POMC neuron glucose-responsiveness. In
most studies, POMC neurons are reported to be depolarised and activated by elevated glucose (from
51-100% of sampled cells) (Ibrahim et al., 2003; Claret et al., 2007; Parton et al., 2007), but there are
others that suggest a lack of cell-autonomous glucose sensitivity (Fioramonti et al., 2007; Fioramonti et
al., 2017).

5411 Glucose-induced excitations

In the present study, we found that 33% (ARC) to 39% (RCA) of POMC-eGFP neurons (n =
452), investigated using brain slice whole-cell patch clamp electrophysiology, were excited by an

extracellular D-glucose transition from 1.0 to 5.0mM. Given that the data presented here clearly
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demonstrate differential sensitivity of hypothalamic POMC neurons to elevated glucose, relatively small
sample sizes (n = 7 to 59 cells in the papers referenced above) and methodological differences
(extracellular glucose/intracellular ATP concentrations, mode of measuring neuronal activity) may
account for inconsistencies in glucose-sensitivity assessment. Indeed, it was recently shown that
recordings made with low (1.0mM) or high (5.0mM) intracellular ATP elicit differing proportions of
glucose-sensing responses in ARC neurons (van den Top et al., 2017). The current-voltage relationship
changes in most glucose-excited POMC neurons were associated with the closure of one or more
potassium conductances, consistent with previous reports that Kare inactivation mediates glucose-
induced depolarisation of POMC cells (Ibrahim et al., 2003; Parton et al., 2007). While examination of
conductance changes was not a focus of the present study, we did also observe the glucose-induced
activation of non-selective cation conductance(s) in a smaller fraction of POMC neurons. A recent study
demonstrated that deletion of transient receptor potential channel (TRPC) 3, a non-selective cation
channel, from MBH neurons reduces glucose-induced satiety and the overall proportion of glucose-
excited neurons in the MBH (Chrétien et al., 2017). Moreover, it is known that other cues relating to
energy status, such as leptin and insulin, activate POMC neurons by coupling to non-selective cation
TRPC channels (Qiu et al., 2010; Qiu et al., 2014). The potential for involvement of TRPC channels in

POMC neuron glucose-induced excitations requires further investigation.

5.41.2 Glucose-induced inhibitions

Remarkably, the glucose-induced inhibition of POMC neurons, observed in 7-8% of cells
sampled in this study, has never been reported. The physiological function of POMC cells inhibited by
elevations in extracellular glucose remains to be determined, but mechanistically the response
appeared to be mediated by activation of a potassium and/or chloride conductance. It could be that, in
this subpopulation of POMC neurons, glucose activates PI3K intracellular signalling to activate Katp
conductances and induce hyperpolarisation in a similar manner to insulin receptor activation on POMC
neurons (Plum et al., 2006; Hill et al., 2008). Indeed, the fatty acid oleic acid has been demonstrated to
hyperpolarise (unidentified) ARC neurons through Kate activation (Dadak et al., 2017). Moreover, it was
recently shown that octanoic acid hyperpolarises a subset of POMC neurons by activation of potassium
and/or chloride ion channels (Haynes et al., 2020), similar to glucose-induced hyperpolarisations
observed here.

5.4.1.3 Glucose-induced burst-firing

The observed glucose-induced burst-firing response in POMC neurons of the RCA (8%) and
rostral/middle ARC (4%) is a novel pattern of glucose-induced neural activity that has not been reported
in any neuronal system. The burst-firing pattern of activity appeared to be the result of two co-ordinated
bioelectrical events: 1) phasic/oscillatory changes in membrane potential which appear to involve the
cyclic opening/closure of voltage-dependent non-selective cation and potassium conductance(s), and
2) GABAa-mediated post-synaptic potentials which instigate or sustain prolonged burst-firing bouts

during the “up” state of the oscillation. The nature of the potassium conductance(s) contributing to
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glucose-induced oscillations in POMC membrane potential was not clarified. However, IV relationships
determined during glucose-induced burst-firing indicated activation of an inwardly-rectifying potassium
conductance (Kir). In this vein, Katp channels, which are made up of Kir6 subunits (Inagaki et al., 1995),
have been demonstrated to mediate glucose-induced excitations in POMC neurons in a manner
comparable to pancreatic $-cell glucose-sensing (Parton et al., 2007). It is tempting to speculate that
the oscillations in membrane potential associated with glucose-induced burst-firing cells are
mechanistically similar to those which occur in B-cells to promote phasic insulin release (Tengholm &
Gylfe, 2009). Indeed, it has been suggested that cyclical changes in pancreatic ATP/ADP cytosolic ratio
resulting from the metabolic cost of phasic insulin release underpins membrane potential oscillations
by the reciprocal activation/inhibition of Kate channels (Miwa & Imai, 1999; Rolland et al., 2002;
Fridlyand et al., 2010). As an alternative, adenosine receptors (as outlined below) may have contributed
to the response, acting via G protein-coupled inwardly-rectifying potassium channels (GIRK; Kir3) (Kim
& Johnston, 2015; James et al., 2018).

In addition to activation of Kir, a common feature of these cells was the expression of I. This
conductance has been extensively described in neurons and in the heart, where they contribute to
pacemaker-like oscillatory activity (McCormick & Pape, 1990; Brauer et al., 2001; Herrmann et al.,
2015). This non-selective cation conductance is activated by membrane hyperpolarisation, once
activated then driving the cell to depolarise to threshold for firing. Other intrinsic conductances can then
lead to hyperpolarisation and re-activation of I, creating oscillatory pacemaker-like activity. Such state-
dependent shifts in activity have been extensively documented, for example in the thalamus (see
McCormick and Pape (1990)). Hyperpolarisation is requisite for this pacemaker activity and the data
presented here suggest direct involvement of GABAAa synaptic transmission. Indeed, studies in other
brain regions have identified that GABAa-mediated inhibitory post-synaptic potentials evoke or
contribute to prolonged rebound firing (Alvifia et al., 2008; Zheng & Raman, 2011). Of particular interest,
glucose-sensing GABAergic and glutamatergic populations in the ARC are synaptically inter-connected
(van den Top et al., 2017), suggesting that glucose-induced POMC burst-firing observed here may be

orchestrated by other local glucose-sensing GABAergic populations in a pre-synaptic manner.

5.4.2 Adenosine receptor regulation of POMC neuron activity

Chemo- and opto-genetic strategies to activate hypothalamic astrocytes reveal increased local
concentrations of extracellular adenosine, which act in an A1R-dependent manner to regulate satiety
(Yang et al., 2015; Sweeney et al., 2016). In addition, elevations in extracellular glucose stimulate
astrocyte metabolism-dependent production of adenosine which activate GPCRs expressed on
adjacent neurons in both the hindbrain and rostral hypothalamus, implicating astrocyte-derived
adenosine in the mediation of neuronal glucose-sensing (McDougal et al., 2013; Rogers et al., 2016;
Scharbarg et al., 2016; Rogers et al., 2018). We demonstrate here that a similar adenosine-dependent
mechanism of glucose-sensing occurs for some hypothalamic POMC neurons. We show
immunohistochemically that the majority of POMC neurons express AR, A2aR and AsR, and,
importantly, that GFAP-expressing astrocytic processes and cell bodies were found in close apposition

to adenosine receptor-expressing POMC cells. Using a non-selective adenosine receptor antagonist,
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we confirm that adenosinergic signalling accounts for ~40% of glucose-induced excitations of POMC
neurons. These glucose-induced excitations appear to be dependent on activation of A1R, as a selective
A1R antagonist blocked a similar (~50%) proportion of GE responses. However, it is unclear how A1R
activation transduces neuronal excitation as post-synaptic AR is typically coupled to Gio protein
intracellular signalling pathways, adenylate cyclase and cAMP, and can activate K* and inhibit Ca?*
conductances to hyperpolarise the neuron (see Dunwiddie and Masino (2001)). Considering that our
experiments were not performed in the presence of synaptic blockers, there is the possibility of a pre-
synaptically-mediated effect. For example, inhibition of pre-synaptic GABAergic release following A1R
activation mediates the cannabinoid-induced excitation of neurons in the suprachiasmatic nucleus
(Acuna-Goycolea et al., 2010; Hablitz et al., 2020), and GABAergic input to POMC neurons is known
to be regulated by energy status (Vong et al., 2011; Rau & Hentges, 2019). However, this mode of
action seems unlikely given that A1R agonism depolarised GE POMC neurons through closure of a K*
conductance. It is tempting to speculate, then, that depolarisation is mediated by inactivation of Karp
channels through a A1R-dependent G-protein signalling cascade (i.e. closure occurs independently of
cytosolic ATP/ADP concentration). Indeed, an ATP-independent mechanism of glucose-induced
closure of Kate has been suggested in hypothalamic neurons co-cultured with glial cells (Ainscow et al.,
2002). Furthermore, reduced extracellular glucose is sensed by hippocampal neurons via an AiR-
dependent mechanism which activates Katp channels and leads to neuronal hyperpolarisation
(Kawamura et al., 2010), evidence of a plausible link between glucose availability, A1R signalling and
Kate channels. In any case, we found that in vivo i.c.v. administration of DPCPX before the onset of the
dark period increased overnight (but not short-term) food intake and decreased dark cycle energy
expenditure. Given that POMC/melanocortin-receptor activation promotes slow-onset satiety but rapidly
increases BAT thermogenesis and energy expenditure (Monge-Roffarello et al., 2014b; Fenselau et al.,
2017), these data support the notion that POMC neurons are activated by an AiR-dependent

mechanism during the feeding phase.

We also found some evidence for adenosine-mediated inhibition of POMC neurons. In the fed
state and bathed in 5.0mM extracellular glucose, non-selective adenosine receptor antagonism
revealed both tonic excitatory and inhibitory adenosine-regulated inputs. Indeed, in the small sample of
Gl POMC neurons investigated, non-selective adenosine receptor antagonism was able to reverse
glucose-induced hyperpolarisation (n = 1 of 3), but A1R antagonism had no effect (n = 5 of 5). While we
are hesitant to draw strong conclusions on the basis of these few observations, it is possible that A2aR
and/or AzeR signalling mediate at least part of the adenosine-mediated inhibitory tone considering
recent findings that these receptors mediate octanoic acid-induced hyperpolarisation of POMC neurons
(Haynes et al., 2020). Interestingly though, central administration of neither A2a/A2sR nor AsR
antagonists had an effect on food intake, suggestive of a dominant role for A1R signalling in the
regulation of appetite. In spite of this finding, AsR antagonism revealed a “conversion” of a small subset
of both GE and NR POMC neurons into a glucose-adapting response type, which has been recently
identified in CART-expressing neurons in the ARC (van den Top et al., 2017). It is unclear why we did
not observe any glucose-adapting POMC neurons without pharmacological intervention considering
that most CART-expressing neurons also express POMC (Vrang et al., 1999). This may be the result

of species-related differences in the glucose-responsiveness of POMC neurons (mouse used here, rat
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used by van den Top et al. (2017)), or alternatively it may reflect the time of exposure to the increase
in glucose. Glucose-adaptors were identified based upon prolonged exposure of neurons to glucose
changes, and as such the approach used here may not have permitted time for the adaptation to
engage. Further studies are required to substantiate the mechanism of the AsR-mediated effect, but it
may involve adenosine signalling on astrocytes considering that we found the AsR frequently

colocalised with GFAP-positive processes adjacent to POMC neurons.

5.4.3 A model for astrocyte-regulated glucose-sensing in POMC neurons

Using an array of pharmacological inhibitors, we demonstrated the involvement of astrocyte
activity and signalling in regulating glucose-dependent changes in POMC activity. Astrocytes release
adenosine and ATP into the extracellular space through Cx43 hemi-channels (Bennett et al., 2003;
Kang et al., 2008). Inactivation of Cx43 produced distinct disturbances to the glucose-sensitivity of
POMC neurons, blocking or even reversing the glucose-sensitivity of ~70% of glucose-excited POMC
cells when glucose was re-applied in the presence of the Cx43 inhibitors. Considering that we have
found POMC neurons reliably reproduce glucose-sensing responses upon washout and re-application
(data not shown here; see van den Top et al. (2017)), we are confident that the effects observed with
Cx43 (and other) inhibitors are robust. We demonstrate that inactivation of astrocyte glucose uptake
blocked half of glucose-induced excitations in POMC neurons, as well as revealing both excitatory and
inhibitory tone from astrocytes when applied to cells in the calorically-sated state. Similarly, application
of fluorocitrate, a selective glial cell metabolic poison, disrupted glucose-induced excitations in greater
than 80% of POMC neurons.

The finding that inhibition of ecto-5-nucleotidease (i.e. CD73), the enzyme which
dephosphorylates AMP to adenosine, resulted in similar defects in POMC glucose-sensing suggests
that astrocytes release ATP which is subsequently degraded in situ into adenosine by extracellularly
expressed ectonucleotideases. This is consistent with reports of ectonucleotidease expression and
activity in cells from the arcuate nucleus (He et al., 2005; Belcher et al., 2006; Bjelobaba et al., 2006).
While we cannot completely discount the possibility that adenosine is also released directly from
astrocytes, it was reported that hippocampal astrocytes transition from ATP to adenosine release
specifically during metabolic stress (hypoxia) (Martin et al., 2007), and therefore adenosine (rather than
ATP) release is perhaps unlikely in the environment of metabolic surplus that is simulated here

(increased glucose).

We sought to reinforce these findings by using a chemogenetic strategy to modulate the activity
of astrocytes in the mediobasal hypothalamus. While activation of Gi-coupled DREADDs causes
neuronal hyperpolarisation and inhibition (Armbruster et al., 2007), in astrocytes, activation of all
presently available G-protein coupled DREADDs (Gq, Gi and Gs) lead to stimulation of Ca?* flux and
hence increase astrocyte gliotransmission (Durkee et al., 2019). In lieu of appropriate tools to acutely
reduce astrocyte activity, we induced expression of hM3Dq specifically in astrocytes of the mediobasal
hypothalamus to test instead the sufficiency of astrocyte activity to modulate POMC neuron activity.

Indeed, bath-application of CNO resulted primarily in depolarisation and increased firing rate (~60%) of
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adjacent POMC neurons, but also, in some cases, silencing and hyperpolarisation (~20%). Importantly,
re-application of CNO in the presence of a non-selective adenosine receptor antagonist and CD73
inhibitor blocked the majority of CNO-induced excitations of POMC neurons, confirming the involvement

of adenosine in astrocyte-POMC neuron intercommunication.

5.4.3.1 A schema for astrocyte-mediated glucose-sensing in POMC neurons

In view of our findings, we propose a novel means for POMC neurons to sense fluctuations in
extracellular glucose, presented graphically in the schematic below (Figure 5.8). Postprandial
elevations in circulating glucose enter the CNS through GLUT1-mediated transporters which are
expressed on astrocytic endfeet that ensheath cerebral capillaries. Increased uptake drives astrocytic
respiration of glucose into ATP which is released through Cx43 hemi-channels into the extracellular
space. ATP is degraded extracellularly by ectonucleotideases, with the final AMP to adenosine
dephosphorylation step catalysed by CD73. The resulting elevation in extracellular concentration of
adenosine acts in a paracrine fashion on A1R-expressing POMC neurons to promote neuronal activity.
The activation and subsequent function of other adenosine receptor(s) expressed by POMC neurons

requires further investigation.

Astrocyte
' POMC neuron

2.4[ATP] 4.4RMP & AP firing

cytosol

Capillary —
........ . . o @& e
.................. lucose ATP Adenosine
1.#[Glucosel,,,, -
Other mechanisms of GLUT1 Cx43
glucose-sensing }“\/ 1]
CcD73 AR

Figure 5.8 | Proposed schema for astrocyte-regulated POMC neuron glucose-sensing

Elevated glucose concentration circulating in the blood (1) undergoes facilitated transport through
GLUT1 into astrocytes which ensheath cerebral capillaries. Mitochondrial respiration of glucose within
astrocytes increases cytosolic ATP concentration (2) which is released through Cx43 hemi-channels
into the extracellular fluid (ECF). ATP undergoes dephosphorylation by extracellularly-expressed
ectonucleotideases, including the final step of conversion of AMP to adenosine by CD73 (3).
Adenosine binds to AR expressed on POMC neurons to increase resting membrane potential (RMP)
and action potential (AP) firing (4). Grey dotted line denotes the existence of other POMC glucose-
sensing mechanisms that are independent of the described pathway.
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5.4.3.2 Evidence for “plasticity” in glucose-sensitivity of POMC neurons?

The schema presented in Figure 5.8 includes an indication of other glucose-sensing pathways
that regulate POMC neuron activity, either in addition to or distinct from the astrocyte-adenosine-A1R
circuit described here. This is an important consideration that is reflected in the present study by the
insufficiency of pharmacological inhibition at any step of this pathway to block all glucose-induced
excitations, also frequently leading to the “uncovering” of glucose-induced inhibitions in formerly-
identified glucose-excited POMC neurons. Furthermore, Cx43 inhibition (with carbenoxolone) revealed,
remarkably, a mixture of glucose-induced excitations (29%) and inhibitions (21%) in POMC neurons
that were otherwise demonstrably insensitive to glucose. In light of these findings, we propose a model
of multiple, competing and/or complementary “inputs” to POMC neurons in response to elevations in
extracellular glucose. That is, the observed neuronal “output” (activity) is the result of the summation of
the relative magnitudes of each input. For example, the revelation of glucose-induced inhibitions in
formerly glucose-excited or glucose-insensitive POMC neurons may be explained by the disruption of

excitatory but not inhibitory input.

The concept of several means of signalling the glucose stimulus to POMC neurons may
underpin prior observations of energy-status-dependent “plasticity” of glucose-sensing networks in the
ARC (van den Top et al., 2017). The authors found that the proportion and polarity of glucose-induced
responses in ARC neurons was dependent on intracellular ATP concentration and the energy status of
the animal (calorically sated vs. deplete). Observations described in our study suggest that energy-
status-dependent tone signalled via glial-derived adenosine may also be a factor in setting glucose-
sensitivity in these networks. Adenosine antagonists or inhibitors of the adenosine synthesis pathway
alone induced changes in electrical excitability, suggesting that distinct subpopulations are tonically
regulated by adenosine in both the fed and fasted state. Therefore, depending on energy status and
glucose-dependent adenosine tone, the gain or sensitivity of the glia-neuronal network to subsequent
shifts in glucose levels may be subject to an energy-status-dependent plasticity. Indeed, cues
associated with metabolic status have been shown to affect astrocyte glucose uptake as well as
astroglial coverage of POMC neurons (Fuente-Martin et al., 2012; Kim et al., 2014; Garcia-Caceres et
al., 2016; Nuzzaci et al., 2020). In conjunction with gene-expression changes in POMC neurons that
accompany alterations in energy status (Henry et al., 2015; Campbell et al., 2017), these adaptations
may form the molecular basis of the heterogeneity and plasticity of POMC neuron glucose-sensing,
ultimately engaging a co-ordinated neuronal response that is appropriate for the physiological state.
The mechanisms that mediate the residual glucose-sensing inputs to POMC neurons remain to be
determined. This includes whether POMC neurons are capable of cell-autonomous glucose-induced
excitation, produced by closure of Katp channels as has been previously described (lbrahim et al., 2003;
Parton et al., 2007).

5.4.4 Invivo relevance of mediobasal hypothalamus astrocyte activity

In contrast to the satiety-promoting effects reported following activation of astrocytes in the

whole hypothalamus (Yang et al., 2015; Sweeney et al., 2016), chemogenetic stimulation of astrocytes
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specifically within the ARC is reported to rapidly evoke feeding behaviour in an AgRP-dependent
manner (Chen et al., 2016). In addition to the discussed electrophysiological and histological indices of
astrocyte-stimulation-induced POMC activity, in vivo experiments performed here suggest that
ARC/RCA astrocyte activity is sufficient to activate both AQRP and POMC neurons. In line with Chen
et al. (2016), we demonstrate that pronounced hyperphagia upon stimulation of MBH astrocytes was
markedly attenuated with concurrent inhibition of AgRP neurons. Importantly, elevated food intake
resulting from astrocyte stimulation (alone) was completely normalised 24 hours post-administration of
CNO. This contrasts with the hyperphagia induced via direct chemogenetic-activation of AQRP neurons
which endures at least 24 hours (Krashes et al., 2011; Nakajima et al., 2016). In addition, astrocyte
stimulation in overnight-fasted mice, when AgRP neuron activity is already elevated (Liu et al., 2012),
did not produce an exacerbated hyperphagic phenotype, rather a mildly reduced 8-hour food intake.
These findings are suggestive of a counter-balancing, longer-term satiety signal that is consistent with
the (concurrent) activation of POMC neurons (Zhan et al., 2013; Fenselau et al., 2017). Indeed, due to
the dominant and rapid hyperphagia induced by AgRP neuron activation, optogenetic stimulation of
both AGRP and POMC neurons in sated mice is capable of producing similar short-term feeding to

AgRP stimulation alone, but effects on long-term food intake were not reported (Atasoy et al., 2012).

We and others have shown that acute activation of POMC neurons is also sufficient to stimulate
thermogenic activity in brown fat (see Chapter 4 and Fenselau et al. (2017)). Notably, while astrocyte
stimulation alone had no effect on BAT thermogenesis, the concurrent inhibition of AQRP neurons (but
not AgRP inhibition alone) revealed a robust thermogenic response. This finding supports the notion
that MBH astrocyte activity in vivo can modulate BAT thermogenesis via POMC neuron activation,
which is only revealed upon elimination of AQRP/NPY-mediated sympathoinhibition (Shi et al., 2013;
Burke et al., 2017). Importantly, the concurrent astrocyte-mediated activation of antagonistic POMC
and AgRP populations observed here is likely a consequence of the “artificial” or “non-physiological”
nature of the chemogenetic intervention. We suggest that this is unlikely to occur in the context of

endogenous glia-neuron signalling in the ARC/RCA, however future studies are required to confirm this.

5.4.5 Conclusions

The present study builds upon rapidly-accumulating evidence for heterogeneity amongst
hypothalamic POMC neurons, as well as the role that astrocytes play in the relaying of interoceptive
signals to these energy-sensing cells. We identify novel subpopulations of POMC neurons that are
silenced or undergo rhythmic burst-firing patterns of activity in response to elevations in extracellular
glucose, challenging the dogma that all POMC neurons are excited by this meal-derived stimulus. We
discovered an astrocyte-mediated A1R-dependent activation of POMC neurons following increased
glucose availability, as well as indications that individual glucose-excited POMC neurons can also
receive opposing inhibitory inputs in response to the same stimulus (high glucose). On the basis of
these and previously published findings, we propose that POMC glucose-sensing is adaptable
according to metabolic status, and therefore that POMC neuron output is finely tuned to engage

physiological responses appropriate to the internal state.
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6.1 Brief overview

The primary aim of this thesis was to dissect the central pathways and mechanisms involved in
the endogenous recruitment of meal-induced sympathetic outflow to brown fat. Until now, there has
been an extensive focus (only) on the central thermoregulatory pathways that initiate and effect cold-
induced BAT thermogenesis. Here, we enter largely “uncharted territory” in our efforts to demarcate the
hypothalamic circuitry that regulates the postprandial activation of brown fat thermogenesis. A key
platform of this study was the implementation of PRV-facilitated mapping of BAT-projecting neurons,
permitting the discovery of a multi-nodal glucose-sensing system within the hypothalamus, headed by
predominantly glucose-activated POMC neurons in the ARC and RCA. We provide support for the
hypothesis that glucose (meal)-activated hypothalamic POMC neurons contribute to postprandial
thermogenesis by combining of POMC loss-of-function models with the measurement of real-time
changes in postprandial BAT temperature. Furthermore, we make considerable inroads toward an
understanding of the formerly unrecognised breadth and complexity in the nature of POMC neuron
glucose-sensing. In particular, we shift the focus away from traditional “neuron-centric’ views of
glucose-detection, and bring astrocyte-mediated glucose metabolism and paracrine gliotransmission

into the spotlight.
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6.2 “Food” for thought: more on the regulation of postprandial thermogenesis

Considering much of this thesis has focussed on the detail of the central neural control of diet-
induced thermogenesis, and that we have endeavoured to be as broad in our approach and
considerations as possible, it is necessarily selective and there are clear gaps. Some of the areas that
fall between the gaps in this project, or that we feel warrant future research efforts, are considered

briefly in the following sections.

6.2.1 Divergence in circuitry regulating cold- and diet-induced thermogenesis

In consideration of the marked distinction in the physical nature of cold exposure and meal
consumption, it is clear that there must be a divergence in the neural “headwaters” regulating cold- and
diet-induced thermogenesis. This is a fascinating subject where little progress has been made, largely
due to a lack of evidence of the central determinants subserving the latter; a deficiency that the work
described in this thesis has aimed to address. The divergence in circuitry regulating each is most likely
to occur at brain regions where the afferent sensory signals pertaining to cold or diet are processed,
which are either one or two synapses upstream of the sympathetic pre-ganglionic neurons of the spinal
cord. Numerous studies highlight neurons of the DMH and the broader region encompassing the POA
as critical integrators of temperature-related sensory signals (reviewed by Morrison and Nakamura

(2019)); the role played by these regions for diet-induced thermogenesis remains to be clarified.

There is reason to believe that the centrality of the melanocortin system identified in this thesis
uniquely regulates diet-induced (but not cold-induced) thermogenesis in brown fat. Specifically, Mc4r
knockout mice maintain the ability to mount a robust BAT thermogenic response to cold-exposure in
order to maintain core temperature, while notably lacking apposite high-calorie diet-induced
thermogenesis (Ste. Marie et al., 2000; Butler et al., 2001; Voss-Andreae et al., 2007). That being said,
there is some evidence that the melanocortin system may provide an energy-status “overlay” to the
thermoregulatory circuitry, tempering cold-induced thermogenesis during periods of energy deficit. For
example, inactivation of GLUT2 disrupts central glucose-sensing and engenders defective maintenance
of body temperature during both cold exposure and prolonged fasting; an effect which could be
prevented by administration of a MC3/4R agonist (Mounien et al., 2010). Indeed, melanocortin agonism
of the prototypical thermoregulatory POA — DMH circuit is sufficient to activate thermogenesis in brown
fat (Monge-Roffarello et al., 2014a).

Nevertheless, the challenge for metabolic neuroscience in relation to the distinction between
the processing of cold- and nutrient-based information is to dissect the downstream pathways of POMC
neurons en route to brown fat in order to confirm their functional relevance (discussed in detail in
Chapter 3: Section 3.4.4). These studies will enable us to determine where there is confluence, and

where there is disparity, pertaining to central circuitry regulating cold- and diet-induced thermogenesis.
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6.2.2 Astrocyte-derived adenosine, energy availability and brown fat thermogenesis

The primacy of neurons in the regulation of brain glucose-sensing and brown fat thermogenesis
has been brought into question in this thesis. In support of recent indications of a link between astrocyte
function and POMC neuron glucose-sensing (Garcia-Caceres et al., 2016; Nuzzaci et al., 2020), we
comprehensively demonstrate that appropriate glucose-induced changes in POMC neuron activity,
particularly glucose-induced excitations, require in-tact astrocyte metabolism and associated AiR-
mediated signalling. It flows logically, then, that astrocytes may be involved in glucose (meal)-regulated
control of BAT-directed SNA via an adenosine-dependent activation of adjacent POMC neurons.
Indeed, our data demonstrating that dark phase (i.e. food consummatory phase) energy expenditure is
reduced by central A1R antagonism, and that BAT thermogenesis is increased in response to DREADD-

mediated activation of MBH astrocytes, are in support of this view.

Intriguingly, central adenosine signalling also facilitates the transition into energy-conserving,
torpor-like states (in rodents) (lliff & Swoap, 2012; Muzzi et al., 2013; Carlin et al., 2017). Studies
suggest that this mechanism is mediated via AsR signalling in the NTS, and involves an inhibition of
BAT SNA which contributes to the promotion of the torpor-like state (Tupone et al., 2013). Considering
that hypoglycaemia has been shown to activate NTS neurons via an astrocyte-derived adenosine-
dependent mechanism (Rogers et al., 2016; Rogers et al., 2018), it is possible that astrocytes also play
a role in the suppression of energy expenditure during caloric deficit. This suggests that astrocyte-
derived adenosine has the potential to differentially regulate BAT thermogenesis, depending on the
neuronal population through which it signals and the metabolic status of the organism. The implication

this has for the role of astrocytes in the regulation of diet-induced thermogenesis remains a challenge.

6.2.3 Other central and peripheral determinants

The studies in Chapter 3 and Chapter 5 were focussed on the capability of POMC neurons,
particularly those that have a defined multi-synaptic trajectory to brown fat, to sense changes in
extracellular glucose. While there is no doubt that glucose is a reasonable surrogate of a meal and that
glucose-sensing provides a crucial role in the regulation of energy (and glucose) homeostasis, it would
be remiss to discount the potential involvement of other meal-derived nutrients or hormones in the
activation of postprandial thermogenesis. Indeed, POMC neuron excitability has been shown to be
modulated by circulating amino and fatty acids (Blouet et al., 2009; Heeley et al., 2018; Haynes et al.,
2020), and there are convincing lines of evidence that leptin and insulin signal through POMC neurons
to modulate energy expenditure (Dodd et al., 2015; Dodd et al., 2019).

Alternatively, the involvement of other neuronal populations requires consideration; for
instance, rat insulin-2 promoter-expressing neurons in the arcuate nucleus and glucose-sensing
neurons in the locus coeruleus have been implicated in diet-induced thermogenesis in brown fat (Kong
et al., 2012; Tovar et al., 2013). Notably, in addition to astrocyte-regulated glucose-sensing, there is
emerging evidence indicating a similar role for tanycytes, the glial-like cells that line the third ventricle
(Cortes-Campos et al., 2011; Frayling et al., 2011). An explicit connection between hypothalamic

tanycytes, POMC neuron glucose-sensing and brown fat thermogenesis is yet to be established.
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It is also appropriate to consider drivers of meal-related thermogenesis in brown fat that
circumvent neuronal signalling in the hypothalamus. For example, the chemo-detection of nutrients in
the gut has been suggested to lead to cholecystokinin-mediated activation of vagal nerves which in turn
promote BAT-directed SNA and thermogenesis (Blouet & Schwartz, 2012; Yamazaki et al., 2019).
Alternatively, there are also suggestions of peripherally-active hormones that bypass the SNS entirely
and signal directly through the brown adipocyte. Most notably of which is the hormone secretin, plasma
levels of which rise postprandially and have been demonstrated to have capacity to promote
thermogenic gene transcription in vitro or thermogenesis in vivo (Li et al., 2018). Clearly, there is a long
road ahead by way of a complete deconstruction of what is, ostensibly, a multi-factorially-regulated

physiological process.
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6.3 A unified perspective: POMC-regulated postprandial thermogenesis in BAT

The findings presented in this thesis permit the tentative description of a discrete POMC neural
circuit linking glucose-sensing in the hypothalamus with BAT thermogenesis, including a putative role
for MBH astrocytes in the contribution to glucose-induced activation of POMC neurons. A synthesis of
the key findings of this thesis are presented in Figure 6.1, in what could be considered a working

hypothesis of the integrated schema of POMC-regulated BAT thermogenesis in the postprandial state.
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Figure 6.1 | Integrated schema of glucose-regulated astrocyte-POMC-brown fat connection

Meal consumption (1) leads to increased circulating levels of the nutrient, glucose (2). Glucose is taken
up by astrocytes and metabolised into ATP (3). Astrocytes then release ATP which is degraded
extracellularly (not shown) to increase extracellular fluid concentrations of adenosine (4). Adenosine
binds to A1R expressed by POMC neurons (5), which leads to depolarisation and increased neuronal
activity (6). POMC neurons in the ARC project to the PVN, LHA and DMH while POMC neurons in the
RCA project directly to the IML; increased melanocortin signalling ultimately leads to increased BAT-
directed sympathetic nerve activity and hence BAT thermogenesis (7).
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6.4 Concluding remarks

It has been over a decade since the therapeutic prospects for brown fat underwent its (most
recent) “renaissance” spurred by evolving metabolic imaging technologies, and now four decades since
Rothwell and Stock (1979) made their pivotal observations of diet-induced thermogenesis in rodents.
The fat-igniting capacity of brown fat has the potential to correct the health and economic burden that
is posed by escalating levels of obesity. However, despite extensive research, its touted metabolic
benefits are yet to be realised in the current clinical context. What we are in search of, then, is a

paradigm shift in the way brown fat thermogenesis is activated.

In this vein, there are essentially two feasible strategies: 1) to expand the reservoir of brown or
brown-like fat through a process known as “beiging”, which has not been explored by this thesis, or 2)
to consider the best methods by which to activate recruitable brown (or brown-like) fat. In this respect,
cold exposure has been harnessed as the primary means to capture maximal brown fat activity, and
indeed, this has led to promising clinical data that (at least) supports improvements in glycaemic control.
However, perhaps the greatest potential lies within the exploitation of diet-induced thermogenesis by
interrogating the differential effect of nutrients acting in the brain to promote thermogenic outcomes;

because, at the end of the day, nobody wants to be “left out in the cold”.

The metabolic physiologist Abdul G. Dulloo referred to the quote “Life is a combustion” from
Lavoisier, the 18™ century chemist and father of the notion of oxygen combustion, with the following
commentary: “we must simulate the appropriate dietary conditions under which DIT is recruited in order
to understand the physiological and molecular mechanisms that enable the fire of life to burn brighter
in some than in others" (Dulloo, 2002). The findings presented in this thesis highlights the activity of

hypothalamic POMC neuron activity as one such mechanism.
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