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Behavioural adaptations to environmental threats are crucial for surviva
necessitate rapid deployment of energy reserves®>. The amygdala coordinates

I"2and

behavioural adaptations to threats®, but little is known about its involvement in
underpinning metabolic adaptations. Here we show that acute stress activates medial
amygdala (MeA) neurons that innervate the ventromedial hypothalamus (MeA"™"
neurons), which precipitates hyperglycaemia and hypophagia. The glycaemic actions
of MeA™*" neurons occur independently of adrenal or pancreatic glucoregulatory
hormones. Using whole-body virus tracing, we identify a polysynaptic connection
from MeA to the liver that promotes the rapid synthesis of glucose by hepatic
gluconeogenesis. Repeated stress exposure disrupts MeA control of blood glucose,
resulting in diabetes-like dysregulation of glucose homeostasis. Our findings reveal
anamygdala-liver axis that regulates rapid glycaemic adaptations to stress and links
recurrent stress to metabolic dysfunction.

When ananimal encounters a threatin the environment or other stress-
ful stimuli, it must rapidly mobilize energy stores to support appropri-
ate defensive behaviours, such as escape, darting or freezing'% Rapid
energy mobilization fuels cardiovascular and muscular responses to
stress and supports the increased allocation of cognitive resources
necessary to process threat-relevant contextual information®>. In
parallel, behavioural repertoires that could compete with defensive
strategies, such as foraging and eating’, must be suppressed. Glycae-
mic responses to stress are correlated with fight-flight behaviours?,
and glucose infusions elicit stress-like enhancements of cardiac out-
put and blood pressure®, in addition to facilitating the encoding of
spatial memories' . These threat-induced metabolic adaptations
are highly conserved across species, suggesting that they provide a
strong evolutionary advantage™. Despite their biological importance,
surprisingly little is known about the brain circuits that orchestrate
adaptive hyperglycaemic and hypophagic responses to acute stress”.

Here weidentify anovel amygdalar-hypothalamic-liver axis that reg-
ulates rapid metabolic adaptations to acute stress viamechanisms that
areindependent of the classical adrenomedullary and hypothalamic-
pituitary-adrenal (HPA) stress systems. We demonstrate that recurrent
stress disrupts amygdala-liver circuit activity to drive stress-related
metabolic abnormalities, thereby linking chronic stress to metabolic
disorders such as type 2 diabetes (T2D).

Acute stress rapidly changes metabolism

To investigate the central mechanisms of stress-related metabolic
adaptations, we first identified acute stressors that increased blood

glucose levels and suppressed appetite in C57BIl/6 mice. Acute restraint
stressrapidly increased blood glucose levels and impaired glucose tol-
erance inmice that were food-restricted for 6 h before testing (Fig.1a,b,
Extended Data Fig. 1a,b and Supplementary Fig. 1h). Restraint stress
also raised plasma corticosterone (Fig. 1c), consistent with HPA axis
activation. Plasma adrenaline, glucagon and glycerol levels were also
increased by restraint stress (Extended DataFig. 1d,e,g), consistent with
activation of the adrenomedullary stress system to drive sympathetic
input to the adrenal glands, pancreas and adipose tissue. By contrast,
plasma insulin and noradrenaline levels were unaltered by restraint
stressinthese mice (Extended DataFig. 1c,f). Food restriction is known
to elicit stress-like metabolic adaptations, including lowered plasma
insulin levels and elevated hepatic glucose production'®. Therefore, we
also assessed metabolic responsestorestraint stress in fully fed mice.
Acute restraint stress increased blood glucose, plasma glucagon and
corticosteronelevels, and reduced plasmainsulinlevelsin the fully fed
mice (Supplementary Fig.1a-d). Restraint stress also increased hepatic
expression of glucose-6-phosphatase (Gépc) without effects on phos-
phoenolpyruvate carboxykinase (PckI) or liver glycogen content in fed
mice (Fig.1d and Extended Data Fig. 1h), consistent with stress-induced
increases in the capacity of the liver to produce glucose. Social stress
triggered by exposing mice to the odour of a conspecific malein a
territorialized cage similarly increased blood glucose and impaired
glucose tolerance (Extended Data Fig. li-k and Supplementary Fig. 1I).
Territorialized cage stress increased plasma corticosterone and
resulted in non-significantincreasesin liver G6pc and Pckl expression
and unaltered plasma adrenaline, pancreatic hormones and glycerol
(Extended DataFig.1l-r,t). Territorialized cage stress also suppressed
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Fig.1|Stressactivation of MeA neurons toregulate glucose. a, Schematic
oftherestraint stress condition. Created with BioRender (https://biorender.
com/1ikn9ci). b, Blood glucose before and after no stress (control) ora30 min
restraintstress. ¢, Plasma corticosterone with (red) and without (grey) 30 min
of restraintstress. d, Relative fold change in liver G6pc and PckI gene expression
with (red) and without (grey) exposure to a30 minrestraint stressin sated
mice. e, FOS expressionin MeA at-1.58 mm frombregmain controland 30 min
restrained mice. MeApd, posterior dorsal MeA; MeApv, posterior ventral MeA.
Scalebar,200 pm. f, Number of FOS’ cellsinanterior (-1.06 mmto -1.34 mm
frombregma) and posterior (-1.34 to -2.06 mm from bregma) MeA with (red)
and without (grey) 30 min of restraint stress. g, Schematic of fibre photometry
experiment (top) and image of GCaMP8s expression and fibre placement
(bottom).Scale bar,200 pm. ot, optictract. h, z-score of GCaMP8s signal

food intake (Extended Data Fig. 1s). Even brief (5 min) restraint or
territorialized cage stress was sufficient to increase blood glucose
and plasma corticosterone levels (Supplementary Fig. le-g,i-k),
consistent with the rapid mobilization of the glucoregulatory mecha-
nisms that drive metabolic adaptationsto physical and social stressors.

Stress activates MeA neurons

Social stimuli are known to modify the activity of MeA neurons", and
threat-related external and internal sensory signals converge in the
MeA®2°, MeA neurons send inputs to stress-relevant brain regions
that regulate endocrine, autonomic and metabolic processes, includ-
ing hypothalamic nuclei” and the bed nucleus of the stria terminalis®
(BNST). Thus, we hypothesized that MeA neurons participate in meta-
bolic adaptations to acute stress. Restraint stress increased the num-
bers of FOS immunoreactive (FOS*) cells in the anterior and posterior
domains, as well as the dorsal and ventral regions, of the MeA, com-
pared with unstressed control mice, and compared with stress-induced
FOS™ cells in the adjacent basolateral amygdala (BLA) and central
amygdala (CEA) nuclei (Fig. 1e,f and Extended Data Fig. 2a-c). Using
photometry-basedin vivo calciumimaging, we found that neural activity
was rapidly increased in the MeA during the ‘capture period’, the 20-s
period beforerestraint when the investigator was reaching to manually
restrainand then place the mousein the restraint tube for 5 minor30 min
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Time after CNO injection (min) Time after CNO injection (min)

(bottom) and blood glucose (top) before, during and after 30 min of restraint
stressin MeA. Bars along the top indicate capture (pink), restraint (red) and
release (grey).i, GCaMP8s z-score aligned to start of the capture period. j, Mean
GCaMP8s z-score for 5 minbaseline, 30 s capture, 30 minrestraintand 5 min
release periods. k, Schematic of MeA chemogenetic activationand MeA
expression of hSyn-hM3DGq-mCherry.l,m, Blood glucose in mice treated as
depictedink, with CNO (3 mg kg™, intraperitoneal injection) and fasted for 6 h,
without (I) and with (m) metyrapone pretreatmentat —60 minrelative to CNO
injection. n,0, Plasma corticosterone (n) and insulin (0) inmice treated as
depictedink, with CNO (3 mg kg™, intraperitoneal injection) and fasted for

6 h.Dataare mean *s.e.m. Individual data points representindividual mice.
Sample size and statistical analysesin Supplementary Data Table 1.

of restraint stress (Fig. 1g—j and Supplementary Fig. 2a-c). MeA activity
was suppressed during periods of immobilization in restrained mice
but returned to baseline levels when mice were released from immo-
bilization (Fig. 1g-j and Supplementary Fig. 2a-c). Exposing mice to
conspecificodourinaterritorialized cage for 5 min or 30 mininduceda
rapidincreasein MeA activity with agradual returnto baseline (Extended
Data Fig. 2d-f and Supplementary Fig. 2d-f). Notably, restraint and
territorialized cage stress-induced increases in MeA activity occurred
beforeincreases in blood glucose levels (Fig. 1h, Extended Data Fig. 2d
and Supplementary Fig. 2a,d). Similarly, MeA activity was significantly
increased by a physical stressor, footshock, and a visual stressor, the
approach of a ‘robobug?, both of which significantly increased blood
glucose (Supplementary Fig. 2g-1). By contrast, MeA activity was not
significantly altered in anovel clean cage and was unrelated to changes
inlocomotor activity in unstressed conditions, suggesting that MeA
neurons do not encode movement per se (Supplementary Fig. 2m-r).
These datasuggest that neural activity in the MeA is engaged when mice
seek to evade or escape threatening stimuliand coincides with the rapid
mobilization of energy reserves to support these adaptive behaviours.

MeA neurons regulate glucose and feeding

Next, we used chemogenetics to investigate MeA involvement in meta-
bolic adaptations to stress. We delivered an adeno-associated virus
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expressing the excitatory hM3DGq (AAV-hSyn-hM3DGq-mCherry)
DREADD (designer receptors exclusively activated by designer
drugs) or a control virus (AAV-hSyn-mCherry) into the MeA of mice
(Fig.1k). Clozapine-N-oxide injection (CNO, 3 mg kg™, intraperitoneal
injection) significantly increased blood glucose levels in unstressed
DREADD-expressing, but not mCherry-expressing, control mice
(Fig. 11). Analysis of sex-specific pancreatic hormone responses
revealed significantly increased plasmainsulinin DREADD-expressing
male mice at 90 min, but not in control mice, and suppressed plasma
glucagonin DREADD-expressing female mice compared with baseline
(Fig.loand Extended Data Fig. 21-n). Considering that MeA activity was
increased by physical, social and visual stressors, we were surprised to
find that DREADD-mediated stimulation of MeA neurons increased
blood glucose levels without significant differencesin plasmaadrena-
line (Extended DataFig. 2h) or plasma corticosterone (Fig. 1n) between
hM3DGq and control groups. Indeed, chemogenetic stimulation of
MeA neurons significantly increased blood glucose even in the pres-
ence of the corticosterone synthesisinhibitor metyrapone (50 mg kg™,
subcutaneousinjection) (Fig.1m) at a dose sufficient to bluntrestraint
stress-induced increases in blood glucose and block stress-induced
increasesin plasma corticosterone (Supplementary Fig. 3k,1). This sug-
gests that MeA neurons precipitated increases inblood glucose levels
without recruiting stress-related glucoregulatory hormones fromthe
adrenal cortex or pancreas controlled by the HPA and adrenomedullary
stress systems. DREADD activation of MeA neurons in mice exposed
torestraintor territorialized cage stress or a glucose challenge did not
further enhance the glucose response (Supplementary Fig. 3c-j). In
additiontoincreasing blood glucose levels, DREADD-mediated stimula-
tion of the MeA induced transient stress-like suppression of food intake
forthefirst1h (standardlaboratory chow) infood-deprived mice that
had been fasted overnight (Extended Data Fig. 2k). MeA stimulation
similarly suppressed reward-driven consumption of palatable food in
fully fed mice for 2 h (Supplementary Fig. 3b). By contrast, MeA activa-
tionhad no effect on fear or anxiety-related defensive behavioursinan
elevated plus maze, light-dark box or open field apparatus (Extended
Data Fig. 2j). This suggests that MeA activation drives stress-induced
changesin metabolism and energy homeostasis independent of anxi-
ety and fear responses.

To probe the relationship between MeA neural activity and meta-
bolic responses with greater temporal resolution, we examined the
effects of optogenetic MeA stimulation on blood glucose. We injected
anadeno-associated virus (AAV) expressing the excitatory opsin ChR2
(AAV-hSyn-hChR2(H134R)) or a control virus (AAV-hSyn-eGFP) into the
MeA and implanted an optical fibre immediately above the injection
site. Optogenetic MeA stimulation (470 nm, 20 Hz) for 5 min and 15 min
significantly increased blood glucose at the end of the stimulation
period compared with baseline in unstressed ChR2-expressing mice,
but notin control mice (Extended Data Fig. 20—q and Supplementary
Fig.3n,0). Optogeneticactivation did not significantly increase blood
glucose in stressed mice or in combination with a glucose challenge
(Supplementary Fig. 3p-y). In keeping with DREADD stimulation,
optogenetic MeA stimulation (15 min) also induced acute suppres-
sion of food intake in food-deprived mice during stimulation (Sup-
plementaryFig. 3z). Together, these data suggest that MeA neurons are
activated by acute stressors to drive metabolic adaptations to stress.

MeA circuit responses to stress

We nextinvestigated the circuit-level mechanisms by which MeA neu-
rons elevate blood glucose levels and suppress appetite. Injection of
mCherry-tagged synaptophysin (a synaptically localized protein)
into the MeA revealed dense mCherry-expressing axon terminals in
hypothalamicregions thatare known to regulate metabolism, includ-
ing the medial preoptic area, lateral hypothalamus and ventromedial
hypothalamus (VMH) (Fig. 2a,b). We also detected mCherry-expressing

terminals in the BNST, acomponent of the extended amygdala that is
known to regulate physiological and behavioural adaptations to stress*
(Fig. 2a,b). Since circuits involving the VMH and BNST contribute to
glucose regulation®* and are engaged by stressful stimuli**?, we inves-
tigated whether the MeA neurons that project to the VMH (MeA"™" neu-
rons) and/or BNST (MeA®™" neurons) regulate metabolic adaptations to
stress. First, we determined whether the same populations of MeA neu-
rons project toboth VMH and BNST. We injected aretrograde-travelling
AAV expressing red fluorescent protein (AAVretro-RFP) into the BNST
and an AAVretro expressing green fluorescent protein (AAVretro-GFP)
into the VMH (Fig. 2c). We found that less than 12% of labelled neurons
co-expressed both RFP and GFP (Fig. 2d,e). This suggests that largely
non-overlapping populations of MeA neurons project to VMH or BNST.
Next, we used FOS immunolabelling combined with AAVretro tracing
to determine whether MeA"™" or MeAP™" neurons are activated by
restraint stress that increases blood glucose levels. Restraint stress
increased numbers of FOS* MeA™" neurons by around twofold without
increasing numbers of FOS* MeA®™ " neurons (Fig. 2f,g). This suggests
thatacute restraintstress preferentially increases the activity of MeA"™"
neurons.

To extend these studies and determine the time course of neural
activity in these circuits, we used fibre photometry in vivo calcium
imaging in MeA"" and MeA®™T projection circuits with MeA delivery
of axon-targeted GCaMP (AAV-hSyn-axon-jGCaMP8s-P2A-mRuby3)
and fibre placement over the VMH (Fig. 2h) or BNST (Fig. 2I). We found
that neural activity was significantly increased in MeA"™" projection
neurons in the capture period immediately before 5 min and 30 min
of restraint stress (Fig. 2i-k and Supplementary Fig. 4a-e). Activity in
MeA"™" projection neuronsalso increased with 5 minand 30 min of ter-
ritorialized cage stress (Extended Data Fig. 3a-d and Supplementary
Fig. 4f-h), with footshock and with the robobug approach (Supple-
mentary Fig.4m-p), but not with exposure to anovel clean cage (Sup-
plementary Fig. 4i-1). Stress-induced increases in MeA"™" projection
neuron activity preceded increases in systemic glucose in mice with
continuous glucose monitoring (Extended DataFig. 3e,f). By contrast,
while MeAB™NT projection neuron activity significantly increased with
5minand30 minterritorialized cage exposure (Extended Data Fig. 3g-j
and Supplementary Fig. 4v-x), activity was not significantly increased
before, during or after 5 min or 30 min of restraint stress (Fig. 2m-o
and Supplementary Fig. 4q-u), with footshock or with the robobug
approach (Supplementary Fig. 4ac-af), or with an exposure to anovel
clean cage (Supplementary Fig. 4y-ab).

Diverse MeA neuronsinnervate the VMH

We sought to identify the MeA neurons that project to the VMH and
regulate stress-induced hyperglycaemia. We applied spatial transcrip-
tomics (Xenium, 10X Genomics) to characterize the expression of a
library of 359 genes with non-neuronal and neuronal cell-type markers,
including known MeA-expressed genes? (Supplementary Data Table 2,
S1), to define the genetic phenotypes of MeA"™" neurons with single-cell
resolution. Coronal slices containing the MeA (-0.7 mmto -2.06 mm
from bregma) were prepared from C57BI/6 mice with VMH injections
of AAVretro-hSyn-mCherry to fluorescently tag VMH-projecting MeA
neurons. We profiled a total of 21,607 cells mapping to the MeA from
six biological replicates (Supplementary Data Table 2, S2 and S3).
Unsupervised clustering identified 15 discrete groups of cells on the
basis of their transcriptional profiles, revealing major non-neuronal
and neuronal cell populations within the MeA (Fig. 3a and Extended
DataFig.4a). Genetranscripts considered to be markers of distinct cell
types showed spatially variable expression in keeping with the cellular
anatomy of the MeA (Fig. 3b). We next examined the neural populations
mapping to the MeA (12,512 neurons) in more detail. MeA neurons
werere-clustered, yielding a set of 20 neural clusters with distinct spa-
tial distributions (Fig. 3¢, Extended Data Fig. 4h and Supplementary
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Fig.2|Acuterestraintstressactivates MeA>VMH neurons but not MeA>BNST
neurons. a,b, Quantification (a) and imaging (b) of mCherry-labelled
synaptophysinwith anterograde tracing from MeA neurons. Scalebars, 100 pm.
c,Schematic of dualretrograde tracing with injection of AAVretro-RFP and
AAVretro-GFPinto BNST and VMH, respectively.d, RFP (BNST-projecting
neurons) and GFP (VMH-projecting neurons) expressionin MeA, with
colocalizationshown inwhite. Scalebar,200 um. e, Quantification of BNST-
projectingand VMH-projecting MeA neurons. f, Number of FOS* cellsin VMH-
projecting and BNST-projecting MeA neurons with and without (control)

30 min of restraint stress. g, Colocalization of FOS expression with GFP-labelled
VMH-projecting MeA neurons (white arrows). Scale bar, 100 um. h, Schematic
of fibre photometry experiment (right) and axonal GCaMP8s expression and
VMH fibre placement (left). 3V, third ventricle. Scale bar, 200 pm. i, GCaMP8s

Data Table 2, S4). A single major population of Vgat (also known as
Slc32al)-expressing GABAergic (y-aminobutyric acid-expressing) neu-
rons was resolved in uniform manifold approximation and projection
(UMAP) space, whereas three populations of glutamatergic neurons
were resolved on the basis of exclusive expression of Vgluti (also known
asSlc17a7) or Vglut2 (also known as Slc17a6) or co-expression of both
genes (Vglutl/2+) (Fig. 3d and Extended Data Fig. 4b-f). These neural
populations were topographically organized in the MeA, with GABA-
ergic neurons distributed mainly along the length of the dorsal MeA,
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z-scoreinMeA"M" axons before, during and after 30 min of restraint. Shade bars
indicate capture (pink), restraint (red) and release (grey).j, GCaMP8s z-score
inMeA~>VMH axons aligned to start of the capture period. k, Mean GCaMP8s
z-score inMeA~>VMH axons for 5 min baseline, 30 s capture, 30 min restraint
and S minrelease periods. 1, Schematic of fibre photometry (right) and axonal
GCaMP8s expressionand BNST fibre placement (left). ac, anterior commissure.
Scale bar,200 pm. m, GCaMP8s z-scorein MeA~>BNST axons before, during and
after 30 min of restraint. Bars at the top indicate capture (pink), restraint (red)
andrelease (grey).n, GCaMP8s z-scorein MeA>BNST axons aligned to start of
the capture period. 0, Mean GCaMP8s z-score in MeA->BNST axons for 5 min
baseline,30 s capture, 30 minrestraintand 5 minrelease periods. Dataare
mean +s.e.m.Individual data points representindividual mice. Sample size
and statistical analysis in Supplementary Data Table1.

and excitatory neuronal populations concentrated in the ventral MeA,
with Vglut2 expression mainly in the anterior MeA and Vglutl in the
posterior MeA (Fig. 3e and Extended Data Fig. 4g—j). Stress-induced
FOS expression was increased across both dorsal-ventral and
anterior-posterior MeA axes (Fig. 1f and Extended Data Fig. 2b), sug-
gesting that both inhibitory and excitatory MeA neural populations
are activated by stress.

We nextregistered the Xenium images with fluorescent microscope
images of the AAVretro tagged mCherry* neurons, identifying MeA"™"



a k
7 18 3 4 @ of ol cl0 o6 o5
— NS S N I S I B [ Nouronal subtype
[N S [ [N [ Excitatory or inhibitory
. . mCherry” cell fraction
I N N N N N S N U [ mCherry expression
Pdel1a | H = .
o sl ]
b Cd24a | |
3 R - E-R
° ez
& Tacr3 - | |
Arhgap6 ||
Nip2 E - = =
3 Penk - .
. 9 - i Neuronal subtype Dner m m
Microglia 3 ~w@ “ 20 W GABA Cntn6 [ |
R <o W Vgluti Wis1 m . - [r—
. Loy 17 Vglut1/2 Tmem255a m
%, and & 4 W Volut2 Calb1 ||
- - 3 Excitate inhibit ol [ m - . m
. . Xcitatory or inhibitory Sck2
UMAP1 16 H Excitatory Tacrl I ||
21,607 cells UMAP1 M Inhibitory Tox . ||
12,512 cells . Rasgri2
d mCherry” neurons mCherry” cell fraction Cdh13 x [ | [ ]
0.08 Cacnazd1 [l
- 0.06 Ephat |
0.04 Banf ]
» . Cdh9 [ |
0.02 Unc13c - W |
0 Hpcal1 Lex [ |
mCherry expression 3’02,%2?13 *k . - - =
B mCherry, Noist4 . || || .
mCherry’ Nxphd [ | |
Adcyap1 *»
Mean z-score Tmem163 * - | -
- Dpy19/1 »
04 c;;vnej | - = . .
im
02 2010300Co2Rik [l .
Cbin1 -
o 0 Nrgn [l -
S 02 Necab2
3 H . Vat1/ H .
UMAP1 UMAP1 -0.4 st =
12,512 cells 305cels  HUGE Kenmal . |
W Compelling Itpr1 | . . [ |
h i i M Very strong Bhihe40 -
g Ventromedial H Strong Acsbg1 . . =
hypothalamus & Moderate Grint .
. 200 = F 7 Anecdotal Ubls |
o S _ Slc17a6 . Bl | -
3 g e B Adamts2 [l -
A E S — ° Nos1 [ | .
g £ 3 5 “FDR < 0.1 o} Th || || u
2 59 =3 “FDR < 0.01 Sorcs3 Il ||
Q c 2 £ Gabrq - . |
E Vglut1/2 5 o 150 Rmst I .
5 o § 8 Gor17 ] |
§ > £ S Mdgat -
< s g 5] AAV-mCherry Gek | -
g ER — AAV-CaMKIIA R °
g i< SRR RS R TR R RSN EEEEEE -
a S = AAV-DLX 5 G 55 50 E

Glut GABA 0

30 60 90
Time (min)

Fig.3|Geneexpressionin VMH-projecting MeA neurons. a, UMAP plot of
allMeA cellsidentified by spatial transcriptomics with clusters and cell types.
b, Representative brainslice (top) and MeAregion of interest (bottom) with
spatial locations of cells profiled by spatial transcriptomics. c, UMAP plot of
MeA neurons with neural cluster assignments. d, UMAP plot of GABAergic and
glutamatergic (Vgluti+, Vglut2+and Vglutl/2+) MeA neurons. e, Representative
MeAsslices showing spatial distribution of glutamatergicand GABAergic MeA
neurons, fromanterior to posterior MeA. f, Distribution of VMH-projecting
mCherry*MeA neurons shown on the UMAP plot of all MeA neurons.

g, Proportionof mCherry* neuronsin Vglutl+, Vglut2+, Vglutl/2+ and GABAergic
neural populations. h, Expression of mCherry-labelled synaptophysinin the
VMH withanterograde tracing from MeA glutamatergic (top) or GABAergic
(bottom) neurons. Scale bar,200 pm. i, Proportion of mCherry-synaptophysin
expressing projections toindicated downstreamsites after tracing from

projection neurons, and nuclei (labelled with DAPI). This resolved 305
mCherry* neurons distributed along the length of the MeA, with glu-
tamatergic neurons accounting for 74% of these cells (Fig. 3f,g and
Extended Data Fig. 4k,1). The highest proportion of mCherry” MeA
neurons were present in clusters 3 and 4 (Vglut2+), 7 (Vglutl+), 18
(Vglut1/2+) and 11 (GABAergic) (Extended Data Fig. 4l and Supplemen-
tary Data Table 2, S5). Notably, mCherry* MeA neurons were enriched
in several gene transcripts relative to mCherry neurons (Extended
Data Fig. 4m and Supplementary Data Table 2, S6 and S7). Allelic vari-
ation in many of these MeA"™-enriched genes is associated with meta-
bolic processes, including blood glucose, T2D and body weight, as
revealed by their Human Genetic Evidence score® (https://hugeamp.
org/) (Fig. 3k). To validate these transcriptomic data, we injected
Cre-dependent synaptophysin-mCherry into the MeA of Vglut2-cre
and Vgat-cre mice. We detected mCherry-expressing axon terminals
inthe VMH region of both Vglut2-cre mice and Vgat-cre mice (Fig. 3h,i),
consistent with both MeA glutamatergic and GABAergic neurons
innervating the VMH. Accordingly, chemogenetic activation of MeA
glutamatergic and GABAergic neurons (using AAV-CamK2a-hM3DGg-
mCherry and AAV-hDIx-GqDREADD-dTomato-Fishell-4, respectively)

Fasting insulin

Type 2 diabetes
Glycaemic measures

Fasting/sated glucose
Body mass index
Weight measures

glutamatergic (Glut), GABAergic (GABA) and all MeA neurons. j, Blood glucose
in CNO-treated mice with MeA expression of CamK2a-hM3DGq (red),
DIx-hM3DGq (blue) or hSyn-mCherry (control, grey). k, Left, heat map of
differentially expressed genes (DEGs) inmCherry* versus mCherry cells for
neural clusters with more thantenmCherry* cells and at least one significant
DEG. Top, DEGsinindividual clusters. Bottom, DEGs by global comparison on
allneurons (with cluster assignment as a covariate). Genes that were significant
inbothindividual clusters and global comparison were omitted from the global
section (full lists in Supplementary Data Table 2, S12). z-scores are computed
onnormalized gene expressions within eachindividual cluster separately and
averaged for mCherry*and mCherry~ subsets. Right, heat map of scores from
the Human Genetic Evidence framework for glycaemic indices for each DEG.
Dataaremean +s.e.m.Individual data pointsrepresentindividual mice.
Samplessize and statistical analysisin Supplementary Data Table 1.

significantly increased blood glucose compared with control mice
(AAV-hSyn-mCherry) (Fig. 3j). These findings suggest that the MeAY™"
circuit is composed of mixed populations of glutamatergic and
GABAergic neurons, with activation of both excitatory and inhibitory
circuit contributing toincreases in blood glucose levels.

MeA"™" neurons regulate blood glucose

We next investigated whether manipulating MeA"™" circuit activity
modified metabolic responses to acute stress. Chemogenetic silenc-
ing of MeA"™" neurons was achieved by co-injecting AAVretro-Creinto
the VMH and AAV-DIO-hSyn-hM4DGi into the MeA of the same mice
(Fig. 4a). Silencing MeA"™" neurons with CNO (3 mg kg™) blunted the
hyperglycaemicresponses elicited by 30 min of restraint and territori-
alized cage stress (Fig. 4b and Extended Data Fig. 5b) and reduced the
glucoseincrease with 5 min of restraint and territorialized cage stress
(Supplementary Fig. 5g-0). By contrast, stress-induced increases in
corticosterone, adrenaline and glucagon were unaltered by inactiva-
tion of MeA"™" neurons (Extended Data Fig. 5d,f,g). Plasmainsulin and
noradrenaline levels were not significantly different between groups
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(Extended Data Fig. 5e and Supplementary Fig. 5k). Silencing MeA"™"
neurons did not alter plasma glucose in unstressed mice that were
fasted for 6 h (Extended Data Fig. 5c and Supplementary Fig. 5f) or
blood glucose responses in a glucose tolerance test (GTT) or insulin
tolerance test (Supplementary Fig. 5p-r). Silencing MeA"™" neurons

also had no effect onfoodintake in fasted mice or anxiety-like behaviour
inan open field apparatus (Supplementary Fig. 5s—u). Mice express-
ing MeA™" constructs exhibited stress-induced increases in glucose,
corticosterone and adrenaline resembling those in mice without AAV
injection (Supplementary Fig. 5c-e).
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Fig.4|MeA neurons projecting to VMH regulate blood glucose. a, Schema
forchemogeneticsilencing of the MeA-VMH circuit. b, Blood glucose in CNO-
injected mice before and after 30 min of restraint stress following MeA-VMH
silencing (MeA"™"-Gi) as depicted ina.c, Schema for chemogenetic activation
of the MeA-VMH circuit.d,e, Blood glucose during GTT (2 mg kg™) in CNO-
injected mice without (d) and with (e) metyrapone pretreatment (at —60 min)
following MeA-VMH activation (MeA"""-Gq) as depicted in c.f, Schematic for
tracing MeA-liver circuits. Created with BioRender (https://BioRender.com/
zfclzkn). g, MeA-connected VMH neurons express Tdtom and liver-connected
VMH neurons express GFP. Arrows mark colocalization. h,i, Imaging (h) and
quantification (i) of FOS" neurons amonglocus coeruleus TH* neurons in CNO-
injected mice treated as depictedinf.j, Schema of sympathetic circuit to liver
viacoeliac ganglia. Created with BioRender (https://BioRender.com/zfclzkn).
k-m, Imaging (k) and quantification of FOS" cells (I) and TH intensity (m) in TH*
coeliacganglianeuronsin CNO-injected mice treated as depictedinj.n, Blood

glucose during pyruvate tolerance testing (2 mg kg™) in CNO-injected mice
treated asdepictedinj. o, Hepatic gluconeogenic gene expressionin CNO-
injected mice treated as depictedinj. Glut2is also known as Sic2a2. p, Hepatic
gluconeogenic protein levelsin CNO-injected mice treated as depicted inj.

q, Schema for optogeneticactivation of the MeA-VMH circuit.r,s, Blood glucose
changes with 5min (r) or 15 min (s) optogenetic stimulation in mice transduced
inMeA with hSyn-hChR2(H134R) (MeA"™" ChR2) or hSyn-eGFP (control).

t, Blood glucose changes during pyruvate tolerance testing (2 mg kg™) with

15 min optogenetic stimulation in mice transduced in MeA with hSyn-
hChR2(H134R) (MeA"™" ChR2, red) or hSyn-eGFP (control, grey). u, Enriched
M2 gluconeogenic metabolites during[2,3-*C]pyruvate tolerance testing
with 15 minoptogenetic stimulationin mice transduced in MeA with hSyn-
hChR2(H134R) (MeA"™" ChR2) or hSyn-eGFP (control). Dataare mean + s.e.m.
Individual data pointsrepresentindividual mice. Sample size and statistical
analysisin Supplementary Data Table1.Scale bars, 100 pm.

Next, we expressed hM3DGqin MeA™" neurons (Fig. 4c) and assessed

blood glucose regulation. In mice that were fasted for 6 h, blood glu-
cose was increased by chemogenetic stimulation of MeA™" neurons
(Extended DataFig. 5iand Supplementary Fig. 6b). Plasma corticoster-
one, glucagon, adrenaline and noradrenaline levels were not altered by
MeA"M" activation, although plasma insulin was increased at 90 min,
possibly as a compensatory response to increased blood glucose
(Extended Data Fig. 5j—m and Supplementary Fig. 6j,k). Stimulating
MeA"™" neurons resulted in a persistentincrease in blood glucose levels
ina GTT test relative to control mice, with no significant difference in
the plasmainsulin responses (Fig. 4d and Supplementary Fig. 6c,h,i).
This suggests that increased activity of MeA"™" neurons delays the
recovery of blood glucose to homeostatic levels. Moreover, MeA"™" acti-
vationincreased blood glucose during GTT in the presence of the corti-
costerone synthesis inhibitor metyrapone (Fig. 4e and Supplementary
Fig. 6d). Hyperglycaemia induced by restraint or social stress (5 and
30 min) was not further increased by DREADD-mediated stimula-
tion of MeA™" neurons (Supplementary Fig. 6m-x), suggesting that
stress-induced increases in MeA activity occluded any further response
to their chemogenetic stimulation. Chemogenetically stimulating
MeA"™" neurons did not alter insulin sensitivity but increased blood
glucose levelsin hypoglycaemic mice that had been treated withinsulin
to lower their baseline glucose levels (Supplementary Fig. 61). This
suggests that MeA"™" neurons are unlikely to be involved in regulating
blood glucose homeostasis through mechanisms involving insulin
and other classical glucoregulatory hormones, butinstead contribute
to stress-induced glycaemic adaptions through an unknown mecha-
nism. Chemogenetic activation of MeA™" neurons had no effect on
food intake in fasted mice or anxiety-like behaviour (Supplementary
Fig. 6e-g), suggesting that MeA™" neurons are involved specifically
in glycaemic responses to stressful stimuli. We next used optoge-
netic stimulation to assess whether short-term activity in this circuit
could trigger similar changesinblood glucose to those observed with
longer-term chemogenetic stimulation. Optogenetic MeA"™™" stimu-
lation for 5 min and 15 min significantly increased blood glucose in
unstressed ChR2-expressing mice compared with eGFP-expressing con-
trol mice (Fig.4q-sand Supplementary Fig. 6z,aa) and increased blood
glucose after aglucose challenge (Supplementary Fig. 6ab,ac). Similar
tothe findings with chemogenetic-based stimulation, stress-induced
increasesin blood glucose were not further increased by optogenetic
stimulation (Supplementary Fig. 6ad-ak).

Toassess the circuit-level specificity of these findings, we character-
ized the effects of activating MeA®™T neurons. We found that chemo-
genetic stimulation of MeAB™" neurons had no effect on basal glucose
levels or blood glucose during a GTT (Extended Data Fig. 5n-p and
SupplementaryFig. 7c,d), plasmainsulin, glucagon, or corticosterone
levels (Extended Data Fig. 5q-tand Supplementary Fig. 7e-g), feeding
behaviour in fasted mice (Supplementary Fig. 7j), or anxiety-like behav-
iour (Supplementary Fig. 7h,i). Similarly, optogenetic stimulation for 5

or15 mindid notsignificantly alter basal glucose, glucose tolerance or
theglucoseresponsesto5 minor30 min of restraint or territorialized
cage stressors (Supplementary Fig. 7k-z). Together, these findings sug-
gest that MeA"™" neurons regulate hyperglycaemic but not hypophagic
orbehavioural adaptations tostress through amechanismindependent
of major adrenal and pancreatic glucoregulatory hormones.

A MeA-liver circuit regulates glucose

Previous studies support the central regulation of liver function®®.,
Therefore, we postulated that MeA neurons increase blood glucose
levels by ‘bypassing’ adrenal and pancreatic systems to directly stimu-
late hepatic glucose production. Such a mechanism would position
MeA neuronstorapidly increase blood glucose levels during stressful
events independent of relatively slowly acting glucoregulatory hor-
mones. To investigate this possibility, we first explored whether MeA
neurons communicate with the liver through synaptic connections.
Thus, we injected AAV1 expressing Cre recombinase into the MeA of
Ail4 reporter mice for the anterograde and transsynaptic fluorescent
tagging of downstream neurons®. In these mice, neurons in the MeA
and those that receive synaptic input from the MeA express the red
fluorescent protein tdTomato (tdTom) in response to Cre-mediated
recombination events. Weinjected pseudorabies virus (PRV) expressing
GFP (PRV-GFP) into the liver of these same mice (Fig. 4f). As PRV-GFP
travels retrogradely from the sites of injection along synaptically con-
nected neurons, this enabled us to map GFP* neurons that provide
polysynaptic inputs to the liver (Fig. 4f). We detected dual-labelled
cellsinthe VMH that co-expressed both tdTom and GFP (Fig. 4g). This
suggests that MeA"" neurons communicate with the liver vianetworks
of polysynaptic connections. We hypothesized that MeA"" neurons
signal to the liver via sympathetic efferent neurons of the autonomic
nervous system. Consistent with this possibility, DREADD-mediated
activation of MeA™" neurons increased FOS expression in tyrosine
hydroxylase (TH) expressing neurons in the locus ceruleus (Fig. 4h,i)
andin TH-positive neurons in the coeliac ganglia (Fig. 4j-1), which are
major central and peripheral hubs, respectively, of the sympathetic
efferent pathway. Inaddition, activation of MeA"™" neuronsincreased
THintensity in coeliac ganglianeurons (Fig.4m), anindication of sym-
pathetic neural activation®.

Sympathetic activity regulates hepatic glucose production by modu-
lating de novo synthesis of glucose (gluconeogenesis) and the break-
down of glycogen (glycogenolysis). Gluconeogenesis relies on the
conversion of pyruvate to oxaloacetate, and ultimately to glucose*.
Thus, gluconeogenesis can be assessed by monitoring increases in
blood glucose levels after pyruvate administration. In keeping with
MeA regulation of hepatic gluconeogenesis, chemogenetic stimula-
tion of MeA"™" neurons increased blood glucose in unstressed mice
after pyruvate administration (2 gkg™, intraperitoneal injection)
as did chemogenetic or optogenetic stimulation of MeA neurons
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(Fig. 4n, Extended Data Fig. 6a,b and Supplementary Fig. 8a-c). Next,
we assessed the effects of MeA"M" modulation on the expression of
glucose-6-phosphatase (G6Pase, encoded by Gépc (also known as
G6pcl)) and other stress-sensitive hepatic genes that regulate gluco-
neogenesis (Fig. 1d and Extended Data Fig. 1t). Activation of MeA"™"
neurons in unstressed mice increased liver expression of Foxol, a
transcriptional activator of gluconeogenic genes® and G6pc, whose
product controls the final rate-limited step in hepatic gluconeogen-
esis* (Fig.40), although we did not detect any change in protein levels
of G6Pase in unstressed mice at this time point (Fig. 4p and Supple-
mentary Fig. 8g,i-1). Stimulating MeA"™" neurons in unstressed mice
increased liver glycogen content (Extended Data Fig. 6g), suggesting
that stress-induced activation of MeA"™" neurons may increase the
overall capacity for hepatic glucose production without net glycogen
breakdown. We next assessed the effects of chemogenetically silencing
MeA"" neurons on the expression of hepatic genes that regulate glu-
coneogenesis in stressed mice. We found that silencing of MeA"™" neu-
rons did not effect pyruvate tolerance but did blunt the stress-induced
increase in hepatic G6pc gene expression, increase in expression of
theliverinsulin-responsive genes /Irs2and Igfbpl and decreasein liver
Gé6Pase and PCK1 protein levels, without effects on liver glycogen con-
tent (Extended Data Fig. 6¢-fand Supplementary Fig. 8d,h-1).

The above findings suggest that MeA"M" neurons regulate
stress-induced hyperglycaemia by a mechanism involving sympa-
thetic regulation of hepatic gluconeogenesis. To directly test this
hypothesis, we performed a modified pyruvate tolerance test using
[2,3-BC]pyruvate (2 g kg™) in mice fasted for 4 h in combination with
optogenetic stimulation of MeA"™* neurons. In keeping with chemoge-
netic modulation studies, optogenetic stimulation of MeA"™" neurons
increased blood glucose after pyruvate administration (Fig. 4t and
Supplementary Fig. 8e). Mass spectrometry analysis of liver tissue col-
lected 15 min after intraperitoneal administration of [2,3-*C]pyruvate
(Supplementary Fig. 8f) confirmed that activation of MeA"" neurons
increased incorporation of *C into the key gluconeogenic intermedi-
ates M2 citrate, M2 fumarate, M2 aspartate, M2 malicacid and M2 gluta-
mate (Fig. 4u), as well as average C enrichment of these intermediates
(Extended Data Fig. 6h). Labelled carbon was also incorporated into
M2 glycerol-3-phosphate, whichmay act as agluconeogenic substrate.
Notably, optogenetic stimulation of MeA"™" neurons increased stable
isotope labelling of glucose, which was assessed in the first two glucose
carbons in the [1,2-®C]glucose fragment, and the last three glucose
carbons in the [3-6-Clglucose fragment (Fig. 4u and Extended Data
Fig. 6i;adapted fromref.37). Together, these data indicate that MeAY™"
circuit activity enhances hepatic gluconeogenesis to increase blood
glucose.

Repeated stress blunts the MeA-liver circuit

Finally, weinvestigated whether glycaemic regulation by the MeA was
modified by repeated stress exposure. This isimportant because stress
is known to precipitate metabolic abnormalities, including T2D and
obesity*°, We first examined the effects of recurrent acute territo-
rialized cage stress on glucose homeostasis. After a baseline period
inaclean cage (5 min), mice were exposed to a conspecificodourina
territorialized cage (2 min) followed by a return to the familiar clean
cage (3 min), withthis cyclerepeated for atotal of 5 territorialized cage
exposures during a single testing session. A different territorialized
cage was used for each stress exposure to prevent habituation to the
stressor. As expected, theinitial exposureto territorialized cage stress
increased blood glucose; however, subsequent exposures had no effect
onbloodglucoselevels (Fig. 5d), though a ceiling effect could prevent
furtherincreases. This blunting of stress-induced hyperglycaemiawas
mirrored by neural activity inthe MeA, with the initial exposure robustly
increasing MeA activity while subsequent exposures were much less
effective (Extended Data Fig. 7a-c). Similarly, the activity of MeA"™"
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neurons was robustly increased during the initial exposure to territo-
rialized cage stress, but not by subsequent exposures using the same
repeated cycle (Fig. 5a-c and Extended Data Fig. 7d). MeA"™" neurons
also demonstrated blunting of activity to territorialized cage stress
whentheinterval between exposures wasincreased from5 minto every
6-12 h (Extended Data Fig. 7e-h). Their activity was similarly blunted
when mice were subjected to twice-daily restraint stress (30 min ses-
sions) over 5days, which was accompanied by attenuation of MeA FOS
expression and stress-induced hyperglycaemia (Fig. 5e,f). These find-
ings suggest that MeA™" neurons become persistently refractory to
stress after initial exposure.

We investigated the functional implications of the suppressant
effects of repeated stress exposure on MeA activity. To this end, we
bilaterally depleted MeA"™" neurons by conditionally expressing dip-
theria toxin subunit A (DTA) in these neurons (Fig. 5g), resulting ina
30% decrease in MeA neurons (Extended Data Fig. 8a). Insulin sen-
sitivity, and glucose and pyruvate tolerance did not differ between
MeA"MHPT Jesioned and control mice (Supplementary Fig. 90-q).
Similarly, plasma insulin, glucagon, corticosterone, adrenaline and
noradrenaline levels (Extended Data Fig. 8c-g) and behaviour in
the open field test (Supplementary Fig. 9¢,d) did not differ between
MeAYMHPTA [esioned and control mice. However, MeA"™"P™ .depleted
mice demonstrated blunted hyperglycaemic responses to restraint
(5min and 30 min) and territorialized cage stressors (5 min) (Fig. 5h,
Extended Data Fig. 8b and Supplementary Fig. 9e-n). This is consist-
ent with the attenuated hyperglycaemic response to stress observed
in mice after DREADD-mediated acute silencing of MeA"M" neurons.
Aschronicstress and dietary choices are closely linked*, we examined
the impact of depleted MeA"™" neurons in the context of a high-fat
diet. We observed no difference in the numbers of FOS* neuronsin the
locus ceruleus or coeliac ganglia of unstressed MeA™"P™.-depleted
mice compared with control mice on a high-fat diet, suggesting that
basal central and peripheral sympathetic activity was not significantly
altered in the lesioned mice (Supplementary Fig. 9r,s). Sympathetic
innervation of the liver acts through a,, adrenergic receptors to inhibit
glucagon-induced cAMP and glucose output** and improve glucose
tolerance in obese mice*, whereas 3, adrenergic signalling increases
liver glucose output**. We found that MeAY"P™ depleted mice had
decreased a,, adrenergic receptor expressionandincreased 3, adren-
ergicreceptor expressionin theliver (Fig.5n), whichwould be expected
toincrease liver glucose output. Accordingly, we found that MeAYMH DT
lesioned mice had higher blood glucose levels and impaired glucose
tolerancerelative to control mice when given access to a high-fat diet
(Fig. 5I,m and Supplementary Fig. 9b). Moreover, liver expression of
the gluconeogenic gene G6pc was significantly increased in MeAYMHP™
lesioned mice (Fig. 50). MeA""P™ |esioned mice with access to standard
chowalso hadincreased body weight relative to control mice, without
changes to food intake or glucoregulatory hormone levels (Fig. 5i,j
and Extended Data Fig. 8c,d,h—j). This effect on body weight was not
further exacerbated when the mice were given access to a high-fat
diet (Fig. 5k and Extended Data Fig. 8k). These findings suggest that
recurrent stress-induced deficits in the activity of MeA"™™" neurons may
increase vulnerability to metabolic abnormalities, including weight
gain and T2D-like abnormalities in blood glucose levels.

Summary

Stress elicits highly orchestrated metabolic responses that have acru-
cialrole in supporting the behavioural adaptations to stress that are
crucial for survival. The neural mechanisms that underlie stress-related
metabolic plasticity are largely unknown. Our findings identify a cru-
cial role for a population of hypothalamus-projecting MeA neurons
inregulating hyperglycaemic responses to physical and social stress-
ors. Unexpectedly, MeA neurons modulated blood glucose independ-
ent of classical adrenal and pancreatic glucoregulatory hormones.
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Fig.5|Blunted MeA>VMH neuron activation with chronic stress promotes
weight gainand hyperglycaemia.a, GCaMPS8s z-scoresinaMeA"™" axon
before, duringand after repeated 2 min territorialized cage stress (red bar).

b, GCaMP8s z-scoresin MeA"™" axons aligned to the start of each territorialized
cage exposure.c, Mean axon GCaMP8s z-score for each exposure period.

d, Blood glucose before and after each repeated 2 minterritorialized cage
stress. e, Quantification of MeA FOS" cellswith 1, 8 or 9 exposures to 30 min of
restraint stress or unstressed mice, with timeline of the chronic stress regime.
f,Blood glucose before and after the firstand last 30 min restraint sessions in

thechronicstressregime. g, Schema for chronicsilencing of the MeA-VMH
circuit. h, Blood glucose in mice treated as depicted ingwith 30 min of restraint
stress.i,j, Body weight (i) and fed blood glucose (j) in mice treated as depicted
ingonlow fat (chow) diet (LFD). k-m, Body weight (k), fed blood glucose (I) and
blood glucose during GTT (m) in mice treated as depicted ing on high-fat diet
(HFD).n,0, Relative expression of adrenergic receptor (n) and gluconeogenic (o)
genesinmice treated asdepicteding, onahigh-fatdiet. Dataare mean +s.e.m.
Individual data points represent individual mice. Sample size and statistical
analysisin Supplementary Data Table1.
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Methods

Animals

Mice (8-40 weeks old) were housed under controlled light conditions
(12 h light/12 h dark) and temperature (22 °C) and fed ad libitum on
standard mouse chow. Mice wererandomized to treatmentgroup onthe
basis of body weight. Unless noted otherwise, all mice were male. Mice
were group housed except for studies for food intake measurements.
Mice used were: B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J,
with Cre-dependent tdTomato (Ail4;Jax 007914)*, Vglut2-IRES-cre
(Slc17a6'™m2€rtowl/)y (Jax 016963)*; Vigat-IRES-cre (Slc32a1™crotowt/y)
(Jax 028862)* and C57BL/6 ] (Jax 000664). All mice were housed in
atemperature-controlled environment (20-22 °C, 50-60% humid-
ity) with 12 h of light per day at the Center for Comparative Medicine
and Surgery (CCMS) at Icahn School of Medicine at Mount Sinai (New
York, NY, USA). Animal care and experimental procedures were per-
formed with the approval of the Animal Care and Use Committee of
Icahn School of Medicine at Mount Sinai under established guidelines.

General surgical procedures
All surgeries were performed under aseptic conditions. Mice were
anaesthetized using 2% isoflurane and the top of the head was shaved
then cleaned with 70% ethanol. Ophthalmic ointment was applied to
the eyes and subcutaneousinjections of buprenorphine (0.05 mg kg™)
were given to each mouse prior to surgery. An incision was made on
the midline and small craniotomies were made using a dental drill.
Thirty-three gauge syringe needles (Hamilton) were used to unilater-
ally orbilaterally infuse virus into the brainatarate of 0.1 pl min™. The
following volumes and coordinates were used: MeA, 0.3-0.5 pl, 1.4 mm
posterior, 2.5 mm lateral (2.55 mmif mouse body weight >25 g,2.6 mm
ifmouse body weight >30 g), and 5.35 mm ventral from bregma; VMH,
0.3 pl, 1.2 mm posterior, 0.23 mm lateral, and 5.6 mm ventral from
bregma; BNST, 0.3 pul, 0.2 mm anterior, 0.85 mm lateral, and 4.3 mm
ventral from bregma. Viral expression was confirmed after euthanasia
using a fluorescent Zeiss Axio Observer Z.1 microscope to visualize
fluorophores and confirm targeting. Mice with misplaced injections
or without virus expression were not included in the analysis.
Transneuronal circuit analysis was performed using PRV express-
ing enhanced green fluorescent protein (GFP) (PRV152). PRV-GFP was
injected into the liver of Ail4 mice via a Hamilton syringe (5% 100 nl,
3.96 x 10° pfu ml™). Seven days after the PRV-GFP injections, mice were
euthanized via perfusion and brains dissected and sectioned to visual-
ize PRV-GFP expression.

Viral vectors

We used the following viruses: AAV8-hSyn-hM3D(Gq)-mCherry
(gift from B. Roth, Addgene viral prep #50474-AAVS8; RRID:
Addgene_50474); AAV8.2-synapsin-mCherry (Virovek); AAV8.2-hE
Fla-synaptophysin-mCherry (Massachusetts General Hospital Gene
Delivery Technology Core, AAV-RN8, RRID:SCR_012544); AAV9-hSyn-
FLEX-mGFP-2A-Synaptophysin-mRuby (Addgene viral prep
#71760); AAV/retro-RFP (gift from K. Deisseroth, Addgene viral prep
#114472-AAVrg, RRID:Addgene_114472); AAV/retro-GFP (gift from
B. Roth, Addgene viral prep #50465-AAVrg, RRID:Addgene_50465);
AAV2/retro-CAG-Cre-WPRE (Boston Children’s Hospital Viral Core);
AAV8-hSyn-DIO-hM3D(Gq)-mCherry (gift from B. Roth, Addgene viral
prep #44361-AAVS; RRID:Addgene_44361); AAV8-hSyn-DIO-mCherry
(gift from B. Roth, Addgene viral prep #50459-AAVS8; RRID:Addgene_
50459); AAV8-EF1a-mCherry-flex-dtA (Canadian Neurophotonics Plat-
form Viral Vector Core Facility, RRID:SCR_016477)*’; AAV1-hSyn-Cre
(gift from J. M. Wilson, Addgene viral prep #105553-AAV1, RRID:
Addgene_105553); AAV9-CaMKIla-hM3D(Gq)-mCherry (Addgene prep
#50476); pAAV-hDIx-GqDREADD-dTomato-Fishell-4 (Addgene prep
#83897); AAV9-syn-jGCaMP8s-WPRE (Addgene viral prep #162374);
AAV9-hSynapsinl-axon-jGCaMP8s-P2A-mRuby3 (Addgene viral

prep #172921); AAV9-hSyn-hChR2(H134R)-EYFP (Addgene viral prep
#26973); AAV9-hSyn1-EYFP (Addgene viral prep #117382); PRV152 (gift
from L. Enquist)*®.

Stereotaxicinjection and fibre opticimplantation

Mice were anaesthetized with 2% isoflurane and placed in a stereotaxic
head frame (Kopf Instruments). Ophthalmic ointment was applied to
the eyes and subcutaneous injections of meloxicam (5 mg kg™) and
Enrofloxacin (5 mg kg™) were given to each mouse prior to surgery.
The scalp was shaved and scrubbed with iodine and alcohol and an
incision made on the midline. A craniotomy was made using a dental
drill (0.5 mm) above the MeA, VMH or BNST.

For photometry experiments, a craniotomy was made above the
MeA at the following coordinates AP: 1.4 mm, ML: +2.5 mm, DV:
5.35 mmfrom bregma. A 0.3 pl volume of AAV9-syn-jGCaMP8s-WPRE
was injected at a rate of 100 nl min™ using a 10 pl Hamilton syringe
controlled by a micro-injector. The needle remained in the injection
site for 2 min following completion of delivery before being raised
0.1 mm forafurther2 min before being completely retracted. Afibre-
optic cannula (MFC_400/430-0.66_6mm_MF1.25_FLT) (Doric) was
implanted 0.2 mm dorsal to viral injection during the same surgery
and was secured to the skull using dental cement (Pearson Dental) and
three screws (Plastics One).

For axon-specific calcium imaging, a craniotomy was made above
the MeA at the following coordinates AP: 1.4 mm, ML: +2.5 mm, DV:
5.35 mm. 0.3 pl of AAV9-hSynapsinl-axon-jGCaMP8s-P2A-mRuby3
was injected at a rate of 100 nl min™ using a 10 pl Hamilton syringe
controlled by a micro-injector. The needle remained in the injection
site for 2 min following completion of delivery before being raised
0.1 mm for a further 2 min before being completely retracted. A sec-
ond craniotomy was made using a dental drill (0.5 mm) at the follow-
ing coordinates: VMH 1.2 mm posterior, 0.23 mm lateral, and 5.6 mm
ventral from bregma; BNST 0.2 mm anterior, 0.85 mm lateral, and
4.3 mm ventral from bregma. A fibreoptic cannula (MFC_400/430-
0.66_6mm_MF1.25_FLT) (Doric) wasimplanted 0.2 mm dorsal to region
of interest during the same surgery and was secured to the skull using
dental cement (Pearson Dental) and three screws (Plastics One).

For optogenetic stimulation of MeA cell bodies, a craniotomy was
made using a dental drill (0.5 mm) at the following coordinates AP:
-1.4 mm, ML: +2.5 mm, DV: 5.35 mm. 0.3 pl of pAAV9-Syn-ChR2(H134R)
was injected at a rate of 100 nl min™ using a 10 pl Hamilton syringe
controlled by a micro-injector. The needle remained in the injection
site for 2 min following completion of delivery before being raised
0.1mmforafurther2 minbefore being completely retracted. A1.25 pum,
NA 0.66 fibreoptic (MFC_400/430-0.66_6mm_MF1.25 FLT) (Doric)
wasimplanted unilaterally 0.2 mmdorsal to viral injection during the
same surgery.

For stimulation of MeA projections, optical fibres were unilaterally
implanted over MeA terminal regions at the following coordinates VMH
1.2 mm posterior, 0.23 mm lateral, and 5.6 mm ventral from bregma;
BNST 0.2 mm anterior, 0.85 mm lateral, and 4.3 mm ventral from
bregma. Fibreoptics were secured to the skull using dental cement
(Pearson Dental) and three screws (Plastics One). Mice were allowed
atleast 6 weeks for recovery and to facilitate sufficient viral expression
prior to any experimental procedures.

Fibre photometry

Mice were tethered to a patch cable (Doric Lenses, MFP_400/430/1100-
0.57_3m_FCM-ML.25). Calcium signals were collected using the Doric
Fluorescence MiniCube and fibre photometry console at a sampling
frequency of 12 kHz using Synapse software (v.98, Tucker-Davis Tech-
nologies). GCaMP calcium signal (465 nm) and UV isosbestic signal
(405 nm) were collected through the same fibre and equalized to record
anequivalentsignal:noise ratio. MATLAB (v.2022b, Mathworks) scripts
provided by Tucker-Davis Technologies were used to down-sample
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and normalize the fluorescence signal. For projection specific calcium
imaging, photobleaching was corrected using double exponential fit.
The405isobestic fluorescence signal was filtered using a polyfit regres-
sion giving a fitted control (F,.s.). AF/F was calculated by subtracting
F0s. from the GCaMP fluorescence signal (F,,s) and then dividing by
Fosc(Faes — Fiosc)/Faos- A Z-score conversion was used to calculate the
deviation of the resulting AF/F from the averaged signal of the entire
recording session.

Restraint stress. Mice were tethered to the patch cable, and a 5 min
baseline recording was collected. Mice were then restrained in plastic
50-ml conical tubes (Fisher Scientific) with holes that were modified to
account for the patch cable tethering. Calciumtransients wererecorded
for5or30 minwhile the mouse remained secured. After the restraint,
the mouse was released and recording continued for an additional
15 min. When noted, blood glucose was measured every minute for
the duration of a 5 min restraint stress or every 5 min for the duration
ofa30 minrestraint stress to assess the time course of stress-induced
hyperglycaemia.

Territorialized cage stress. Mice were tethered to a patch cord, placed
inacleannovel cage withbedding, and recording started. A5 minbase-
linewas collected inthe ‘clean’ novel cage before the mouse was manu-
ally picked up by the base of the tail and placed in a novel territorial-
ized cage that was previously occupied by 5 males for 1week. The mice
remained in this cage while calcium transients were recorded for 5 or
30 min before the mouse was placed back in the previous clean cage
for 5 min. To examine the effects of repeated stress, a cycle of 2 min of
territorialized cage exposure, followed by 3 min of clean cage exposure
was repeated for a total of 5 novel territorialized cage exposures. To
examine the effects of intermediate stress, mice were exposed to a novel
territorialized cage for 5 minatintervalsof O h,6 h,12hand 24 hfrom
the initial territorialized cage exposure. When noted, blood glucose
was measured every minute for the duration of a5 min territorialized
cage stress or every 5 min for the duration of a 30 min territorialized
cage stressto assess the time course of stress-induced hyperglycaemia.

Footshock stress. To examine the effect of anacute physical stressor,
mice were exposed to amild footshock. Mice were tethered to a patch
cord and placed into a fear conditioning chamber. A 5 min baseline
was collected before als,1mA footshock was delivered. The calcium
transients were recorded during the shock and post shock for at least
2 min. We scored the calcium response at the time of the shock.

Robobug stress. To examine the effect of an acute visual stressor,
mice weretetheredtoapatchcordandplacedintoanopenfield arena.
After 5 min, aremote-controlled spider (robobug) was introduced
into the open field and began to pursue the mouse at random inter-
vals. The calcium transients were recorded during the approach and
post-approach for at least 1 min. We scored the calcium response at
the time of the approach.

Continuous glucose monitoring. Continuous glucose monitoring
was performed in a subset of mice during calcium imaging and stress
exposure. Inbrief, underisoflurane anaesthesia, hair was removed from
the flank of the mouse and a2 mm incision made in the skin. The can-
nulaofthe continuous glucose monitor (Abbott Freestyle Libre 2) was
inserted into the incision and the adhesive tape on the monitor firmly
applied to the skin. Discontinuous sutures around the sensor attached
the adhesive tapetothe skin. The sensor was activated, and mice were
allowed torecover for 24 hbefore fibre photometry and stress exposure.

Optogenetics
Photostimulation was performed with 10 ms pulses given at 20 Hz for
25, repeated every 2 s. The output beam from a 473 nm diode laser

(Thorlabs) was controlled by amicrocontroller (Uno, Arduino, IDE2.3.1)
runninga pulse generation script. The laser was coupled to a200 pm,
NA 0.66 multimode optical fibre (MFC_400/430-0.66_6mm_MF1.25_
FLT) (Doric) using a 1.25 mm mating sleeve (Thorlabs) that allowed
delivery of the light into the brain by coupling to the implanted fibre
optic. Laser power was measured using an optic power meter (Thor-
labs) and set at 5 mW.

Metabolic studies. In each experiment, mice were tethered to a patch
cable, placed in an open field arena, and habituated for at least 1 h to
account for the handling stress. For basal glucose measurements during
optogenetic modulation, mice were fasted for 6 h and tail vein samples
for blood glucose were taken at 0, 5,15 and 30 min after the initiation
of stimulation. To measure tolerance to aglucose challenge, mice were
fasted for 6 hand tail vein samples for blood glucose were taken at 0,15,
30,45and 60 min after injection of glucose (2 mg kg body weight) and
theinitiation of stimulation. To measure gluconeogenic capacity, mice
were fasted for 4 h and tail vein samples for blood glucose were taken
at 0,15, 30, 45 and 60 min after intraperitoneal injection of pyruvate
(2 gkg™ body weight, Sigma P5280). Data are shown as the change in
blood glucose from baseline (immediately before stimulation).

Stress studies. In each experiment, mice were tethered to a patch
cable, placed in an open field arena, and habituated for at least 1 h to
account for the handling stress. Mice were exposed to both restraint
and territorialized cage stress as described above. For stressed glu-
cose measurements during optogenetic modulation, mice were fasted
for 6 h, and tail vein samples for blood glucose were taken at 0, 5, 15,
30 min. For 5 min stressors, the mice were optogenetically stimulated
for 5 min, beginning at the initiation of stress. For 30 min stressors,
the mice were optogenetically stimulated for 15 min, beginning at the
initiation of stress.

In vivo chemogenetic behavioural testing

Mice were handled for 5-10 days before experiments. Following stere-
otaxicsurgeries, mice were allowed to recover for 3-6 weeks before the
start of testing. Where applicable, CNO (Sigma, NIH) was dissolved in
10% DMSO insaline and delivered ata dose of 3 mg kg™, intraperitoneal
injection. Investigators were blinded to treatment groups.

Restraint stress. Mice were fasted for 6 hand then either briefly handled
and returned to home cage (controls) or restrained in a 50-ml falcon
tube with a hole cut for air at the conical end for 5 or 30 min. For 5 min
restraintexperiments, blood glucose was measured before the initiation
of stress, after the 5 minrestraint, and 30 min after the initiation of the
stress. For 30 min restrain experiments, blood glucose was measured
before and after the 30 minrestraint period. To measure the hormonal
or gene expression responses to stress, mice were rapidly anaesthetized
with3%isoflurane at the end of the restraint period and blood or tissue
collected. To measure FOS in the MeA after restraint stress, mice were
anaesthetized with 3% isoflurane and perfused transcardially with 0.1 M
phosphate buffered saline (PBS) followed by 10% formalin, and the brain
wasremoved 2 h after the start of the restraint. For DREADD modulation
studies, CNO was administered 30 min before restraint.

Repeated restraint stress. To determine the effects of chronic
repeated restraint stress on blood glucose, blood glucose was measured
before and after a30 minrestraint stress at 12 hintervals for a total of
9restraint sessions. To measure FOS in the MeA after chronic restraint
stress, mice were anaesthetized with 3% isoflurane and perfused tran-
scardially with PBS followed by 10% formalin, and the brain was removed
2 hafter the start of the restraint.

Territorialized cage stress. Mice were placed ina dirty cage previously
occupied by five male mice for one week. Blood glucose or food intake



was measured before and after the 5or 30 min period of territorialized
cage exposure. For blood glucose measurement, mice were fasted for
6 h. Tomeasure food intake, mice were food-deprived overnight before
being placedintheterritorialized cage. For DREADD modulation stud-
ies, CNO was administered immediately before the test.

Food intake studies. Mice were food-deprived overnight or food-
deprived for 6 hinthelight phase or allowed to eat ad libitum. Food,
eitherinthe form of standard rodent chow or palatable food (peanut
butter) was then provided in excess, and consumption of food was
measured every hour. For DREADD modulation studies, CNO was
administered immediately before food was provided.

Metabolic studies. For baseline glucose measurements after DREADD
modulation, mice were fasted for 6 h, and tail vein samples for blood
glucose were takenat 0,30, 60 and 90 min after intraperitoneal injec-
tion of CNO. To measure tolerance to a glucose challenge, mice were
fasted for 6 h and tail vein samples for blood glucose were taken at O,
10, 20, 30, 45, 60, 90 and 120 min after injection of glucose (2 mg kg™
body weight). When noted, additional blood was collected at 0, 10,
30, 60 and 90 min after glucose injection to measure plasma insu-
lin and glucagon. To measure insulin sensitivity and tolerance to an
insulin challenge, mice were fasted for 4 h and tail vein samples for
blood glucose were taken at 0, 30, 60, 90 and 105 min after injection
of insulin (0.4-0.6 U kg'body weight, Humulin R HI-210). To measure
gluconeogenic capacity, mice were fasted for 4 hand tail vein samples
forblood glucose were takenat 0,30, 45, 60,90 and 105 min after intra-
peritoneal injection of pyruvate (2 g kg™ body weight, Sigma P5280).
For allmetabolic challenges, CNO was injected 30 min before the chal-
lenge (timepoint 0).

Open field activity. Locomotion and anxiety-like behaviour were
measuredin either a clear plexiglass 40 x 40 x 30 cm open field arena
using Fusion Software (v5.0) (Omnitech Electronics) or awhite acrylic
18 x18 x 18 in arena using Ethovision XT (version xt13, Noldus Infor-
mation Technology) to quantify behaviour. Distance travelled and
time spentin the center of the open field arena were measured. Open
field testing lasted 10 min. For DREADD modulation studies, CNO was
administered 60 min before the start of the test.

Elevated plus maze and light-dark box. The light-dark box test was
performed in a40 x 40 x 30 cm arena with a black box placed on half
of the arena to shield it from light. The mice were placed in the light
portion and tracked using Fusion Software. For the elevated plus maze,
the mice were placed on an open arm of an elevated four-arm maze
in which two arms are open and two are enclosed. They were tracked
using Ethovision software and total time spent in the open arm was
measured. Elevated plus maze and light-dark box testing lasted 10 min.
For DREADD modulation studies, CNO was administered 60 min before
the start of the test.

High-fat diet. Mice with MeA"™" expression of DTA or mCherry were
fedahigh-fat diet (Research Diets, D12492; 60% fat). Food intake, body
weight and blood glucose were measured every 3-7 days for 20 days.

Metyrapone studies. To pharmacologically block corticosterone pro-
duction, mice were injected with metyrapone (50 mg kg™, subcutane-
ousinjection, dissolved in 5% Tween 80, Tocris Bioscience) or vehicle
60 min before theinitiation of restraint stress, basal glucose measure-
ments, or glucose administration during GTT. For DREADD modulation
studies, CNO was administered 30 min before the start of the test.

Neuronal tracing
To trace MeA projection circuits, an injection of AAV8.2-hEF1a-
synaptophysin-mCherry was unilaterally injected into the MeA. After

4-6 weeks to allow viral expression, brains were collected and prepared
for imaging as described in the Immunohistochemistry section. Sec-
tions fromthe whole brain were imaged to allow unbiased selection of
MeA projectiontargets. After mCherry-labelled regions were identified,
fluorescence intensity was quantified.

To determine axonal projection overlap in the MeA, mice were
injected with AAVretro-GFP into the VMH and AAVretro-RFP into the
BNST to differentially label MeA neurons that project to the VMH and
MeA neurons that project to the BNST. Expression of GFP and of RFP
inthe MeA was quantified to determine axonal projection overlap.

To determine MeA projection circuit specificity, mice were injected
with a AAVretro-GFP into the VMH and AAVretro-RFP into the BNST
to differentially label MeA neurons that project to the VMH from
MeA neurons that project to the BNST. These mice were exposed to
a 30 min restraint stress. To measure FOS in the MeA after restraint
stress, mice were anaesthetized with 3% isoflurane and perfused
transcardially with PBS followed by 10% formalin, and the brain was
removed 2 h after the start of the restraint. Co-expression of the pro-
jection specific GFP or RFP and of FOS in the MeA was quantified to
determine the response to stress in the MeA->VMH projection and in
the MeA~>BNST projection.

For polysynaptic circuit tracing of MeA"M" to peripheral organs,
Ail4 mice were injected with AAV1-Cre into the MeA. After 4-weeks to
allow viral expression, mice were injected with PRV152-GFP into the
liver. Seven days after the injection of the PRV-GFP, these mice were
perfused, and the brains were collected. Co-expression of monosyn-
patic anterograde RFP expression from the MeA and of polysynaptic
retrograde GFP expression from the liver was quantified in the VMH
to determine the overlap of neurons that project from the MeA to the
VMH and have a polysynaptic connection to the liver.

Vglut2-cre or Vgat-cre mice were injected with a AAV9-hSyn-FLE-
mGFP-2A-Synaptophysin-mRuby to determine cell-type specificity
of MeA neurons that project to its downstream regions. Expression
of mRuby in Vglut2-cre mice was used to determine the proportion of
glutamateric neurons that project from the MeA to the VMH, BNST,
lateral hypothalamus and medial preoptic area. Expression of mRuby
in Vgat-cre mice was used to determine the proportion of GABAergic
neurons that project from the MeA to the VMH, BNST, lateral hypo-
thalamus and medial preoptic area.

Cell-type-specific chemogenetic activation. Mice were injected
with aAAV9-CaMKIla-hM3D(Gq)-mCherry,a AAV9-hDIx-GqDREADD-
dTomato-Fishell-4, ora AAV9-hSyn-mCherry into the MeA. Mice were
allowed 6 weeks for viral expression. For baseline glucose measure-
ments after DREADD modulation, mice were fasted for 6 h, and tail
vein samples for blood glucose were taken at 0, 30, 60, 90 min after
intraperitoneal injection of CNO (3 mg kg™). The response to DREADD
activation driven by the CAMKIla promoter or driven by the DIx pro-
moter was compared to mCherry-expressing control mice to determine
the contribution of excitatory or GABAergic neurons to changes in
blood glucose.

Tissue processing
Blood glucose was determined using a Contour or Contour Next EZ
glucometer (Bayer).

Blood for plasma hormones was collected in an EDTA-coated tube
(Sarstedt Microvette CB 300 K2E 16.444.100), spun for 10 min at
2,000 rpm, 4 °C, and plasma was separated and stored at -80 °C until
assay. Plasmallevels of insulin (Mercodia10-1247-01), glucagon (Crys-
tal Chem 81518), corticosterone (Crystal Chem 80556), adrenaline
and noradrenaline (Abnova KA1877) were determined by ELISA. Liver
glycogen was determined by colorimetric assay (Abcam ab169558).
Circulating glycerol and triglyceride levels were measured by enzymatic
assay (Sigma-Aldrich TR0100). SpectraMax i3x, (Molecular Devices)
with SoftMax Pro (v.7.1.2) were used for ELISA detection.
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To examine protein levels or gene expression, liver was collected
immediately after 30 min restraint or territorialized cage stress. For
DREADD modulation studies, CNO was administered 60 min before the
collection of liver tissue. MeA"M" hM3DGq-expressing and correspond-
ing control mice were unstressed. MeA"M" hM4DGi and corresponding
control mice were 4 h fasted and exposed to a 30 min restraint stress
with liver tissue collected immediately after the restraint stress. Liver
tissue was flash frozenin liquid nitrogen for gene expression analysis,
glycogen and protein analyses, aliquoted and stored at —80 °C until
processing.

Westernblot

Liver tissue (-20 mg) was lysed in 600 pl buffer (20 mM Tris, pH 7.4,
150 mM Nacl, 2% Nonidet P-40,1 mM EDTA, pH 8.0,10% glycerol, 0.5%
sodium deoxycholate, 0.2% semi-dehydroascorbate) supplemented
with halt protease and phosphatase inhibitor (Cell Signaling). Liv-
ers were first homogenized using Beadbug (Benchmark) and lysates
were further sonicated inice-cold water for 5 min. After centrifuging
at14,000 rpmat 4 °Cfor10 min, the protein supernatants were trans-
ferred to anew tube and protein concentration was determined by
BCA protein assay kit (Pierce). Thirty micrograms of protein was mixed
with 6x SDS sample buffer (BP-11R, Boston BioProducts) and boiled for
5 min before loading on SDS-PAGE. The Bio-Rad wet transfer system
was used to transfer proteins for western blotting. PVDF membranes
were blocked with 5% dry milk in TBST (TBS + 0.05% Tween 20) and
further incubated with primary antibodies (dilute in TBST with 3%
BSA +0.05%NaN,) at 4 °C overnight. PCK1 (ab70358), PGCla (ab54481),
Fox01(ab39670), GAPDH (ab9485) antibodies were from Abcam. G6PC
(NBP1-80533) was from Novus Biologicals. All primary antibodies were
used at 1:1,000 dilution. The membrane was washed 4 times in TBST
with shaking for 10 min prior to incubation with secondary antibodies
(HRP Goat anti-rabbit IgG (Thermofisher, 31460, 1: 10,000) and HRP
Goat anti-mouse IgG (Thermofisher, 31430,1:10,000 in TBST)) for an
additional 2 hatroom temperature. Immune complexes were washed
4 times in TBST with shaking for 10 min at room temperature. Mem-
braneswere further reacted with Pierce ECL western blotting substrate
and imaged with iBright CL1500 (Thermofisher). Western blots were
quantified by ImageJ (v.1.53k).

Quantitative PCR

Total RNA was extracted from tissue by homogenization in Trizol
(Invitrogen) followed by chloroform (Sigma) extraction and isolation
using the RNeasy Plus Mini (Qiagen) kit according to manufacturer’s
instructions. Complimentary DNA was prepared by reverse transcrip-
tion of 500 ng total RNA using qScript cDNA SuperMix (Quantabio).
Theresulting cDNAs were diluted 1:10 then amplified by real-time PCR
using the SYBR green system (Applied Biosystems) according to the
manufacturer’s protocols. Data were analysed with Quantstudio Design
and Analysis software (v.1.5.2). AllmRNA expression data were normal-
izedto Rpl23 expressioninthe corresponding sample. Fold changein
mRNA expressionwas calculated using the delta-delta C,method®. The
follow primers were used: Pcklforward GCGAGTCTGTCAGTTCAATACC,
reverse GGATGTCGGAAGAGGACTTTG; G6Pc forward GGAGGCTG
GCATTGTAGATG, reverse TCTACCTTGCTGCTCACTTTC; Rpl23forward
ACTTCCTTTCTGACCCTTTCC, reverse TTAGCTCCTGTGTTGTCTGC;
Pgcla forward TGAGGACCGCTAGCAAGTTT, reverse TGTAGCGAC
CAATCGGAAAT; Fox0O1 forward GCGTGCCCTACTTCAAGGATAA,
reverse TCCAGTTCCTTCATTCTGCACT; Glut2 forward GTTGGAA
GAGGAAGTCAGGGCA, reverse ATCACGGAGACCTTCTGCTCAG;
Irs2 forward CCAGTAAACGGAGGTGGCTACA, reverse CCATAGACA
GCTTGGAGCCACA; Igfbpl forward GCCCAACAGAAAGCAGGAGATG,
reverse GTAGACACACCAGCAGAGTCCA; Adrala forward CTAAGGC
CATTCTACTTGGGGT, reverse CGAGTGCAGATGCCGATGA; Adralb
forward GTCGGAATGTTCATCTTATGTTGG, reverse CAGCCAGAACAC
TACCTTGA; Adra2a forward CCTGCTTTGACATTTCCTGAC, reverse

TCATTTCCTTCTGCCTTGGTC, Adra2b forward AGACCTCATCCTCA
GACACC, reverse TCCAAGCTACCCTTCCTGAA; Adra2c forward GCT
GACTTCCTATGACCTGAA, reverse TTGGCTGTCATTGTATTTGGC, Adrb1
forward CTCATCGTGGTGGGTAACGTG, reverse ACACACAGCACATC
TACCGAA; Adrb2 forward TCGCTATGTTGCTATCACATCG, reverse
GCCAGATACAATCCATACCATCA; Adrb3forward GGCCCTCTCTAGTTC
CCAG, reverse TAGCCATCAAACCTGTTGAGC.

Stable flux isotope analysis

Optogenetic mice that either expressed AAV9-hSyn-hChR2(H134R)-
EYFP or AAV9-hSynl-EYFP were tethered to a patch cable and habitu-
atedtoanopenfield arenaforatleast1h. The mice were pre-stimulated
for 15 min, administered with a 2 g kg™ intraperitoneal injection of
labelled [2,3-C]pyruvate (Sigma 490717), and stimulated for 15 min.
Immediately following the period of stimulation, the liver was collected
and flash frozen.

Liver tissue was collected to determine the flux through the gluco-
neogenic metabolic pathway by measuring how the stable isotope is
incorporated into metabolites. Liver cells were isolated and incorpo-
rated into a media, collected to a screw vial, and snap frozenin liquid
nitrogen. Following thawing on ice, 200 pl of the media was added to
800 plof methanol. After a brief vortex, the media was centrifuged at
13,100gfor10 minat4 °C. The supernatant was transferred to aglass vial
and dried under gentle nitrogen flow. The samples were then subjected
to a 2-step derivatization with 50 pl of methoxyamine hydrochloride
(MOA, 15 mg ml™in pyridine) at 30 °C for 90 min, and then incubated
with 50 pl of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, con-
taining 1% TMCS) at 70 °C for 60 min. The samples were analysed by
gas chromatography-mass spectrometry (GC (8890)-MS (5977B),
Agilent). The datawas first processed with MassHunter software (v.10.2,
Agilent). The mass-to-charge ratio used for the metabolites are 245
for fumarate, 465 for citrate, 335 for malate, 334 for aspartate, 445 for
glycerol-3-phosphate, 160 for the glucose fragment of carbon position
land 2, and 319 for the glucose fragment of carbon 3 to carbon 6. Iso-
tope enrichment calculation (background correction) was performed
as described*.

Isotope enrichment calculations were performed, including cor-
rection of measured mass isotopomer distributions for contributions
from natural isotope abundances®. Glucose massisotopomers in glu-
cose, and glucose metabolites (glycolytic and TCA cycle intermedi-
ates) are reported as molar fractions of MO, M1, M2, etc., according
to the number of labelled carbons in the molecule®. The sum of all
isotopomers of the molecules, m;for1ton (n=3,5or 6 for pyruvate,
citrate or glucose, respectively), equalto1or100%. The labelled isoto-
pomer fractions consist of a distribution not affected by the dilution
with unlabelled compounds, reported as m;/ Sm;, as a percentage. The
enrichment sigma M,, (SM,) is the weighted sum of the labelled spe-
cies (SM,=1M, + 2M, + 3M, + 4M, + 5M; + 6M,) = average number of *C
carbons per molecule = 6 for U®C glucose (SM,, with only M, nonzero,
and equal to1) as previously reported>>%,

Immunohistochemistry

Brains. Mice were anaesthetized with 3% isoflurane and perfused
transcardially with PBS followed by 10% formalin. The brains
were post-fixed in10% formalin at 4 °C overnight, then washed in PBS
at 4 °C overnight. 50 pm coronal slices were cut by vibratome (Leica
VT1000). For FOS staining, slices were incubated in blocking solution
overnightat4 °C (3% normal donkey serum (NDS, Sigma) in 0.01% Triton
X-100in 0.01 M PBS (PBT)) and then in primary antibody in blocking
solution at 4 °C. The following primary antibodies, concentrations,
and incubation periods were used: Cell Signaling rabbit monoclonal
anti-FOS (2250),1:500 for 72 h; abcam chicken polyclonal anti-mCherry
(ab205402), 1:1,000 overnight or with Abcam chicken polyclonal to
tyrosine hydroxylase (ab76442),1:500 for 72 h. The slices were then
washed in 0.01 M PBS (3x1h), incubated in secondary antibody in



blocking solution for 2 h at room temperature, and washed in PBS
(2x1h), with a final wash overnight at 4 °C. The following secondary
antibodies and concentrations were used: Jackson Alexa Fluor 647
AffiniPure donkey anti-rabbit (711-605-152),1:250; Jackson Alexa Fluor
594 AffiniPure donkey anti-chicken (703-585-155),1:2,000.

For RFP or mCherry staining to enhance endogenous fluorescence
of AAV/retro-RFP, AAV8-hSyn-DIO-hM3D(Gq)-mCherry and AAVS8.2-
hEFla-synaptophysin-mCherry, slices were washed in 0.01 M PBS
(3x10 min), incubated in blocking solution (3% NDS in 0.01% PBT) for
1hatroom temperature, incubated in primary antibody (Rockland
rabbit polyclonal anti-RFP (600-401-379), 1:1,000) overnight at 4 °C,
washed in 0.01% PBT (3x 10 min), incubated in secondary antibody
(Invitrogen donkey anti-rabbit Alexa Fluor 594 (A-21207), 1:500), and
washed in PBS (3x 10 min). For GFP staining to enhance endogenous
fluorescence of AAV/retro-GFP or PRV-GFP, slices were washed in 0.01 M
PBS (3% 10 min), incubated in blocking solution (3% NDS in 0.01% PBT)
for1hatroomtemperature, incubated in primary antibody (Abcam
goat polyclonal anti-GFP (ab5450),1:1,000) overnight at 4 °C, washed
in 0.01% PBT (3% 10 min), incubated in secondary antibody (Invitrogen
donkey anti-goat Alexa Fluor 488 A-11055,1:500) and washed in PBS
(3x10 min).

Locus ceruleus. Brainstems were sectioned from MeA->VMH™3P%a or
mCherry control mice euthanized 2 h after CNO administration. The
sections were stained as described above for the expression of tyrosine
hydroxylase and for the expression of FOS.

Coeliac ganglia. The coeliac ganglia were dissected from
MeA~>VMH™3P%4 or mCherry control mice euthanized 2 h after CNO
administration. The tissue was post-fixed in 10% formalin at 4 °C over-
night, cryo-protected in 30% sucrose (Sigma-Aldrich, 50389) in PBS,
embedded in O.C.T. Compound (Thermofisher Scientific, Watham,
MA; 23-730-572), frozen at —80 °C, and sectioned at 10 um thickness.
Slides were washed in 0.03% PBT (3% 5 min), incubated in blocking
solutionovernightat4 °C (2% normal donkey serum, 3% bovine serum
albuminin0.03% PBT), incubated in primary antibodies for 48 hat 4 °C
(Cell Signaling anti-FOS, 1:100; abcam chicken polyclonal to tyrosine
hydroxylase (ab76442),1:500), washed in 0.03% PBT (3% 5 min), incu-
bated in secondary antibodies for 2 h at room temperature (Jackson
AF-647 donkey anti-rabbit, 1:250; Jackson AF-594 donkey anti-chicken,
1:500), and washed in 0.03% PBT (3% 5 min). After staining, tissue
sections were mounted with DAPI counterstain (Fluoromount).

Verification of viral expression and fibre placement. Mice were tran-
scardially perfused with PBS followed by 10% formalin. Brains were
removed and post-fixed overnightinformalin at4 °C and thenwashed
overnight in PBS at 4 °C. Coronal brain sections were cut (50-pum sec-
tions) on a vibratome. The brain sections were stained according to
the above protocol. Confocal images were taken using Zeiss LSM 780
confocal microscope using Zen software (Zen 2012 SP5) to verify fibre
placements and viral expression.

Image quantification

All confocalimages were taken at 20x and tiled. Allimage analyses were
performed using Image J (v.1.53k) or Fiji (v.2.14.0) with JaCOP plugin.
Investigators were blinded to treatment groups for FOS analyses.

Synaptophysin-mCherry. 4 weeks after stereotactic surgery, mice were
perfused, and brains were sliced and stained to enhance mCherry stain-
ing. Confocal images were then taken using a Zeiss LSM 780 confocal
microscope. Regions of interest (ROI) were drawn on the basis of DAPI
staining and the Allen mouse brain atlas®* (https://mouse.brain-map.
org/static/atlas) and Franklin and Paxinos mouse brain atlas® (https://
labs.gaidi.ca/mouse-brain-atlas/). The same selection was used for
each brainregion to normalize for area analysed and fluorescence

intensity was measured within the ROI. Values are reported as median
pixel intensity + standard error of the median.

FOS in the brain. z-stack confocal images were taken using an upright
LSM 900 (restraint versus control). To measure FOS expression after
stress, an ROlwas drawn around the MeA complex, including the dorsal,
ventral, and basomedial subregions. Images were made binary and
cell quantification was performed using the ‘analyze particle’ func-
tion. The JaCOP plugin®® was used to measure total expression of FOS
after restraint stress or control, overlap of FOS with AAV/retro-RFP
(BNST-projecting neurons) and AAV/retro-GFP (VMH-projecting neu-
rons) and overlap of FOS with tyrosine hydroxylase inthe locus ceruleus.

FOS in the locus ceruleus and in the coeliac ganglia. z-stack confo-
cal images were taken using a Zeiss LSM 900 using Zen software (Zen
2012 SP5). Tyrosine hydroxylase (TH) expression was used as a mask
to select an ROI of only neurons. Then overlap of FOS and DAPI was
measured using the JaCOP plugin. Datais reported as number of FOS*
DAPI particles.

Spatial transcriptomics

Spatial transcriptomics was performed using the Xenium assay (10X
Genomics). Mice were injected with a AAVretro-mCherry into the
VMH. After 4 weeks to allow viral expression, the mice were perfused,
and brains were collected. Brains were post-fixed overnight and then
paraffin-embedded. In brief, formalin-fixed, paraffin-embedded blocks
with coronal embedded mouse brains were sectioned at 5 um (Leica
Histocore biocut), placing 3 brain sections per Xenium slide; serial
sections were cut onto onstandard charged slides and used for Immu-
nofluorescence Control Slides. Xenium slides were baked for 3 h at
42 °Cforsection adherence and stored in desiccator until use (no more
than 4 weeks). Xenium Slides were deparaffinized and decrosslinked,
then processed according to the manufacturer’s V1 protocol using the
Mouse Brain panel modified with 100 custom gene targets (Supple-
mentary Data Table 2, S1), hybridized for 20 h, and run on the Xenium
instrument.

Post-Xenium slides were stored in1,000 pl PBS-T (0.05%) for one day
at4 °C.Inparallel,immunofluorescence control slides were deparaffi-
nized and decrosslinked using the same conditions and reagents as
previously described for Xenium slides. PBS-T was removed, and slides
were washed with 500 pl of PBS-T for a total of three washes, 1 mineach.
Blocking Buffer was prepared as asolution consisting of 1xPBSpH 7.4,
0.1% of Tween- 20, 10% heat-inactivated FBS, and 10 mg mI” dextran
sulfate and slides were blocked for 1 hat room temperature. Slides were
incubated with Rabbit anti-mCherry primary (Rockland 600-401-379 s,
1:500) in blocking buffer overnight at 4 °C. Slides were washed 3x 10 min
in PBS-T and then incubated with Donkey anti-rabbit AlexFluor 694
(Jackson AF-647 donkey anti-rabbit) secondary antibody for2 hat room
temperature (1:250). Slides were washed 3 times for 10 min eachin PBS-T
and mounted in Fluoromount-G (ThermoFisher Scientific 00-4958-02)
followed by imaging with aEVOS S1000 imager with EVOS S1000 Spatial
Imaging Software (v.1.0, ThermoFisher Scientific).

Sample processing and cell classification using Xenium spatial
data. The starting gene by cell raw count matrices and cell segmenta-
tion polygons for the 12 spatial transcriptomic samples were gener-
ated by Xenium Onboard Analysis. This data was further analysed in
R (v.4.4.2), using the Giotto Suite (v.4.2.1)"". Cells with fewer than ten
unique genes present were removed. In each sample, the cells cor-
responding to the two MeA regions were manually selected using the
plotinteractivePolygons tool in Giotto. The 24 ROIs contained a total
of 21,607 cells. Gene expression normalization was performed using
the default Giotto parameters. Cell-type annotation was achieved by
Leiden clustering (resolution = 0.25) followed by cell-type-specific
marker enrichment analysis (Supplementary Data Table 2,S3). As a


https://mouse.brain-map.org/static/atlas
https://mouse.brain-map.org/static/atlas
https://labs.gaidi.ca/mouse-brain-atlas/
https://labs.gaidi.ca/mouse-brain-atlas/

Article

result, the initial 15 clusters were merged into 7 cell types with 8 cell
clusters annotated as neurons. One cluster that had more than one
cell-type signature enriched was annotated as “Other”. The neuronal
subset was further subclustered (resolution = 0.5), and a subset of 141
cells (3 smallest clusters) with mixed cell-type signature were removed
andrelabelled as ‘Other’, leading to a total of 12,512 cells being classified
as neurons, distributed across 20 neuronal clusters. Cluster marker
genes were identified using scran®® method in Giotto (false discovery
rate (FDR) < 0.0001and log,(fold change) > 0.378). Neuronal subtypes
were annotated on the basis of the expression levels of known gluta-
matergic (Vglutl and Vglut2) and GABAergic (Vgat) neuronal markers.

mCherry signal analysis and DEGs from Xenium spatial data.
Post-Xenium DAPlimages were aligned with the spatial transcriptomic
sample coordinates using 10X Xenium Explorer software (v.3.2.0). The
coordinate-transformed mCherryimmunofluorescence images were
used as input to the Giotto calculate OverlapPolygonlmages method
to extract pixelintensities corresponding to the area occupied by each
cell. Pixelintensities range was [0,255]. The background pixel intensi-
ties for each cell were extracted from a square region 60 mm across
(30 mm from cell centroid position) but excluding the cellitself. The
cellmCherry signal enrichment score (RES) was computed as

RES(cell) = (mean cell pixel intensity +1)/
(mean cell background pixel intensity +1)

The RES values were further converted to z-scores followed by
thresholding, with mCherry” cells determined by z > 2 and mCherry~
cells determined by z < 0.5. The mCherry"* set contained 401 cells (305
neurons) and the mCherry~set contained 19,042 cells (10753 neurons).
Genes that were differentially expressed between mCherry* and
mCherry cells within each neuronal cluster were identified using the
scranmethod (FDR < 0.1, and log,(fold change) > 0.5). Global mCherry*
versus mCherry~ differential genes were identified via the Nebula®
R package onall neurons simultaneously, by using the neuronal cluster
assignment as a covariate inthe model. Significant DEGs were selected
asFDR <=0.01and log,(fold change mCherry) > 0.3.

Quantification and statistical analysis

All data are presented as mean * s.e.m. unless otherwise indicated.
No statistical methods were used to pre-determine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions?**°, Where possible, in vivo data were collected and analysed by
aninvestigator blinded to the treatment group, but this was not always
possible given the familiarity with the subjects. Determining whether
injection sites were valid for inclusion or exclusion was determined by
an investigator blinded to the results for that mouse. For histology,
hormone, protein and RNA and metabolomic analyses, investigators
wereblinded to the group or treatment until data processing for group
comparisons.

Injection sites were visualized and verified following behavioural
experiments. Mice were excluded for virus expression outside of the
MeA or for insufficient virus expression within the MeA. All mice in the
Cre-independent DREADD activation experiment (Fig.1k-o, Extended
Data Fig. 2g-n and Supplementary Fig. 3a-j) showed viral spread into
the lateral hypothalamus; data shown are from DREADD mice with
>60% virus expressionin the MeA.

Analyses were performed in RStudio or with Prism (v.10.3.1, Graph-
pad). Analysesin Rwere performed with R3.6 using the Ime4, ImerTest,
emmeans, and car packages®®2. If the total number of data points for
an experiment was less than 30, the data were tested for normality
using the Shapiro-Wilk test. If the data were normally distributed or
n>30, data were analysed using Student’s unpaired two-tailed ¢-test
for comparison between 2 groups, and one-way ANOVA with Tukey’s
post hoc honest significant difference for comparison between multiple

groups. Repeated studies were examined using a generalized linear
mixed model with mouse identity as a random effect to account for
repeated sampling across time or two-way repeated measures ANOVA.
Cohortwasincluded as afixed variable where applicable. Pvalues were
adjusted using post hoc testing (for example, Tukey or Sidak’s testing)
for multiple comparisons. If the data were not normally distributed,
they were analysed with the Mann-Whitney U test or Kruskall-Wallis
rank sum test with Dunn’s post hoc tests. Outliers were defined as values
two standard deviations above or below the mean per group per time
point (where applicable) and removed from analyses. P values below
0.05 were considered to be significant.

Figure panels were generated with Biorender (https://app.biorender.
com/) and in Adobe Illustrator (v.2020).

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|See next page for caption.




Extended DataFig.1|Metabolic effects of acute stressors. a, Schematic

of restraint stress. Created with BioRender (https://biorender.com/1ikn9ci).
b, Blood glucose during glucose tolerance testing (2mgkg™) with (red) and
without (grey) 30 min restraint stressin 6 h fasted mice. c-f, Plasmainsulin (c),
glucagon (d), adrenaline (e), noradrenaline (f), and glycerol (g) with (red) and
without (grey) 30 minrestraintstressin 6 h fasted mice. h, Liver glycogen
content with (red) and without 30 min restraint stress (grey) in 6 h fasted mice.
i, Schematic of territorialized cage exposure stress. j, Blood glucose with clean
cage (grey) or territorialized cage exposure (red) in 6 h fasted mice. k, Blood
glucose during glucose tolerance testing (2mgkg™) with (red) and without
(grey) 30 min territorialized cage exposurein 6 h fasted mice.l-q, Plasma

corticosterone (l), insulin (m), glucagon (n), adrenaline (0), noradrenaline
(p), and glycerol (q) with (red) and without (grey) 30 minterritorialized cage
exposurein 6 hfasted mice.r, Liver glycogen content with (red) and without
(grey) 30 min territorialized cage exposurein 6 h fasted mice. s, Mean food
intake during exposure to clean cage (grey) or territorialized cage (red) for
30 min.t, Relative fold changeinliver glucose-6-phosphatase (G6pc) and
phosphoenolpyruvate carboxykinase 1 (PckI) gene expression with (red) and
without (grey) 30 min territorialized cage exposure in sated mice. Values are
meanst+s.e.m.Individual data points representindividual mice. Sample size
and statistical analysis in Supplementary Data Table 1.
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Extended DataFig.2|See next page for caption.



Extended DataFig.2|Medial amygdala activation by stressors toincrease plus maze openarms (EPM), light arena of light-dark box (LD), or center timein
glucose. a, Total MeA cFos+ cell number with (red) and without (grey) 30 min openfield test (OFT) in CNO-treated MeA hSyn-hM3DGq-mCherry (purple)

restraintstress. b, CFos+cellnumberinventral and dorsal MeA with (red) and and hSyn-mCherry mice (grey). k, Hourly (left axis) and cumulative (right axis)
without (grey) 30 minrestraint stress. ¢, CFos+cellnumber in the medial chowintake in CNO-treated, overnight fasted MeA hSyn-hM3DGq-mCherry
amygdala (MeA), the basolateral amygdala (BLA), and the centralamygdala (MeA-Gq, purple) and hSyn-mCherry mice (control, grey).I-n, Blood glucose
(CEA) with (red) and without (grey) 30 minrestraint stress.d, MeA GCaMP8s (I), plasmainsulin (m), and plasma glucagon (n) in CNO-treated, 6 h fasted male
Zscore (lower) before, during, and after with corresponding blood glucose and female MeA hSyn-hM3DGq-mCherry (MeA-Gq, purple) and hSyn-mCherry
(upper) during, 30 minterritorialized cage exposure. Shade barindicates mice (control, grey). 0, Schematic of optogenetic activation of MeA neurons.
territorialized cage (red).e, MeA GCaMP8s Z score aligned to placement in p,q, Changeinblood glucose with 5 (p) or 15 min (q) of optogenetic stimulation
territorialized cage. f, MeanMeA GCaMP8s Z score for 20 s before and after in 6 hfasted MeA hSyn-hChR2(H134R) (MeA ChR2, purple) or hSyn-eGFP
territorialized cage exposure. g-i, Plasma glucagon (g), adrenaline (h), and (control, grey) mice. Values are means +s.e.m. Individual data points represent
noradrenaline (i) in CNO-treated, 6 hfasted MeA hSyn-hM3DGq-mCherry individual mice. Sample size and statistical analysisin Supplementary Data

(MeA-Gq, purple) and hSyn-mCherry mice (control, grey).j, Timeinelevated Tablel.
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Extended DataFig.3|Acute territorialized cage stress activates MeA

> VMH and MeA > BNST neurons. a, Schematic of fiber photometry for
VMH-projecting MeA neurons. b, MeA-VMH axon-GCaMP8s Z scorein clean
cage, during 30 min territorialized cage exposure (red bar),and returntoa
clean cage.c, MeA-VMH axon-GCaMP8s Z score aligned to placement in
territorialized cage.d, Mean MeA-VMH axon-GCaMP8s Z score for 20 s before
and after territorialized cage exposure. e, MeA-VMH GCaMP8s Z score (lower)
with continuous glucose monitoring (upper) for 5 minbaseline, 30 s capture
(pink bar), 5 minrestraint (red bar), and 5 minrelease (grey bar) periods.
f,MeA-VMH GCaMP8s Z score (lower) with continuous glucose monitoring

(upper) for 5minbaseline, Sterritorialized cage exposure (red bar), and 5 min
baseline clean cage periods. g, Schematic of fiber photometry for BNST-
projecting MeA neurons. h, MeA-BNST axon-GCaMP8s Z scorein clean cage,
during 30 min exposure to territorialized cage (red bar), and returntoaclean
cage.i,MeA-BNST axon-GCaMP8s Z score aligned to placementinterritorialized
cage.j, Mean MeA-BNST axon-GCaMP8s Z score for 20 s before and after
territorialized cage exposure. Values are means +s.e.m. Individual data points
representindividual mice. Sample size and statistical analysisin
Supplementary Data Table1.
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Extended DataFig.5|MeA > VMHbut not MeA > BNST neuronsregulate
glucoseresponses tostress. a, Schemafor MeA-VMH circuit chemogenetic
silencing. b-¢, Blood glucose in CNO-injected MeA-VMH hSyn-FLEX-hM4DGi-
mCherry (MeA"™"-Gi, blue) or hSyn-FLEX-mCherry (grey) mice with 30-minute
territorialized cage exposure stress (b) and without stress (c). d-g, Plasma
corticosterone (d), insulin (e), glucagon (f), and adrenaline (g) in CNO-injected
MeA-VMH hSyn-FLEX-hM4DGi-mCherry (blue) or hSyn-FLEX-mCherry (grey)
mice. h, Schemafor MeA-VMH circuit chemogeneticactivation. i, Blood glucose
in CNO-injected MeA-VMH hSyn-FLEX-hM3DGq-mCherry (MeA"™"-Gq, red) or
hSyn-FLEX-mCherry (grey) mice without stress. j-m, Plasma corticosterone (j),
adrenaline (k), time course of insulin response (I), and time course of glucagon
response (m) in CNO-injected MeA-VMH hSyn-FLEX-hM3DGq-mCherry (red) or

hSyn-FLEX-mCherry (grey) mice without stress.n, Schema for MeA-BNST
circuitchemogeneticactivation. o, Blood glucose in CNO-injected MeA-BNST
hSyn-FLEX-hM3DGg-mCherry (MeA®™T-Gq, black) or hSyn-FLEX-mCherry
(grey) mice without stress. p, Blood glucose during glucose tolerance testing
(2mgkg™) in CNO-injected MeA-BNST hSyn-FLEX-hM3DGq-mCherry (MeA®™ '
Gq, black) or hSyn-FLEX-mCherry (grey) mice. q-t, Mean plasma corticosterone
(q), glucagon (r), insulin (s), and adrenaline (t) in CNO-injected MeA-BNST
hSyn-FLEX-hM3DGg-mCherry (MeA®™'-Gq, black) or hSyn-FLEX-mCherry
(grey) mice without stress. Values are meansz+s.e.m. Individual data points
representindividual mice. Sample size and statistical analysisin
Supplementary Data Table1.
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Extended DataFig. 6|MeA > VMH regulation of hepatic glucose production.

a,Blood glucose during pyruvate tolerance test (2 mg kg™) in CNO-injected
hSyn-hM3DGqg-mCherry (MeA-Gq, purple) and hSyn-mCherry mice

(control, grey). b, Blood glucose during pyruvate tolerance test with 15 min

of optogenetic stimulation MeA hSyn-hChR2(H134R) (MeA ChR2, purple) or
hSyn-eGFP mice (control, grey). ¢, Blood glucose during pyruvate tolerance
test (2mgkg™) in CNO-injected, MeA-VMH hSyn-hM4DGi-mCherry (MeA"M"-Gi,
blue) and hSyn-mCherry mice (grey) with 30 minrestraint stress. d, Hepatic
gluconeogenic gene expressionin CNO-injected MeA-VMH hSyn-hM4DGi-
mCherry (blue) or hSyn-FLEX-mCherry (grey) mice. e, Hepatic gluconeogenic
proteinlevelsin CNO-injected MeA-VMH hSyn-FLEX-hM4DGi-mCherry (blue)
or hSyn-FLEX-mCherry (grey) mice with 30 min restraint stress. f, Liver

glycogen contentin CNO-injected MeA-VMH hSyn-FLEX-hM4DGi-mCherry
(blue) or hSyn-FLEX-mCherry (grey) mice with30 minrestraintstress. g, Liver
glycogen contentinunstressed CNO-injected MeA-VMH hSyn-FLEX-hM3DGq-
mCherry (red) or hSyn-FLEX-mCherry (grey) mice. h, Average *C enrichment
per gluconeogenic metabolite as measured by *C metabolic profiling during
[2,3-3C] pyruvate tolerance testingin unstressed mice expressing ChR2
(red,n=7)in MeA-VMH neurons compared to those expressing eGFP (grey).

i, Schematic of the gluconeogenic pathway with enriched *C gluconeogenic
metabolites, adapted from Kennelly et al.”’. Values are meanszs.e.m. Individual
datapointsrepresentindividual mice. Sample size and statistical analysis in
Supplementary Data Table1.
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Extended DataFig.7|Repeated stressblunts MeA and MeA > VMH neural
activity.a, MeA GCaMP6m Z score before, during, and after repeated 2 min
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GCaMPé6m Zscore for each exposure period. d, MeA-VMH axon-GCaMP8s
Zscorebefore, during, and after repeated 2 min exposuresto territorialized cage
stress (red bars). e, Blood glucose before and after each 5-minute territorialized

cageexposurestressat0h,6h,12h,24 h.f, MeA-VMH axon-GCaMP8s Z score
before, during, and after repeated 5 minterritorialized cage exposure stress
(redbars)atOh, 6 h,12h, 24 h.g, MeA-VMH axon-GCaMP8s Z score aligned to
startof eachterritorialized cage exposure periodatOh, 6 h,12h,24 h.h, Mean
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activity. a, DAPI+areain MeA-VMH hSyn-FLEX-DTA (MeA"™"-DTA, blue) or
hSyn-FLEX-mCherry (control, grey) mice. b, Blood glucose in chow-fed
MeA-VMH hSyn-FLEX-DTA (MeA"™"-DTA, blue) or hSyn-FLEX-mCherry (grey)

h-i, Cumulative (h) and average daily intake (i) in chow-fed MeA-VMH

hSyn-
J.Hep.

FLEX-DTA (MeA"™"-DTA, blue) or hSyn-FLEX-mCherry (grey) mice.
atic gluconeogenic gene expressionin chow-fed MeA-VMH hSyn-

mice with30-minute territorialized cage exposure stress. c-d, Mean plasma
insulin (c) and glucagon (d) in chow-fed MeA-VMH hSyn-FLEX-DTA (MeA'™"-
DTA, blue) or hSyn-FLEX-mCherry (grey) mice with 30-minute restraint stress.
e-g, Mean plasma corticosterone (e), adrenaline (f), and noradrenaline (g)
without (left) or with 30-minute restraint stress (right) in chow-fed MeA-VMH

FLEX-DTA (MeA"™"-DTA, blue) or hSyn-FLEX-mCherry (grey) mice.k, Cumulative
intake in high fat diet-fed MeA-VMH hSyn-FLEX-DTA (MeA"™"-DTA, blue) or
hSyn-FLEX-mCherry (grey) mice. Values are meansts.e.m. Individual data
pointsrepresentindividual mice. Sample size and statistical analysisin
Supplementary Data Table1.
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available from Gene Expression Omnibus (GEO), accession number GSE295730. The Allen mouse brain atlas is available at https://mouse.brain-map.org/static/atlas.
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Sample size No statistical methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported in previous publications
(Azevedo et al. 2020, Millar et al. 2019).

Data exclusions | Pre-established criteria were used for exclusion. Animals with misplaced injections or without virus expression were not included in the
analyses. Outliers were defined as values 2 standard deviations above or below the mean per group and were removed from the analysis.

Replication Independent experimental replicates for each experiment are stated in the figure legends. In vivo studies were performed in at least two
cohorts, except for optogenetic stimulation studies performed on one cohort of mice for each (MeA activation, MeA-VMH activation and
MeA-BNST activation). All attempts at replicating the experiments resulted in similar results.

Randomization  Animals were randomly assigned to treatment and control groups. Littermates were used where possible.

Blinding Where possible, in vivo data were collected and analyzed by an investigator blinded to the treatment group but this was not always possible
given the familiarity with the subjects. Determining whether injection sites were valid for inclusion or exclusion was determined by an
investigator blinded to the results for that animal. For histology, hormone, protein and RNA and metabolomic analyses, investigators were
blinded to the group/treatment until data processing for group comparisons.
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Antibodies used The following antibodies were used:
Primary antibodies:
mCherry (Abcam chicken polyclonal, ab205402, dilution 1:1000),
GFP (Abcam goat polyclonal anti-GFP, #ab5450, 1:1000),
tyrosine hydroxylase (TH) (Millipore, Burlington, MA; AB152, 1:500 dilution),
cFOS (Cell Signaling, rabbit monoclonal anti-cfos (9F6), #2250, 1: 500.
Tyrosine hydroxylase (Abcam, chicken polyclonal, #ab76442, 1:500)
Red fluorescent protein (Rockland rabbit polyclonal anti-RFP, #600-401-379, 1:1000)
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Alexa Fluor 647 AffiniPure donkey anti-rabbit (Jackson Immunoresearch, #711-605-152, 1:250)
Alexa Fluor® 594 AffiniPure donkey anti-chicken (Jackson Immunoresearch #703-585-155, 1:2000)
HRP Goat anti-rabbit IgG, (Thermofisher, #31460, 1: 10,000)
HRP Goat anti-mouse IgG, (Thermofisher, #31430,1: 10,000)
Validation mCherry — PMIDs: 32193428, 32894221

GFP — PMIDs: 31853066, 33116314

Tyrosine hydroxylase (TH) — PMIDs: 35835995, 35835995
cFOS — PMIDs: 36804007, 36563678

Red fluorescent protein - PMIDs: 35732741, 35314823
PCK1 - PMIDs: 34914893, 29769440

PGCla - PMIDs: 34914893, 32855402

FoxO1 - PMIDs: 30936148, 30459233

GAPDH - PMIDs: 34914893, 34099676

G6PC - PMIDs: 34547291, 25282357

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
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Laboratory animals Male and female B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, with Cre-dependent tdTomato (Ail4; Jax# 007914)48, vGlut2-
IRES-Cre (Slc17a6tm2(cre)Lowl/J) (Jax# 016963)49; Vgat-IRES-Cre (Slc32altm2(cre)Lowl/J (Jax # 028862)49 and C57BL/6J (Jax#
000664) aged 8-24 weeks were used and maintained with access to food ad libitum. All mice were housed in a temperature-
controlled environment (20-22 degrees celsius, 50-60% humidity) with twelve hours of light per day at the Center for Comparative
Medicine and Surgery (CCMS) at Icahn School of Medicine at Mount Sinai (New York, NY, USA).

Wild animals The study did not involve wild animals.

Reporting on sex Sex differences were not analyzed in this study. Animals of both sexes were used for examination of the effects of MEA activation on
feeding, glucose and behavior. Male mice were used for the studies examining the effects of pathway-specific modulation.

Field-collected samples  The study does not include field collected animals.

Ethics oversight Animal care and experimental procedures were performed with the approval of the Animal Care and Use Committee of Icahn School




Ethics oversight

of Medicine at Mount Sinai under established guidelines. IACUC approval was reviewed and approved by the Institutional Animal
Care and Use Committee of Icahn School of Medicine at Mount Sinai.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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