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Obesity
Obesity is a worldwide epidemic 

Contributes to multiple top 10 global 
causes of death including:

• Heart disease
• Stroke
• Lower respiratory infections

Diabetes (~450 million people worldwide)

• Roughly 40% of adults in U.S. are obese
• 72% when including those overweight

CDC 2017
WHO 2018
Flegal JAMA 2013
Ogden et al. 2014

Massachusetts 5th least obese state!



Paucity	of	therapeutics

Conventional weight loss programs
• Less than 3% are at or below post-

treatment weight 4-5 years after a 
successful weight-loss program

Kramer 1989
Powell 2011
Service 2013 
Wing R 2005

Bariatric Surgery
• Most effective 
• Highly invasive
• Paired with conventional weight loss 

programs

Current Pharmaceuticals
• Adverse side-effects
• Low compliance rate
• Few effective options



Current attempts are not an effective long-term strategy

“It’s easy- exercise and eat right.”
~35 mi/week

50-150 mi/week, plus 
strength, plus two races a 

month

~35 mi/week
plus strength

~10 mi/week
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My SNPs
Rs1121980 (C;T) – 1.67 higher risk
Rs17817449(G;T) – 1.3x higher risk
Rs5746059(A;G) – 4.6% higher fat mass
Rs12970134(A;G) – MC4R gene variant

Sedentary



What	causes	obesity?

Fat
Stores

Long-term positive energy balance



(ê Food intake)
• αMSH
• Leptin
• PYY
• GLP-1
• CCK
• Insulin

Cui H 2005
Hazell T 2015
Hyun-Ju Kim 2011
Koch M 2014
Tschop M 2001

(é Food intake)
• NPY
• AgRP
• Ghrelin
• Insulin

NPY/AgRP neurons

POMC neurons

What	regulates	food	intake	and	energy	metabolism?	

Primary central circuits:

• Dorsal vagal complex (DVC)

• Hypothalamus

GABA

Energy BalanceSensory
Inputs

Reward

Nutrients

Pancreas Liver GI 
Tract

Vagal
Afferents

SNS
Afferents

CCK, Ghrelin, PYY, 
GLP-1, etc.

Motor Control
Systems

Orbitalfrontal

AMY

LHA

PVH

Nac è VTA

Arcuate nucleus (ARC) DVC

NPY/AgRP
POMC

Insulin

Adipocytes

AnorexigenicOrexigenic

Leptin



Recent	Projects

• Impact of postnatal overnutrition on neural development 
and central leptin signaling

• Drug discovery partnership 

• Industry-academic collaboration to investigate the role of 
reelin in metabolic systems

• Central actions of fibroblast growth factor -1 (FGF1)



Fibroblast	Growth	Factor	-1	(FGF1)

Jonker JW, Nature 2012
Ornitz DM, Rev Dev Bio 2015
Liang G, Kidney Int. 2017

Member of FGF protein family (~17 kDa)

Involved in:
• Embryonic development
• Cell growth
• Tissue repair

Receptor binding
• Tyrosine kinase receptors 

Intracellular (c-jun N-terminal kinase; JNK)

Ubiquitous expression
Knockouts are highly diabetic on HFD
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FGF1	reduces	food	intake	in	diabetic	rodent	models

Tennant K, Diabetes 2019
Brown M, Diabetes 2019

Zucker diabetic rat (ZDF)db/db mouse model

db/db – leptin receptor mutation
ZDF – leptin receptor mutation

ARC



FGF1	reduces	blood	glucose	in	DIO	and	diabetic	
mouse	models

Mouse Models

DIO – diet induced obese
db/db – leptin receptor mutation
ZDF – leptin receptor mutation

Zucker Diabetic Rat (ZDF)

ARC Yu JH et. al. 2012

DIO db/dbControl

Tennant K, Diabetes 2019
Brown M, Diabetes 2019



FGF1	increases	cFos and	pERK1/2	in	the	ARC,	median	
eminence,	and	in	tanycytes

Tennant K et. al. 2019
Brown M et. al. 2019 

Control DIO

ARC

SUPPLEMENTARY DATA 

©2019 American Diabetes Association. Published online at http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db18-1175/-/DC1 

Supplementary Figure S7. Effect of central and peripheral FGF1 on c-Fos activation in multiple 
hypothalamic areas. C-Fos activation 90 minutes after a single subcutaneous or i.c.v. injection of FGF1 
(filled bars) or vehicle (open bars) in the (A, D) median eminence (ME), (B, E) arcuate nucleus (ARH), 
and (C, F) ventromedial nucleus of the hypothalamus (VMH). G, Illustration of criteria for selecting cell 
populations within the ME, ARH, and VMH. n = 3 per group. Data are expressed as mean ± SEM; p-
values determined by unpaired Student’s t-test; *p<0.05, **p<0.01, ****p<0.0001. 
 

 

ARC

Yu JH et. al. 2012

Median eminence



Does	FGF1	act	directly	on	ARC-POMC	or	
–NPY	neurons	and,	if	so,	what	are	the	
potential	mechanisms	by	which	it	acts?



Methodology
• Coronal hypothalamic brain slice

• Preserves the arcuate nucleus

• Patch-clamp in the arcuate
• Measure changes in currents and 

voltages

• Transgenic mice
• Proopiomelanocortin (POMC) -EGFP
• Neuropeptide Y (NPY) -GFP

DIC FITC

ARC
Yu JH et. al. 2012
Bregma: -1.6mm



Patch-clamp techniques:

• Neuronal activity (Current Clamp)

• Membrane potential (mV)

• Action potentials (Frequency (Hz))

• Neurotransmitter release/receptor binding 
(Voltage Clamp)

• Voltage held at -60 mV

• Measure changes in current:
• Frequency (Hz) 
• Amplitude (pA)
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Objectives
1) Does FGF1 alter the activity of ARC-

POMC or -NPY neurons?

2) Does FGF1 alter neurotransmitter 
release?

3) What receptor mediates FGF1 signaling 
on these neurons?
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FGF1	activates	ARC-POMC-EGFP	neurons	

(Unpublished data)
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FGF1	does	not	alter	spontaneous	excitatory	inputs	
on	ARC-POMC	neurons	
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FGF1	decreases	spontaneous	inhibitory	inputs	on	
most	ARC-POMC	neurons	
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FGF1	locally	decreases	inhibitory	inputs	
on	most	ARC-POMC-EGFP	neurons
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(Unpublished data)
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FGF1	activation	of	ARC-POMC-EGFP	
neurons	is	indirect

Tetrodotoxin (TTX) – Na+ channel blocker
Bicuculline (BIC) - GABAA receptor antagonist
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FGF1	actions	on	ARC-POMC	neurons	are	independent	of	
FGF	receptors
FGFR 1, 2, 3, 4 inhibitor

VEGFR 1, 2 inhibitor

VEGFR 1, 2, 3, 4 inhibitor

(Unpublished data)

POMC
Neuron

Presynaptic
Neuron

FGF-1

FGF-R?
POMC
Neuron

Presynaptic
Neuron

FGF-1

+ FIIN-1

FGF-R?X
POMC
Neuron

Presynaptic
Neuron

FGF-1

+ FIIN-1

FGF-RX

Membrane 
Potential

POMC
Neuron

Presynaptic
Neuron

FGF-1

+ Axitinib/BMS

VEGF-R?X
POMC
Neuron

Presynaptic
Neuron

FGF-1

+ Axitinib/BMS

VEGF-R?X

Membrane 
Potential

VEGFR
• Regulates tanycyte permeability (leptin transport)
• Tyrosine kinase with similar binding domains

• FGF impacts VEGF signaling and VEGFR expression
• FGF1 most promiscuous FGF



Summary
In the arcuate nucleus:

• FGF1 depolarized ARC-POMC, but not NPY neurons

• FGF1 decreases inhibitory inputs onto ARC-POMC 
neurons

• FGF1 activation of ARC-POMC neurons is indirect

• VEGF receptors are involved in FGF1 activation of ARC-
POMC neurons



Does	FGF1	have	any	actions	in	the	
hindbrain?



Role	of	dorsal	vagal	complex	(DVC)	in	energy	
homeostasis
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FIG. 4. Photomicrographs of coronal 
thionine-stained sections showing lesion 
of area postrema-nucleus of solitary 
tract (AP-NTS) region typical of those 
observed in this study (left) and anatom- 
ically similar sections from control rat 
(right). DMV, dorsal motor nucleus of 
vagus; cNTS, commissural subnucleus of 
NTS; mNTS, medial subnucleus of 
NTS; sgNTS, subnucleus gelatinosus of 
NTS; ts, solitary tract; 12, hypoglossal 
nucleus; Gr, nucleus gracilis; CC, central 
canal; 4V, fourth ventricle. 

closely bordering the AP. This is consistent with the fact was not blocked by subdiaphragmatic vagotomy. Vagoto- 
that capsaicin, which also abolishes lipoprivic feeding, mized rats ate significantly more after both doses of 2- 
causes significant degeneration of vagal afferent termi- DG than after saline. Although the total amount con- 
nals in the nucleus commissuralis of the NTS and in the sumed by vagotomized rats after the higher 2-DG dose 
ventrolateral borders of the AP (14). was less than the amount consumed at that dose in 

In contrast to lipoprivic feeding, glucoprivic feeding controls, this difference clearly does not reflect a lack of 
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Dorsal vagal complex (DVC)
• Nucleus of the solitary tract (NTS)
• Area postrema (AP)
• Dorsal motor nucleus of the vagus (DMV)
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Dorsal	vagal	complex	(DVC)	controls	glucoprivic	
feeding

R1400 VAGAL SENSORY NEURONS MEDIATE LIPOPRIVIC FEEDING 

6.0 
m CONTROL WA APINTS LESION receptors for the glucoprivic control are located in the 

AP-NTS region, possibly within the AP itself. If so, they 
must reside in close proximity to the sensory innervation 
subserving lipoprivic feeding because relatively small 
lesions in this region abolish both controls. Possibly the 
pathways for these controls converge onto common 
higher order neurons in the vicinity of the AP-NTS. 
Alternatively, these controls may be mediated by higher 
order neurons with anatomically overlapping, but func- 
tionally distinct, projections. 

In summary, our results indicate that the two known 
metabolic stimuli for feeding, lipoprivation and glucopri- 
vation, rely on distinct neural substrates. Lipoprivic 
feeding requires intact subdiaphragmatic vagal sensory 
neurons that terminate in the AP-NTS region. Gluco- 
privation is not vagally mediated but also requires a 
neural substrate within the AP-NTS region. In addition, 
our results contribute to the growing awareness of the 
AP-NTS region as a site that is highly organized for the 
processing of gustatory, metabolic, and peptidergic sig- 
nals involved in the control of appetite. 

NaCl MA 400 MA 600 

FIG. 5. Food intake of area postrema-nucleus of solitary tract (AP- 
NTS)-lesioned rats and controls during 6-h tests after intraperitoneal 
injection of mercaptoacetate (MA, 400 and 600 pmol/kg) and NaCl 
(0.9%, mean of 4 tests). Rats were maintained and tested on medium- 
fat, high-carbohydrate powdered diet. * P < 0.001, lesion vs. control for 
same MA dose; O P < 0.003, control MA vs. NaCl. 
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FIG. 6. Food intake of area postrema-nucleus of solitary tract (AP- 
NTS)-lesioned rats and controls during 6-h tests after subcutaneous 
injection of 2-deoxy-D-glucose (2-DG, 100 and 200 mg/kg) and NaCl 
(0.9%, mean of 4 tests). Rats were maintained and tested on medium- 
fat, high-carbohydrate powdered diet. * P < 0.001, lesion vs. control for 
same 2-DG dose; O P < 0.004, control 2-DG vs. NaCl. 

sensitivity to the glucoprivic challenge because the 
amounts consumed by the two groups after the lower 
dose did not differ significantly. Rather the attenuated 
intake after the higher dose is more likely to reflect the 
reduced capacity of the vagotomized animals to consume 
large amounts of food because of impaired gastric emp- 
tying. The fact that glucoprivic feeding is not abolished 
by subdiaphragmatic vagotomy is consistent with results 
reported previously, showing that glucoprivic feeding is 
not altered by capsaicin treatment (15). These results 
indicate that glucoprivic feeding does not rely on subdia- 
phragmatic vagal neurons. Thus glucoprivic feeding and 
lipoprivic feeding are mediated, at least in part, by sep- 
arate neural substrates. 

Although not abolished by subdiaphragmatic vagot- 
omy, glucoprivic feeding was abolished by AP-NTS le- 
sions, as reported previously by other investigators (3, 5, 
8). These results, and the fact that the fourth ventricle 
is a very sensitive site for elicitation of feeding by intra- 
ventricular glucoprivic agents (E), suggest that sensory 
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FIG. 4. Photomicrographs of coronal 
thionine-stained sections showing lesion 
of area postrema-nucleus of solitary 
tract (AP-NTS) region typical of those 
observed in this study (left) and anatom- 
ically similar sections from control rat 
(right). DMV, dorsal motor nucleus of 
vagus; cNTS, commissural subnucleus of 
NTS; mNTS, medial subnucleus of 
NTS; sgNTS, subnucleus gelatinosus of 
NTS; ts, solitary tract; 12, hypoglossal 
nucleus; Gr, nucleus gracilis; CC, central 
canal; 4V, fourth ventricle. 

closely bordering the AP. This is consistent with the fact was not blocked by subdiaphragmatic vagotomy. Vagoto- 
that capsaicin, which also abolishes lipoprivic feeding, mized rats ate significantly more after both doses of 2- 
causes significant degeneration of vagal afferent termi- DG than after saline. Although the total amount con- 
nals in the nucleus commissuralis of the NTS and in the sumed by vagotomized rats after the higher 2-DG dose 
ventrolateral borders of the AP (14). was less than the amount consumed at that dose in 

In contrast to lipoprivic feeding, glucoprivic feeding controls, this difference clearly does not reflect a lack of 
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Dorsal	vagal	complex	(DVC)	controls	feeding	and	
blood	glucose

Ritter S, Brain Res. 2000



Dorsal	vagal	complex	(DVC)	controls	ARC	
nutrient	sensing

Lam CK, Diabetes 2011

• Lactate infusion into medial basal 
hypothalamus (MBH) decreases hepatic 
glucose production

• NMDA receptor antagonist in DVC 
blocks this effect

• Same result for dominant negative 
AMPK adenovirus injections into MBH



ICV	FGF1	injection	induces	cFos in	the	
DVC
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FIG. 4. Photomicrographs of coronal 
thionine-stained sections showing lesion 
of area postrema-nucleus of solitary 
tract (AP-NTS) region typical of those 
observed in this study (left) and anatom- 
ically similar sections from control rat 
(right). DMV, dorsal motor nucleus of 
vagus; cNTS, commissural subnucleus of 
NTS; mNTS, medial subnucleus of 
NTS; sgNTS, subnucleus gelatinosus of 
NTS; ts, solitary tract; 12, hypoglossal 
nucleus; Gr, nucleus gracilis; CC, central 
canal; 4V, fourth ventricle. 

closely bordering the AP. This is consistent with the fact was not blocked by subdiaphragmatic vagotomy. Vagoto- 
that capsaicin, which also abolishes lipoprivic feeding, mized rats ate significantly more after both doses of 2- 
causes significant degeneration of vagal afferent termi- DG than after saline. Although the total amount con- 
nals in the nucleus commissuralis of the NTS and in the sumed by vagotomized rats after the higher 2-DG dose 
ventrolateral borders of the AP (14). was less than the amount consumed at that dose in 

In contrast to lipoprivic feeding, glucoprivic feeding controls, this difference clearly does not reflect a lack of 
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(Unpublished data)
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FIG. 4. Photomicrographs of coronal 
thionine-stained sections showing lesion 
of area postrema-nucleus of solitary 
tract (AP-NTS) region typical of those 
observed in this study (left) and anatom- 
ically similar sections from control rat 
(right). DMV, dorsal motor nucleus of 
vagus; cNTS, commissural subnucleus of 
NTS; mNTS, medial subnucleus of 
NTS; sgNTS, subnucleus gelatinosus of 
NTS; ts, solitary tract; 12, hypoglossal 
nucleus; Gr, nucleus gracilis; CC, central 
canal; 4V, fourth ventricle. 

closely bordering the AP. This is consistent with the fact was not blocked by subdiaphragmatic vagotomy. Vagoto- 
that capsaicin, which also abolishes lipoprivic feeding, mized rats ate significantly more after both doses of 2- 
causes significant degeneration of vagal afferent termi- DG than after saline. Although the total amount con- 
nals in the nucleus commissuralis of the NTS and in the sumed by vagotomized rats after the higher 2-DG dose 
ventrolateral borders of the AP (14). was less than the amount consumed at that dose in 

In contrast to lipoprivic feeding, glucoprivic feeding controls, this difference clearly does not reflect a lack of 
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(Unpublished data)

• FGF1 effects are direct

• Mediated by FGF and VEGF receptors
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FIG. 4. Photomicrographs of coronal 
thionine-stained sections showing lesion 
of area postrema-nucleus of solitary 
tract (AP-NTS) region typical of those 
observed in this study (left) and anatom- 
ically similar sections from control rat 
(right). DMV, dorsal motor nucleus of 
vagus; cNTS, commissural subnucleus of 
NTS; mNTS, medial subnucleus of 
NTS; sgNTS, subnucleus gelatinosus of 
NTS; ts, solitary tract; 12, hypoglossal 
nucleus; Gr, nucleus gracilis; CC, central 
canal; 4V, fourth ventricle. 

closely bordering the AP. This is consistent with the fact was not blocked by subdiaphragmatic vagotomy. Vagoto- 
that capsaicin, which also abolishes lipoprivic feeding, mized rats ate significantly more after both doses of 2- 
causes significant degeneration of vagal afferent termi- DG than after saline. Although the total amount con- 
nals in the nucleus commissuralis of the NTS and in the sumed by vagotomized rats after the higher 2-DG dose 
ventrolateral borders of the AP (14). was less than the amount consumed at that dose in 

In contrast to lipoprivic feeding, glucoprivic feeding controls, this difference clearly does not reflect a lack of 
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(Unpublished data)

FGF1	activates	unidentified	neurons	in	
the	area	postrema



Summary

In the dorsal vagal complex (DVC):

• FGF1 has direct actions on NTS-NPY neurons

• FGF1 actions on NTS-NPY neurons are mediated FGF and 
VEGF receptors

• FGF1 activates unidentified neurons in the area 
postrema



Implications

• FGF1 electrophysiological actions in ARC consistent with 
proposed glia/astrocyte mediated mechanisms

• cFos expression and direct electrophysiological actions 
on NTS/AP neurons consistent with DVC control of 
glucoregulation and food intake

Do FGF1 central actions on food intake and blood glucose 
require peripheral vagal innervation from the DVC? 
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Questions?



FGF1	effects	may	be	mediated	by	voltage	gated	
sodium	channels	(VGSC)
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