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1 | INTRODUCTION

Nuclear and mitochondrial DNA mutations affecting mi-
tochondrial energy production pathways frequently pres-
ent as inborn errors of metabolism, leading to a variety of
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Abstract

Mutations in any of the genes encoding the four subunits of succinate dehydrogenase
(SDH), a mitochondrial membrane-bound enzyme complex that is involved in both
the tricarboxylic acid cycle and the electron transport chain, can lead to a variety
of disorders. Recognized conditions with such mutations include Leigh syndrome
and hereditary tumors such as pheochromocytoma and paraganglioma (PPGL), renal
cell carcinoma, and gastrointestinal stromal tumor. Tumors appear in SDH mutation
carriers with dominant inheritance due to loss of heterozygosity in susceptible cells.
Here, we describe a mouse model intended to reproduce hereditary PPGL through
Cre-mediated loss of SDHC in cells that express tyrosine hydroxylase (TH), a com-
partment where PPGL is known to originate. We report that while there is modest
expansion of TH* glomus cells in the carotid body upon SDHC loss, PPGL is not
observed in such mice, even in the presence of a conditional dominant negative p53
protein and chronic hypoxia. Instead, we report an unexpected phenotype of nondia-
betic obesity beginning at about 20 weeks of age. We hypothesize that this obesity
is caused by TH" cell loss or altered phenotype in key compartments of the central
nervous system responsible for regulating feeding behavior, coupled with metabolic

changes due to loss of peripheral catecholamine production.
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autosomal recessive disorders such as Leigh syndrome.l’2

Interestingly, in other contexts, similar mutations lead to
hereditary tumors such as gastrointestinal stromal tumor
(GIST) and pheochromocytoma and paraganglioma
(PPGL*). It has been estimated that ~40% of PPGL tumors

Abbreviations: Cre, Cre recombinase; GIST, gastrointestinal stromal tumor; LOH, loss of heterozygosity; PPGL, pheochromocytoma and paraganglioma;
RER, respiratory exchange ratio; SDH, succinate dehydrogenase; TCA, tricarboxylic acid.
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result from germline mutations promoting a pseudohypoxic
phenotype, including nuclear mutations inactivating the
four subunits of succinate dehydrogenase (SDHXx) in the
tricarboxylic acid (TCA) cycle.6 Among mechanisms pro-
posed to link SDH loss to PPGL tumorigenesis, succinate
accumulation as an oncometabolite is a compelling model.
Succinate accumulation has been shown to induce multiple
downstream pathologies including inhibition of dioxygen-
ases involved in normal degradation of hypoxia-inducible
factors, and inhibition of demethylation of histones and
DNA.*"8 The resulting dysregulation of metabolism and
epigenetics is tumorigenic in certain tissues.”!! PPGL tu-
mors arise in neuroendocrine cells, including cells in the
carotid bodies (CBs), which originate from neural crest
progenitor cells.'? There is evidence that it is the glomus
type I neuron-like cells of the CB that are susceptible to
PGL tumorigenesis.13 These cells are highly dopaminergic,
sharing tyrosine hydroxylase (TH) expression as a common
marker.'*

Though there have been multiple attempts to develop
mouse models that mimic SDH-related hereditary PPGL,
no successes have been reported.3’15'18 As in humans, ho-
mozygous SDH-loss in mice is an embryonic lethal condi-
tion. Unlike humans, heterozygosity for SDHx mutations
does not predispose mice to PPGL. Conditional SDHx-
knockout strategies are, therefore, reasonable to target
complete SDHx loss to certain vulnerable cell populations
and developmental stages to test the hypothesis that PPGL
tumor initiation can be accelerated. The work reported here
was conceived with such a strategy in mind, triggering
SDHC loss selectively in susceptible TH* neuroendocrine
cells including cells of the central nervous system, para-
ganglia, the adrenal medulla, and the glomus cells of the
CB. Our design used a TH promoter-driven Cre recombi-
nase to trigger deletion of SDHC in TH* cells. We intro-
duced two additional tumor promotion strategies (chronic
10% oxygen hypoxia and conditional expression of a dom-
inant negative p53 tumor suppressor protein) to test their
impacts on PPGL tumorigenesis. We report the surpris-
ing and fascinating observation that none of these condi-
tions resulted in PPGL, but rather SDHC loss in TH* cells
causes an obesity phenotype starting at 20 weeks of age.
We hypothesized that this phenotype results from the dele-
tion or altered behavior of SDHC-loss TH* cells important
for dopamine (DA) signaling in feeding behavior and obe-
sity.lg’20 Indeed, our findings suggest that SDHC loss alters
such dopaminergic cell populations, decreasing catechol-
amine production, especially DA, and increasing appetite
and food consumption with other alterations to metabolic
and activity profiles. Thus, we propose conditional SDH
loss in murine TH* cells as a novel model of obesity driven
by catecholamine dysregulation.
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2 | MATERIALS AND METHODS
2.1 | Ethical treatment of animals

All experimental procedures performed in this study were ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at Mayo Clinic in accordance with NIH guidelines.
Animals were transferred to the experimental protocol at
weaning age and observed for a total of 18 m before sacrifice.

2.2 | Generation of SDHC conditional
knockout mice

The SDHC gene-trap line C57BL/6N- Sdhc™!aEVCOMM)
Wi \was obtained from the European Conditional Mouse
Mutagenesis Program at Sanger Center, UK. These ani-
mals carrying FLP-FRT recombination signals targeting
axon 4 of Sdhc were crossed with flippase recombinase-
expressing mice to produce with an Sdhc floxed (fl)
allele. These mice were then were crossed with B6.Cg-
7630403G23Rik "€y (jax 1D #008601) for two
generations to produce Sdhc fl/fl TH-Cre/+ experimen-
tal animals and Sdhc fl/+ TH-Cre/+ control animals.
PCR primers LIM-4429 (5'-CT,AGA,CTGATC,TGC5)
and LIJM-4430 (5'-CACTGC;G,CTCATAT;C) were
used to confirm Sdhc status while primers LIM-4415
(AC,AGC,AGCTATCA,CTCG), LIM-4416 (T,ACAT,
G,TC,AGC,AC,), LIM-4417 (CTAG,C,ACAGA,T,G
A;GATCT), and LIM-4418 (GTAG,TG,A;T,CTAGC
ATCATC,) were used to detect TH-Cre. Sdhc fl/fl TH-
Cre/+ animals were also crossed with 129S-Trp53tm2Tyj/J
background (Jax ID # 008 652) to produce Sdhc fl/fl TH-
Cre/+ LSLp53/+ animals carrying a conditional dominant
negative p53 allele. In Cre™ cells, deletion of a transcrip-
tional termination sequence (Lox-Stop-Lox) is activated,
resulting in dominant negative p53 expression equivalent
to a homozygous null p53 mutation. PCR primers LIM-
5099 (5'-AGCTAGC,AC,ATG,CT,GAGTCTGCA), LIM-
5100 (5’-CT,G,AGACATAGC,ACACTG), and LIM-5101
(5’-T,LACACATC,AGC,TCTGTG,) were used to detect the
wild type or LoxP element of p53.

2.3 | Husbandry

Five or fewer mice were housed with same-sex litter-mates
in filter-capped polycarbonate cages supplied with PicoLab
Rodent Diet 20 chow and filter-purified tap water ad libitum,
in a room with constant temperature (21 + 2°C) and humid-
ity (45 = 10%). Animals were exposed to a day-night cycle
of 12 hours.



AL KHAZAL ET AL.

3of12

2.4 | Hypoxia

Hypoxic housing of mice was accommodated in a custom-
made hypoxia chamber (BioSpherix, Parish, NY), housing
12 cages with 5 mice per cage. Oxygen levels were main-
tained at 10% using a BioSpherix ProOx P360 oxygen
single-chamber controller. Carbon dioxide was similarly
held at <1% using a BioSpherix ProCO2 P120 ppm car-
bon dioxide single chamber controller. This dual regula-
tion system allowed control of oxygen while modulating
total gas flow rate to purge carbon dioxide from the cham-
ber to avoid carbon dioxide toxicity. For hypoxia studies,
SDHC (fl/+) and SDHC (flI/fl) mice were introduced to
hypoxic or normoxic housing at weaning age (21 days).
Survival data were recorded over the span of 18 m and
animals that met IACUC humane criteria were euthanized
as necessary.

2.5 | Animal weight,
tumorigenesis, and lifespan

Mice were observed three times weekly and euthanized
promptly when IACUC humane criteria were met, such as
when extreme weight loss, tumor growth, or a hunched pos-
ture were observed.

2.6 | Carotid body morphology

For immunohistochemical studies, carotid body and adrenal
glands were removed from the carcasses of animals at 72 weeks,
sacrificed according to IACUC standard protocol for carbon di-
oxide euthanasia. The abdominal cavity was opened by incision
from the groin to the upper neck. Carcasses were then fixed
by immersion in 10% neutral buffered formalin solution for
48 hours, and transferred to 70% ethanol until processing. The
cohort included nine experimental male mice and nine controls.
For analysis, carotid bifurcations and adrenal glands were cryo-
protected overnight with 30% sucrose in PBS, and embedded in
OCT (Tissue-Tek). Tissue sections of 10 um were cut and seri-
ated with a cryostat (Leica, Wetzlar, Germany), and incubated
with primary antibodies overnight at 4°C: TH (1:2500 dilution,
Novus Biological). Thereafter, the tissues were incubated with
fluorescent secondary antibody Alexa Fluor 568 (1:400 dilu-
tion, Invitrogen,). Nuclei were labeled with 4',6’-diamidino-
2-phenylindole (DAPI). Immunofluorescence images were
acquired using an Olympus BX-61 microscope (Olympus,
Hamburg, Germany) and carotid body TH* surfaces in tissue
slices were measured with ImageJ software (NIH, USA). The
total TH" surface given in figures (in arbitrary units) is the re-
sult of the sum of all the TH* surfaces obtained from each of the
slices in a seriated bifurcation.

%ASEBJOURNALJ—

2.7 | TH and SDHB western blot analysis
Tissue samples (0.25 mg) were isolated from the hypothalamic
region of saline-perfused brains and incubated in ice-cold RIPA
buffer for 30 minutes and subjected to vortex mixing every
5 minutes. Protein extracts were then quantitated using a Pierce
BCA protein assay kit before mixing them with LDS sample
buffer and reducing agent. For electrophoresis, 10% Bis-Tris
gels were used to analyze protein extracts (10 pg) in 1 X MES
running buffer at 150 V for 1 hour. Following the electrophore-
sis, blotting was accomplished using a Novex western transfer
apparatus and PVDF membrane. Transfer electrophoresis was
for 90 min at 30 V and 245 mA in transfer buffer. After check-
ing the quality of the transfer with Ponceau S, the membrane
was blocked in 3% nonfat dry milk in TBST buffer. Following
1 hour of blocking and three 15-min washes in TBST, the
membrane was cut where appropriate. Blots were incubated
overnight in 10 mL primary antibody solutions made with 4%
BSA in TBST including sodium azide (0.5%) and either 1:2000
anti-SDHB, 1:1000 anti-alpha tubulin, or 1:500 anti-tyrosine
hydroxylase antibodies (abcam ID# ab113). Membranes were
removed from the primary staining solution, washed three
times (15 minutes) in TBST buffer and incubated 1 hour in
the presence of secondary antibody solution made with 15 mL
3% fat-free milk blocking buffer and 1 pL of the correspond-
ing HRP-conjugated second antibody. Antibody binding was
then detected and quantitated using Pierce ECL 2 western blot
substrate at room temperature for 15 minutes prior to imaging
with a GE Typhoon Fluorimeter (GE Healthcare Life Sciences,
Chicago, IL, USA). Digital quantification was performed
using ImageQuant (GE Healthcare Life Sciences) and Imagel
software (National Institutes of Health, Bethesda, MD, USA)
normalizing SDHB and TH signals to alpha tubulin upon back-
ground subtraction.

2.8 | Staining of brain sections

Brain tissues were isolated from male mice at 27 weeks of
age following lethal exposure to carbon dioxide and perfu-
sion with saline and 4% paraformaldehyde (PFA) in PBS
solution. Brain tissue was transferred to 4% PFA solution
overnight followed by storage in 30% sucrose in PBS at 4°C
until the tissue was no longer buoyant. Slides were prepared
using 40 pm coronal sections cut in a cryostat. The selected
paraventricular nucleus (PVN) sections were then incubated
at room temperature in 0.5% Triton in PBS for 15 minutes
followed by 5% BSA in PBS for 4 hours prior to staining.
Exposure to primary antibodies was done overnight in 4°C
using sheep anti-TH (abcam #ab113) and rabbit anti-SDHB
(abcam #ab178423). On the following day, primary antibod-
ies solutions were removed and the tissues were washed three
times (5 minutes) in PBS containing 0.5% Triton. Secondary
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antibody solutions were prepared with rabbit anti-sheep IgG
H&L Alexa Fluor 488 (#ab150181) and a donkey anti-Rabbit
IgG H&L Alexa Fluor 647 (#ab150075). Nuclei were stained
using DAPI (Sigma #28718-90-3). Fluorescent images were
taken using an LSM 510 confocal laser scanning microscope
(Carl Zeiss).

2.9 | Metabolic chamber analysis

A total of 14 experimental male mice (27 weeks) were paired
with littermate controls and placed in metabolic chambers
with locomotor sensors (Oxylet Pro, Panlab). Each pair
was allowed to acclimate for 6 hours prior to data collec-
tion (24 hours, covering 12 hours of light and 12 hours of
dark). Animals had ad libitum access to water and food dis-
pensing units, which recorded consumption throughout the
experiment. Gas exchange and energy expenditure were
recorded using an external gas analyzer unit (Panlab, LE
405 Gas Analyzer) reporting to metabolic software (Panlab,
Metabolism). Data analysis was conducted in Prism 8.

2.10 | Open field analysis

Spontaneous locomotor parameters and anxiety-like behavior
were assessed by introducing 14 experimental and 14 control
males (age 26 weeks) to a conventional, brightly lit (500 lux),
open field test apparatus consisting of a Plexiglas chamber
(41 cm?) placed inside sound-attenuating cubicles equipped
with two sets of 16 pulse-modulated infrared photobeams to
record X-Y ambulatory movements at a time resolution of
100 ms (Med Associates, Lafayette, IN). The test entailed
three 60-minutes sessions following 30 minutes of acclima-
tion for three consecutive days during the light cycle.

2.11 | Insulin, glucose and catecholamine
blood panel analysis

Fasting blood serum from seven experimental male mice
and a matching number of controls (age 27 weeks) was an-
alyzed to determine fasting insulin levels using a commer-
cial ELIZA kit (Novus biological #NBP2-62853). Glucose
levels were measured directly from tail blood using a con-
ventional alpha TRAK 2 blood glucose monitoring system.
Plasma catecholamines were measured by reversed phase
HPLC with electrochemical detection after extraction with
activated alumina. Intra-assay catecholamine sensitivities
are: norepinephrine 0.7% and 0.63% at 293 and 1234 pg/mL;
epinephrine 1.14% and 0.75% at 73.2 and 1019 pg/mL; do-
pamine 2.9% and 1.62% at 66.8 and 293 pg/mL. Interassay
coefficients of variability are: norepinephrine 3.2% and 3.9%

at 291 and 1223 pg/mL; epinephrine 4.2% and 4.3% at 76 and
1010 pg/mL; dopamine 8.1% and 7.1% at 64 and 258 pg/mL.
Inputs below the detectable level (<10 pg/mL) were calcu-
lated as 10/(2)"? or 7.1 pg/mL.

3 | RESULTS

3.1 | Generation of SDHC-loss mice

Inspired by the goal of creating a mouse model of the rare
familial neuroendocrine tumor PPGL,16 we utilized a gene
trap approach to create a null SDHC allele that, when rear-
ranged by Flp recombination, created a conditional SDHC al-
lele where two LoxP cites flank exon 4 as described.”! When
exposed to Cre recombinase, exon 4 is deleted, yielding a
mRNA encoding a nonfunctional, truncated SDHC protein.
To avoid the embryonic lethality associated with systematic
deletion of SDHC in homozygous floxed animals'® while
knocking out SDHC expression in tissues believed suscep-
tible to PGL tumorigenesis, we generated conditional SDHC
mice with one or two copies of the floxed SDHC allele to-
gether with Cre recombinase under the control of the TH
promoter. We aimed to test the hypothesis that SDHC fl/fl
animals would survive SDHC gene loss in TH* cells and de-
velop PPGL while SDHC fl/+ animals would, like humans,
show no SDH haploinsufficiency and serve as controls. As
described below, the triggering SDHC loss in TH™ cells, even
when combined with p53 loss and/or chronic hypoxia, does
not predispose to PGL but rather triggers unexpected obesity.

3.2 | Carotid body hypertrophy upon SDHC
loss in TH™ cells

It has previously been shown that pseudohypoxia driven by
PHD?2 inactivation and chronic up-regulation of hypoxia-in-
ducible factors (HIFs) in TH™ type I cells of the carotid bodies
can lead to hypertrophy, a possible early stage of tumorigen-
esis.'”” SDH loss is accompanied by succinate accumulation,
a condition that can similarly inhibit HIF prolylhydroxylases,
similarly inducing pseudohypoxia.”* We therefore analyzed
carotid body morphology in conditional SDHC-loss mice to
test for this effect. TH* cells of the adrenal medulla were also
examined. No evidence of paraganglioma or other tumori-
genesis in the adrenal glands or CB of SDHC loss animals
was observed in a cohort of nine experimental and nine con-
trol animals. Interestingly, however, quantitative analysis of
TH" CB cells indicated an increased surface area for these
cells in experimental animals as compared to controls, sug-
gesting mild hypertrophy in SDHC-deficient carotid bodies
(Figure 1). This result is consistent with the hypothesis that
type I glomus cells of the CB undergo mild expansion in
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Quantitative assessment of TH expression in the CB of mice at 72 weeks. A, TH™ area (arbitrary units) in carotid bifurcations

based on analysis of nine TH-Cre experimental (FFCx) and nine control (F 4+ Cx) mice. Statistical analysis used a Student's  test where

significance is reported for P-values below .05. Bars represent mean + SEM. B, Example immunofluorescent staining shows TH (red) and DAPI

(blue) where the discontinuous white line outlines the CB regions in each section

response to pseudohypoxia driven by succinate antagonism
of prolylhydroxylase enzymes that normally target HIFs for
proteolysis. The result is, therefore, a milder form of the phe-
notype reported when PHD2 is inactivated in TH" cells."?
CB hyperplasia was relatively subtle and preliminary immu-
nohistochemical analysis of HIF2a expression in available
specimens did not reveal detectable elevation.

3.3 | Adrenal medulla pathology upon
SDHC loss in TH" cells

Interestingly, while the relative size of the adrenal medulla
was not overtly altered in SDHC-loss obese mice (Supporting
Information Figure S1), a striking inflammatory infiltrate was
consistently observed in all experimental adrenal medulla tis-
sues (Supporting Information Figure S2) suggesting a change
in chromaffin cell physiology upon SDHC loss.

3.4 | Absence of PPGL tumorigenesis upon
SDHC loss in TH" cells

Three cohorts of seven experimental and seven control mice
were dissected shortly after CO, euthanasia at IACUC hu-
mane end-point criteria, or at age 78 weeks. An initial as-
sessment of tumors present at autopsy was recorded before
whole carcasses were sent for gross pathology analysis after
fixation in 10% neutral buffered formalin containing metha-
nol for 48 hours. A more detailed histopathology analysis
was conducted for major tissues including brain, heart, liver,
adrenal gland, spleen, stomach, small intestine, and colon.
No PPGL tumors were observed. Both experimental and
control animals displayed age-related liver necrosis, lympho-
histiocytic, and other neoplasms. Two experimental females

showed signs of adrenal spindle cell hyperplasia, moderate
and vascular ectasia, and cortical/medullary junction unre-
lated to PGL formation.

3.5 | Absence of PGL tumorigenesis upon
SDHC loss in TH* cells with p53 loss and/or
chronic hypoxia

There is literature precedent for the concept that chronic hy-
poxia is an inducing or promoting factor in parasympathetic
PPGL.®* Likewise, p53 loss is believed to enhance tumo-
rigenesis in many cancers. Although p53 loss has not been
found to be a common driver of PPGL in humans,24’25 we in-
vestigated the potential of promoting PPGL by p53 loss and
hypoxia. Conditional SDHC-loss mice were bred with mice
carrying a conditional dominant negative p53 allele, produc-
ing FFCxp53 and F 4+ Cxp53 animals (where the shorthand
nomenclature F refers to the SDHC conditional floxed allele,
+ refers to an SDHC wild type allele, Cx refers to at least
one Cre allele, and p53 refers to a dominant negative p53
allele). These and FFCx and F + Cx animals were housed
under chronic 10% oxygen conditions from weaning age.
As shown in Figure 2, conditional SDHC-loss animals had
lower life expectancies, though no PPGL tumorigenesis was
observed by autopsy or histopathology. Among causes of
premature death was an inconsistent trend in tissue necrosis
and neoplasms.

3.6 | Obesity upon SDHC loss in TH* cells

Weight data were recorded weekly for experimental and
control mice between 10 and 78 weeks of age, initially
simply as a means to monitor health and tumor formation.
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FIGURE 2 Survival of mice of the indicated genotypes maintained under chronic hypoxia (10% O,). A, Lifespan data for mice of the
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F + Cx males; 15 FFCx and 14 females. Data analysis was conducted in Prism 8

Strikingly, conditional SDHC-loss mice became obese start-
ing ~20 weeks of age (Figure 3A). Lean and fat mass body
composition analysis revealed a higher body fat composition
in experimental mice compared to controls (Figure 3B,C).
This phenotype did not strongly reduce life expectancy
(Figure 3D).

3.7 | Characterization of preobese and obese
SDHC-loss mice

We sought to understand the basis for obesity in animals
lacking SDHC in TH* cells. We considered behavioral and
physiological factors. We used a conventional open field
apparatus to measure spontaneous locomotor function and
anxiety-like behavior in obese males at 27 weeks of age. Our
results (Figure 4) suggest that while total distance traveled
did not vary significantly across genotypes (Figure 4C), ex-
perimental animals moved less during the first 10 minutes of
a habituated open field session, possibly suggesting a higher
stress relative to control mice (Figure 4A). On the contrary,
there was no difference between experimental and control
animals for time spent in the center of the field, or in average
velocity. Interestingly, obese animals displayed reduced rear-
ing behavior, suggesting a lack of explorational drive in the
open field (Figure 4B). Visual representations of representa-
tive open field habituated sessions are shown in Figure 4D.
We undertook metabolic chamber studies to evaluate
the metabolic characteristics of preobese and obese mice in
terms of dietary intake, gas exchange, energy expenditure,
and light cycle-dependent locomotor activity. Consistent
with what had been observed for locomotor behavior in the
open field, experimental mice displayed intervals of low
motor activity throughout the day, more evident during the
dark cycle (Figure 5A), though oxygen consumption was
comparable to matched controls (Figure 5B). Experimental
mice also presented an altered pattern of energy expenditure,

also more evident during the dark cycle (Figure 5C). Daily
food consumption, but not water consumption, was found to
be significantly higher for experimental animals compared to
controls (Figure 5D,E).

3.8 | Brain morphology after SDHC loss in
TH? cells

We exploited western blotting and immunohistochemistry to
investigate morphological effects of SDHC loss in TH cells in
key areas of the central nervous system responsible for regulat-
ing feeding behavior and metabolism. Particularly, we focused
on the paraventricular nucleus (PVN) of the hypothalamus,
considered as a crucial region regulating physiological feeding
response and metabolic balance.?® Hypothalamus tissue and
sections were analyzed for TH and SDHB protein. SDHB is a
convenient surrogate for SDHC, as the loss of SDHC is known
to trigger loss of SDHB.”’ Digital quantification of western blot
signal was normalized to alpha tubulin and reported as a ratio
(Figure 6A). The results suggest a significant decrease in TH
protein expression across four experimental samples compared
to controls (P = .001). This loss of TH protein raises the pos-
sibility that at least some TH* cells of the hypothalamus are
deleted upon loss of SDHC expression. SDHB reduction was
not detectable by western blot, consistent with the notion that
the majority of cells in this tissue are TH™ with unaffected levels
of SDH proteins.

Immunohistochemistry with fluorescent detection was
used to assess tissue morphology and SDHB and TH levels in
the PVN. The results (Figure 6B) also indicate reduction, but
not complete ablation, of TH" cells in the PVN (Figure 6A,
compare first column in upper two rows vs. lower two rows),
consistent with western blotting results. The strong reduction
in yellow color in the merged data (Figure 6B, right column)
indicate that few cells show both TH and SDH expression as
expected. Altered morphology of TH* neurons in PVN sections
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was also noted (arrows in Figure 6, rows 2 and 4), with TH
expression throughout the cytoplasm in controls but strikingly
perinuclear upon SDHC loss. TH* SDHC-loss cells are also di-
minished in size (Figure 6B, bottom row). In summary, we find
evidence of SDH loss specific to TH? cells in the PVN, and evi-
dence that at least some SDH-loss cells survive, but with altered
morphology. These results support the hypothesis that SDHC
loss in TH* neurons impacts brain structure and function, with
potential consequences for feeding behavior.

3.9 | Diabetic status of experimental mice

We wished to rule out a role for diabetes in the etiology of
obesity in conditional SDHC-loss mice. Blood glucose was
found to be significantly lower in experimental animals com-
pared to controls in the tested cohort (Figure 7A) while insulin
levels were similar between experimental mice and controls
(Figure 7B). Neither of these parameters suggest diabetes as an
underlying condition in mice lacking SDHC in TH* cells.

3.10 | Systemic catecholamine status after
SDHC loss in TH™ cells

Because tyrosine hydroxylase is the first and rate-limiting
enzyme in the pathway of catecholamine biosynthesis,28 we
were curious if SDHC loss in TH* cells might decrease the
viability and/or hormone production of these cells, impacting
catecholamine activities such as satiety related to dopamine
levels. Remarkably, catecholamine analysis showed all ex-
perimental animals in a cohort of seven to have serum dopa-
mine and norepinephrine below the detection limit (<10 pg/
mL), and epinephrine levels were also found to be signifi-

cantly lower in experimental animals compared to controls
(Figure 7C-E).

4 | DISCUSSION

We originally set out to develop a mouse model of familial
PPGL triggered by loss of SDH. The field has been plagued
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by the lack of such mouse models of tumorigenesis, and lim-
15,16,18,29-31 though recent progress has
been reported in rat.? It is possible that the time required
for spontaneous LOH in heterozygous SDH-loss mice is too
long for development of slow-growing PGL tumors given
the short lifespan of the animal. It is, therefore, reasonable
to drive complete conditional SDH loss in tissues of inter-
est. Whole-body SDH loss is an embryonic lethal condition,
though, remarkably, we have shown that conditional whole-
body SDH-loss mice can survive in hypoxia.”! As there is
evidence that TH" cells are the stem cells of chromaffin tu-
mors,13’33'35 we created a conditional model to enhance loss
of SDHC expression in TH" cells. We monitored SDHC-loss
animals for tumorigenesis, and attempted to increase the pen-
etrance of a tumor phenotype by triggering expression of a
dominant negative p53 protein in TH* cells, and exposing
mice to chronic 10% oxygen hypoxia, perhaps contributing
other tumor growth signals.23’24’3 6

We observed subtle CB hyperplasia among TH* cells
upon SDHC loss. This effect is consistent with the more
profound CB hyperplasia observed in mice lacking prolyl-
hydroxylase PHD2 in type I cells.® It is thus evident that
chronic hypoxic signaling due to low oxygen or the inability
to downregulate hypoxia inducible factors is sufficient to pro-
mote mitogenesis in CB tissue. We hypothesize that SDHC
loss in type I cells of the CB causes succinate accumulation,

ited cell line models

partially inhibiting dioxygenases such as PHD2, thus, creat-
ing a weak phenocopy of PHD2 loss, with pseudohypoxic
consequences.

Despite this evidence for mild CB hyperplasia upon
SDHC loss in TH* cells, the animals did not go on to develop
detectable PPGL in CB, adrenal medulla, or other locations.
Results were similar even upon conditional p53 loss in the
same cells, and with additional chronic hypoxia. We conclude
that SDHC loss triggered by developmental TH expression in
mouse development is insufficient for PGL tumorigenesis.
This result might be due to multiple factors. It is possible that
mice require loss of additional PGL tumor suppressor genes
compared to humans. It is possible that tumor growth is too
slow for sensitive detection in mice. Our hypothesis in de-
signing this work was that complete loss of any SDH subunit
has the same tumorigenic consequences as loss of any other
SDH subunit. However, it is also possible that SDHC loss is
not as penetrant as loss of other SDH subunits, for example,
SDHB?’ for reasons yet to be understood. Similarly, lack of
SDHD is reported to induce death of CB and adrenal medulla
cells.'” Finally, it is possible that the timing of SDHC loss,
coinciding with onset of TH expression, is inappropriate for
PPGL tumorigenesis.

While monitoring the physiology of mice with SDHC loss
in THY cells, we made the unexpected observation that these
animals are prone to obesity relative to SDHC =+ littermates
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(Figure 3). This mystery suggested that altered physiology Interestingly, the observed nondiabetic obesity occurred in
upon SDH loss in TH" cells influences mouse bioenerget- adulthood and did not cause significant morbidity or prema-
ics or behavior to alter feeding and/or energy expenditure. ture mortality. These results are consistent with reports that



10 of 12 AL KHAZAL ET AL.
FASEBJOURNAL
A) (B) (©)
200+ 0.5+ j 2000 =
_3' P=0.001 - c
S 151 ki £ 1 S 1500
£ = B ¥
0.3+ ~
@O 100+ L I @ 1000+
. £ 0.2 £
::’ 50+ § 044 § 500 P= 0.0001
m - ° *kk
0+ T 0.0 T Q 0~ T
F+Cx FFCx F+Cx FFCx F+Cx FFCx
(D) (E)
2 ) 4000
0000 - -
o £
i )
= 315000- S 3000+
) e () P=0.0192
2 £ 100004 2000+ T
22 £
9= 00 P< 0.0001 S 10004
o *kkk 8
4 -
o = 5 .
F+Cx FFCx F+Cx FFCx

FIGURE 7 Blood glucose, insulin, and catecholamines for male mice at 24 weeks. Mice were fasted for 4 hours prior to serum collection.

A, Tail vein whole blood was used to monitor glucose using an Alpha TRAK 2 monitoring kit. B-E, Serum was analyzed to measure insulin and

the indicated hormones. Statistical analysis was by Student's ¢ tests, with only P values below .05 indicated and measurements below the detection
limit were substituted with the lowest detectable level of each assay divided by 22 as described (Ogden, 2010). Bars indicate mean + SE. Data

represent seven male mice per group

elevated weight, per se, has only a minor effect on lifespan
when obesity is reached later in life.*® Moreover, other con-
ditional obesity models have reported mild phenotypes and
normal lifespan when the causative mutation was triggered
after maturity.39

DA signaling pathways play key roles in regulating feeding.
Pharmacogenetic alterations to DA signaling have been linked
to obesity. However, the precise role of DA in regulating food
intake remains poorly understood.*’ It has been proposed that
the dopaminergic functions activated in TH" cells modulate
feeding behavior through regulation of sympathetic neurons
associated with reward control, sensation, and conditioning.40
This implies that vulnerability to overfeeding is influenced
by the ability to regulate craving and reward-driven behav-
iors. Catecholamines produced during the intermediate steps
of TH-dependent pathways also influence energy metabolism
through chemical signaling and control biological processes
in response to stress stimuli.*! For example, epinephrine and
norepinephrine play critical roles in the production of ketone
bodies through lipolysis 4142 implying that interference with
catecholaminergic pathways could impose changes upon ho-
meostatic circuits. The result may be impairment of metab-
olism and DA-dependent behaviors such as stress response,
physical activity, energy expenditure as well as obesity.43 On
this basis, we propose that inadequate catecholamine-mediated
(especially DA-mediated) energy homeostasis is the likely
mechanistic basis for the striking obese phenotype observed

in this SDHC conditional loss model. We show clear evidence
of altered morphology of TH* dopaminergic cells in the hy-
pothalamus and the carotid bodies, suggesting smaller cells
with altered subcellular TH localization in the former, and
expansion in the latter (Figures 1, 6). Western blot analysis
confirmed a significant decrease in TH expression within the
hypothalamic region (Figure 6A). Most strikingly, a serum
catecholamine panel showed profound decreases in serum
epinephrine, norepinephrine, and dopamine upon SDHC loss
in TH" cells, supporting the hypothesis that SDHC loss trig-
gers loss of dopaminergic functions. Our finding of suspicious
adrenal medulla histology (normal adrenal medulla size but
inflammatory infiltrate suggestive of chromaffin cell degener-
ation or dysfunction) suggests a defect in catecholamine syn-
thesis by TH* cells. Chemical denervation could be used in
future studies to test this possibility. Likewise, understanding
the balance between adrenergic defects in the central nervous
system vs. the periphery could be addressed in future studies
by analysis of altered gene expression in the adrenal medulla
of obese SDHC-deficient mice.

Analysis of blood glucose and insulin argues against dia-
betes in our model. Mutations in the leptin signaling pathway
are often associated with diabetes, but diabetes is not ob-
served in most chemically or metabolically induced obesity
models. The Tubby model is an example of metabolically in-
duced animal obesity that does not present hyperglycemia or
insulin sensitivity.”> The metabolic profile of the obese mice
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in our work also reveals altered food consumption where ex-
perimental genotypes were prone to overeating (Figure 5D),
showed subtle alteration of locomotion (Figures 4A, 5A) and
a lower energy expenditure (Figure 5C), all confirming ab-
normal metabolism and behavior.

In summary, our results suggest that reduced systemic
catecholamine production and dopaminergic signaling can
trigger obesity. Ironically, PPGL tumorigenesis, the original
motivation behind this conditional SDHC loss model, would
have been expected to produce the opposite effect, with cat-
echolamine overproduction by expanding tumor cells a com-
mon feature of functional sympathetic PPGL tumors.* The
fact that PPGL patients with catecholamine elevation do not
generally demonstrate a corresponding increased metabolism
with weight loss may also reflect receptor downregulation.
We have not discovered reports of obesity associated with
other mouse models utilizing the TH-Cre driver, suggesting
that SDHC loss in TH* cells is a specific effect. For exam-
ple, deletion of Bel-x in TH™ cells generate smaller mice with
lower brain mass.® Thus, the model described here may be
useful in future studies characterizing the relationship be-
tween catecholamine production and obesity.
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