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The protein kinase A (PKA) signaling system mediates the effects of numerous hormones, neurotrans-
mitters, and othermolecules to regulatemetabolism, cardiac function, andmore. PKA defects may lead to
diverse phenotypes that largely depend on the unique expression profile of the affected subunit. Deletion
of the Prkarcb gene, which codes for PKA catalytic subunit b (Cb), protects against diet-induced obesity
(DIO), yet themechanism for this phenotype remains unclear.Wehypothesized thatmetabolic ratewould
be increased in Cb knockout (KO) mice, which could explain DIO resistance. Male, but not female, CbKO
mice had increased energy expenditure, and female but not male CbKOmice had increased subcutaneous
temperature and increased locomotor activity compared with wild-type (WT) littermates. Urinary nor-
epinephrine (NE) and normetanephrine were elevated in female CbKO mice. CbKO mice had increased
heart rate (HR); blocking central NE release normalized HR to that of untreated WT mice. Basal and
stimulated PKA enzymatic activities were unchanged in adipose tissue and heart and varied in different
brain regions, suggesting thatPrkacb deletion maymediate signaling changes in specific brain nuclei and
maybe less important in the peripheral regulation of PKAexpression and activity. This is a demonstration
of a distinct effect of the PKA Cb catalytic subunit on catecholamines and sympathetic nerve signaling.
The data provide an unexpected explanation for the metabolic phenotype of CbKO mice. Finally, the
sexual dimorphism is consistent with mouse models of other PKA subunits and adds to the importance of
these findings regarding the PKA system in human metabolism.

Copyright © 2019 Endocrine Society

This article has been published under the terms of the Creative Commons Attribution Non-
Commercial, No-Derivatives License (CC BY-NC-ND; https://creativecommons.org/licenses/by-nc-
nd/4.0/).

Freeform/Key Words: PKA, catecholamines, sympathetic outflow, energy balance,
cardiovascular

The cAMP-dependent protein kinase A (PKA) is essential in mediating the effects of a vast
number of G-protein-coupled receptor-dependent ligands, including hormones and neuro-
transmitters, that modulate intracellular cAMP levels. In humans and mice, the PKA ho-
loenzyme consists of two regulatory (R) and two catalytic (C) subunits. There are four R
subunits (RIa, RIb, RIIa, and RIIb) and at least three C subunits (Ca, Cb, and PRKAX). PKA
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subunit expression varies between tissues, and this variability, along with different cAMP
and A-kinase anchoring protein affinities, determines cell-specific PKA responses to cAMP
generated by the binding of a ligand to the corresponding G-protein-coupled receptor. Mouse
models have been instrumental in understanding the diverse roles for PKA in regulating
energy balance and metabolism. Studies in mice have demonstrated that deletion of regu-
latory subunit RIIb [1] or RIIa [2] or catalytic subunit Cb [3] confers resistance to diet-
induced obesity (DIO) through distinct mechanisms specific to the affected PKA subunit and
the cell types in which that subunit is expressed.

In mice, dysregulated PKA activity, caused by targeted deletion of Prkar2b (RIIb), caused
increased energy expenditure and basal lipolysis [1, 4], as well as increased insulin [5] and
leptin [6] sensitivities and these traits prevented age-related metabolic dysfunction [7].
Changes in locomotor activity were sex specific [8]. Despite the high expression of Prkar2b in
adipose tissue (AT), altered PKA signaling in hypothalamic medial spiny neurons was the
primary mediator of the observed resistance to DIO. Likewise, the Prkar2a knockout (KO)
mouse resisted DIO and glucose intolerance and had a modestly elevated metabolic rate
during a high-fat diet (HFD) [2].

Deletion of Prkacb in mice did not have obvious effects, as those seen in mice null for the
most abundant PKA catalytic subunit Prkaca. Prkacb encodes three isoforms (Cb1, Cb2, and
Cb3), and Cb2 and Cb3 are transcribed from neural-specific promoters [9, 10]. Prkacb is
expressed at low levels peripherally and at higher levels in the nervous system [11]. Deletion
of all three isoforms in mice reportedly reduced basal PKA activity in whole brain lysate [12].
Prkacb KO (CbKO) mice were DIO resistant and when exposed to a HFD, had reduced fat
mass and superior insulin sensitivity compared with wild-type (WT) mice [3]. There is sexual
dimorphism with respect to the severity of phenotype and the specific phenotypic mani-
festations caused by perturbations in the PKA signaling pathway [13]. The underlying
mechanism for the observed sexual dimorphism in PKA mouse models, such as potential
interactions with sex hormones or regulation by the X chromosome, remains unknown.

In the face of the global obesity epidemic, there is interest in how PKA activation down-
stream of adrenergic receptors in AT might enhance metabolic rate and increase fat-burning
capacity as a potential therapeutic target. The finding that BAT was present in adult humans
and smallmammals (i.e., research animals) alike sparkeda renewed interest innervous-system
activation of both brown AT (BAT) and brown-like AT to increase energy expenditure [14, 15].
BAT activation by a specific b3-adrenergic agonist reportedly mimicked the effect of cold-
induced BAT activation on energy expenditure [16]. Inmice, BAT- andwhite AT (WAT)-specific
overexpression of Prkaca under the Adipoq promoter caused constitutive PKA activation in AT
and increased energy expenditurewithout altered energy intake or locomotor activity [17]. This
AT-specific increase in PKA activity was sufficient to prevent DIO in mice. In humans, visceral
AT from patients with Cushing syndrome displayed differential regulation of PKA subunit
expression that was associated with varying degrees of obesity and distribution of AT [18].

In the present investigation, we tested the hypothesis that CbKO mice have an enhanced
metabolic rate as a result of PKA subunit dysregulation; the data were surprising and
provided an alternate way to resistance to DIO—that of altered catecholaminergic activity.
Thus, we report here a role for the Cb PKA subunit as a central regulator of the sympathetic
nervous system.

1. Materials and Methods

A. Mice and Diets

Mice null for all three Prkacb isoforms (CbKO), two (Cb2 and Cb3) of which are transcribed
from neural-specific promoters, were generated, as previously described [12]. Male and
female CbKO and WT mice were bred from heterozygous breeding pairs on a C57BL/6J
background. Mice were maintained on a regular control diet (CD; NIH-31; Harlan-Teklad,
Indianapolis, IN) and 12 hours light/dark cycle from weaning at ;21 days. For indirect
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calorimetry and telemetry studies, male and female CbKO and WT littermates (11 to 12 and
17 to 22 weeks old at outset, respectively) were used. The female and male cohorts for
calorimetry and telemetry each derived from two and three litters, respectively, as was the
case for the RNA, protein, and PKA activity studies. Urine was collected for catecholamine
quantification from the indirect calorimetry cohorts when mice were 3 months old. Tissues
were collected at the end of each study, snap frozen, and stored at 280°C for subsequent
expression and PKA enzymatic studies or fixed in 4% paraformaldehyde (PFA) for
immunohistological analyses.

All mouse procedures were approved by and conducted in accordance with the Eunice
Kennedy Shriver National Institute of Child Health and Human Development Institutional
Animal Care and Use Committee.

The CD, NIH-31 Open Formula (Harlan-Teklad), had an energy density of 3.0 kcal/g with
24%, 14%, and 62% of the total energy derived from protein, fat, and carbohydrate, re-
spectively. The HFD, used for energy balance and DIO studies, was high-fat, soft pellet chow
(F3282; Bio-Serv, Frenchtown, NJ) with an energy density of 5.5 kcal/g; 21%, 36%, and 36% of
energy was derived from protein, fat, and carbohydrate, respectively.

B. Indirect Calorimetry

Indirect calorimetry was performed in a 12-chamber Oxymax/Comprehensive Lab Animal
Monitoring System (Columbus Instruments, Inc., Columbus, OH) on 11- to 12-week-old
female and male mice (n5 5 to 6/group, one mouse/chamber, 13-minute bins). Food (CD) and
water were provided ad libitum. Mice were acclimated to the metabolic chambers for 2 days
(22°C). Respiratory exchange ratio, maximal oxygen consumption, resting and total energy
expenditure (TEE), resting and total energy intake, and locomotor activity were calculated for
24 hours at 22°C. Total activity (TA) was determined by infrared beam interruption using an
Opto-Varimex Mini (Columbus Instruments, Inc.). Metabolic response to the specific b3-
adrenergic agonist CL316243 was assessed by administration of a 0.1mg/kg IP dose after
mice were acclimated to thermoneutral conditions (29°C) for 24 hours.

C. Telemetric Measurement of Heart Rate, Blood Pressure, and Temperature, With and
Without Adrenergic Agonist/Antagonist Treatment

HD-X10 blood pressure (BP) transmitters (Data Sciences International, St. Paul, MN) were
subcutaneously implanted in anesthetized female and male WT and CbKO littermate mice
weighing at least 20 g. Amidline incisionwasmade in the ventral surface of the neck, extending
from the mandible to the level of the sternum. With the use of blunt dissection, the skin was
separated from the underlying muscle, creating a subcutaneous (SQ) pouch and tunnel that
began at the cervical incision and extended to the lateral chest and flank. Transmitters were
placed in the SQ pouch. The glands in the neck were retracted to expose the muscles along the
trachea and the carotid artery; the latter was dissected and isolated from the vagus nerve. Two
proximal suture ties were used to secure a catheter in the vessel and the distal one, near the
bifurcation of the internal and external carotid arteries, to ligate the artery. A 27-gauge needle
was used to puncture the vessel between the two ties to create an arteriotomy for placement of
the catheter. Transmitter catheters (PA-C10) were placed into the vessel and advanced until
the catheter tip was in the aortic arch. The mice were closely monitored following surgery and
allowed 2 weeks to recover fully before the outset of data collection. Mice were individually
housed andmaintained ona 12-hour light/dark cycle at 23°C. Basal telemetric data for separate
cohorts were collected during three separate 24-hour periods to ensure reproducibility.

D. Drugs Used for Telemetric Adrenergic Receptor Agonist and Antagonist Studies

The cardiovascular impact of adrenergic receptor stimulation and blockade was evaluated by
administration (IP) of b- and a-adrenergic receptor agonists, with or without their respective
antagonists, in telemetered mice. Pharmaceutical (United States Pharmacopeia)-grade
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Isoproterenol Hydrochloride powder (Spectrum, Irvine, CA), prepared in sterile 0.9% saline,
was administered (IP) at a dose of 50 mg/kg, as slightly modified from a previously described
dose [19]. Injectable Duraclon (clonidine) was administered at a dose of 40 mg/kg [19]. In-
jectable propranolol and phentolamine mesylate were administered at a dose of 5 mg/kg, as
previously published [20, 21]. All drugs were procured through the Department of
Veterinary Research Pharmacy, National Institutes of Health (Bethesda, MD).

E. Weight Gain and Body Composition

Mice were weighed at baseline and then weekly at 0900 hour during the experimental period
and at time of euthanasia for feeding and growth-curve studies. Body composition was
measured at the conclusion of the 10-week CD/HFD feeding study by the EchoMRI 100H body
composition analyzer for mice (EchoMRI, Houston, TX). For long-term body composition and
growth studies, body composition was measured at 3, 6, and 9 months in CD-fed WT and
CbKO derived.

F. Tissue and Serum Collection

Mice were euthanized by slow replacement of air with CO2, followed by cervical dislocation.
Dissected tissues were snap frozen in liquid nitrogen and stored (280°C). Hypothalami and
locus coeruleus (LC) were dissected from whole brains for a PKA enzymatic activity assay.
Hypothalami were cut from the ventral side of the whole brain in a block to include both
anterior and posterior portions. For LC dissection, ;200 mM-thick coronal sections were cut
from the hindbrain (Bregma: ;25.4 to 5.6 mm). LC was identified under a dissecting mi-
croscope (Nikon, Tokyo, Japan) by locating the distal and lateral edges of the fourth ventricle
and tracing straight downward along the interior edges of the mesencephalic trigeminal
tract. Preliminary staining for tyrosine hydroxylase of 20 mM coronal sections from the same
region of the hindbrain was used to confirm the location and landmarks used. For immu-
nohistochemistry, dissected tissues were rinsed in PBS and immediately placed into ice-cold
4% PFA and postfixed for 24 hours; brains were dissected from mice perfused with PBS and
4% PFA. Blood was collected by cardiac puncture into serum separator tubes before storage
at 220°C (Becton, Dickson and Co., Franklin Lakes, NJ).

G. qRT-PCR and qRT-PCR Tissue Array Analysis

For qRT-PCR, RNAwas extracted fromBAT using Trizol and quantified byNanoDrop. cDNA
was generated from 1 mg total RNA using the SuperScript III First Strand Synthesis System
(Invitrogen, Waltham, MA). Previously tested primers were used for both qRT-PCR and the
tissue array analysis (Table 1). Melt-curve analysis and gel electrophoresis were used to
confirm amplification of the expected PCR product. For qRT-PCR tissue array, primers for
Prkacb and Gapdh were used on two separate 96-well plates for the analysis of normal (WT)
mouse tissues, according to the manufacturer’s instructions (catalog no. MNRT101; OriGene,

Table 1. List of Primers Used for qRT-PCR

Target Gene Forward Primer Sequence, 50–30 Reverse Primer Sequence, 50–30 Size, bp

Actb CCTAGGCACCAGGGTGTG CTTCTCCATGTCGTCCCAGT 141
Cidea GACAGAAATGGACACCGGGT GTATGTGCCCGCATAGACCA 269
Cox8b AAAGCCCATGTCTCTGCCAA GCTAAGACCCATCCTGCTGG 113
Dio2 CCTCTTCCTGGCGCTCTATG TCAGGATTGGAGACGTGCAC 213
Pgc1a AAAGCAATTGAAGAGCGCCG TCGTTCGACCTGCGTAAAGT 218
Prdm16 GCCTAACTTTCCCCACTCCC GACATCTGGGGGTGGAACAG 504
Prkacb GGGGGAGAGATGTTCTCACA ACCTGGATGTAACCCTGGTG 173
Ucp1 GGGCCCTTGTAAACAACAAA GCCACAAACCCTTTGAAAAA 220
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Rockville, MD). Primer sequences for Prkacb are provided in Table 1; Gapdh primers were
manufacturer provided. Comparative threshold (CT) values from each plate were analyzed by
use of the mean Gapdh CT value to then calculate the Gapdh factor to normalize values for
the sample set using the following formula: 2(mean Gapdh 2 Gapdh CT value). The Prkacb factor
was then determined based on the lowest CT value in the sample set with the following
formula: 2(lowest Prkacb CT 2 actual Prkacb Ct value)/Gapdh factor, multiplied by 1000 to get relative
expression in whole integer values.

H. Western Blotting

Tissues were homogenized in ice-cold lysis buffer [20 mMTris (pH 7.5), 0.1 mM sodium EDTA,
1 mM dithiothreitol], with 1:100 protease and phosphatase inhibitor cocktails (EMD Bio-
sciences, La Jolla, CA) and 0.5 mM phenylmethylsulfonyl fluoride, using a Bullet Blender and
RNase-free beads (Next Advance, Averill Park, NY). Total protein was quantified by bicin-
choninic assay (BCA; Pierce, Rockford, IL). Membranes were generated by the loading of 20 mg
total protein per well onto 4% to 12% Bis-Tris gels and transferred onto nitrocellulose mem-
branes for 1 hour at 100 V. Before blotting, membranes were stained with Ponceau S stain and
imaged to ensure uniform protein distribution across lanes. Immunoblotting was performed
with the following commercially available primary antibodies: rabbit anti-PKA Ca (1:1000;
catalog no. sc-903; RRID:AB_2268772 [22]; Santa Cruz Biotechnology, Dallas, TX), mouse anti-
PKA RIa (1:800; catalog no. 610610; RRID:AB_397944 [23]; BD Bioscience, San Jose, CA), and
goat anti-uncoupling protein 1 (Ucp1; 1:1000; catalog no. 6528; RRID:AB_2304265 [24]; Santa
Cruz Biotechnology), and peroxidase-conjugated secondary antibodies: anti-goat IgG (RRID:
AB_2340390 [25]), anti-rabbit IgG (RRID:AB_10015282 [26]), and anti-mouse IgG (RRID:AB_
2340770 [27]; all Jackson ImmunoResearch Laboratories, West Grove, PA). Membranes were
visualized using SuperSignal West Dura Extended Duration Chemiluminescent Substrate
(Invitrogen) on a ChemiDoc imaging system, and densitometry analysis was performed to
determine relative expression (ImageLab 4.0; Bio-Rad Laboratories, Hercules, CA).

I. Immunohistochemistry

Adrenal, BAT, spleen, and kidney were dissected from euthanized mice in the previously
described studies. Tissues were rinsed in PBS and immediately postfixed in 4% PFA at 4°C
for 24 hours. Sections were prepared from paraffin-embedded tissues (10 mM). For brain
studies, mice were perfused with PBS and then 4% PFA, postfixed for 24 hours, and then
cryopreserved with 30% sucrose solution before snap freezing and sectioning. For
3,30-diaminobenzidine (DAB) staining, sections were probed with a primary antibody
against tyrosine hydroxylase (mouse, 1:500; RRID:AB_572268 [28]; ImmunoStar, Hudson,
WI) and then with peroxidase-conjugated anti-mouse IgG secondary antibody (ImPRESS;
RRID:AB_2336528 [29]; Vector Laboratories, Burlingame, CA) and developed with DAB
peroxidase substrate for 30 seconds (ImPACT DAB; Vector Laboratories). Sections were
counterstained with hematoxylin before mounting. For immunofluorescence, BAT sections
were first probed with rabbit anti-phosphorylated cAMP-response element-binding (pCREB;
s133; 1:400; RRID:AB_2561044 [30]; Cell Signaling Technology, Danvers, MA) or goat anti-
Ucp1 (1:400; RRID:AB_2304265 [24]; Santa Cruz Biotechnology) and then with Alexa Fluor
555 donkey anti-rabbit or anti-goat IgG (heavy chain 1 light chain) secondary antibodies
(1:500; RRID:AB_162543 [31] and RRID:AB_2535853 [32], respectively; Invitrogen). Brain
sections were probed with rabbit anti-PKA Cb (1:400; RRID:AB_2783820 [33]; kindly pro-
vided by G. StanMcKnight, University of Washington, Seattle, WA), specific to PKA catalytic
subunit b, unlike commercially available antibodies that detect both PKA Ca and Cb;
sections were then probed with donkey anti-rabbit IgG Alexa Fluor 647 secondary antibody
(1:400; RRID:AB_2536183 [34]; Invitrogen). Sections were counterstained with A
40,6-diamidino-2-phenylindole nuclear stain (1:1000; Thermo Fisher Scientific, Wal-
tham, MA). Microphotographs were taken using uniform exposure settings between groups
that were determined for each tissue type across samples (KEYENCE America, Itaska, IL).
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J. PKA Activity

Hypothalamus, LC, heart, adrenal gland, BAT, and SQ WAT samples were homogenized
with a Bullet Blender tissue homogenizer and appropriate grade lysis beads (Next Advance)
in ice-cold buffer [10 mM Tris-HCl (pH 7.5), 1 mMEDTA, 1 mM dithiothreitol], with protease
inhibitor cocktail I and phosphatase inhibitors (EMD Biosciences) and 0.5 mM phenyl-
methylsulfonyl fluoride. Hypothalami were dissected from whole brain under a dissecting
microscope (SMZ 1500; Nikon). Cell lysates were centrifuged for 10minutes at 4°C (10,000 g).
Total protein concentrations were determined by BCA or micro-BCA assay (adrenal glands,
hypothalami, LC; Pierce). PKA enzymatic activity was measured using a previously de-
scribed method that uses 32P-labeled ATP and Kemptide substrate, with or without added
cAMP (5 mM) [35]. Calculated PKA/kinase activities were normalized to total protein con-
centration. Specificity of assay was confirmed by duplicate reactions in the presence of a PKA
inhibitor (5 mM).

K. Urinary Catecholamine Quantification

Urine samples were collected from 13- to 16-week-old male and female mice between 0900
and 1100 hour by picking up each mouse and directly collecting urine into a 1.5-mL
microcentrifuge tube. Catecholamines and metanephrines (MNs) were quantified by liquid
chromatography with tandem mass spectrometry, as previously described [36]. Urinary
creatinine was quantified using a modified kinetic Jaffe reaction with a creatinine flex re-
agent cartridge on a Dimension EXL with LM Integrated Chemistry System (Siemens,
Malvern, PA). Urine osmolality wasmeasuredwith anAdvanced 2020Osmometer (Advanced
Instruments Inc., Norwood, MA). Because urine creatinine values differed significantly
between mutant and WT males, catecholamine levels were normalized to osmolality.

L. Tissue Norepinephrine and Epinephrine Levels

Frozen tissue (20 mg; left ventricles, salivary glands, spleen, or whole adrenal gland; n5 6 to
8/group) was homogenized in lysis buffer (0.01 N HCl, 0.15 nM EDTA, 4 mM metabisulfite)
and centrifuged for 15minutes at 4°C (13,000 g). Norepinephrine (NE) and epinephrine (EPI)
concentrations were quantified from the resulting supernatants by high-sensitivity ELISA,
following the manufacturer’s protocol (DLD Diagnostika GmbH; Hamburg, Germany).

M. Statistical Analysis

Data were described using simple descriptive statistics, which were reported as means 6
SEM; relative changes were described as the percent of each respective comparison. All data
distributions were assessed for approximate normality with the Shapiro-Wilk test. Con-
tinuous data (mRNA and protein expression, body composition, etc.) were compared between
two independent groups using unpaired Student’s t tests. For body weight data, repeated-
measures two-way ANOVA and Tukey’s post hoc multiple comparisons test were used to
compare differences within and between groups over time. Multiple t tests were used to
evaluate individual differences between groups at the different time points. A P value
of ,0.05 was considered statistically significant. Data were analyzed and graphed with
GraphPad Prism 7 (GraphPad Software, La Jolla, CA).

2. Results

A. Prkacb Mutants Had Sex-Dependent Differences in Body Composition and Weight Gain

Under normal (CD) feeding conditions, male CbKO mice had increased fat mass and de-
creased fat-freemass compared withWT littermates, whereas body composition did not differ
among female CbKO andWTmice (Fig. 1A). Growth curves for CbKO andWTmice revealed
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no differences among females on a low-fat CD, but male CbKO had consistently lower body
weight thanWTmice chronically fed a CD (Fig. 1B; P5 0.005). When challenged with chronic
HFD feeding for 10 weeks, both female and male CbKO mice gained less weight than their
same-sex littermate controls (Fig. 1B; P 5 0.005, P , 0.0001). Differences in weight gain
during HFD feeding became significant between groups at weeks 2 and 3, respectively, for
males and females (Fig. 1B). The attenuatedweight gain derived from decreased fatmass and
to a lesser degree, decreased fat-free mass (Fig. 1A). Decreased fat-free mass, regardless of
diet, appeared to be a phenomenon unique to adult CbKOmales, a phenotype that emerged in
young adulthood, and was not apparent earlier in the life cycle (Fig. 1C).

B. Energy Expenditure Was Higher in Male CbKO Compared With WT Mice, and Female
CbKO Mice Had Increased Locomotor Activity

Metabolic parameters, measured by indirect calorimetry, were normalized to lean bodymass.
TEE was increased in male CbKO compared with WT mice (Fig. 2A). Whereas food intake
was not significantly different between CbKO andWTmice, female CbKO tended to consume
more thanWT female andWT and CbKOmalemice (Fig. 2B). TA, measured by beam breaks,
was significantly higher in female mutant compared with WT mice (Fig. 2C); this was
confirmed in an additional cohort of female mice (data not shown). To explore differences
further in locomotor activity and possible differences in motivated behavior, voluntary
wheel running was studied in a separate cohort, but no differences were observed (data
not shown).

We subsequently measured PKA enzymatic activity in BAT, SQ AT, and hypothalamus in
vitro and found that neither basal nor total (cAMP-stimulated) PKA enzymatic activities

Figure 1. Prkacb mutants had altered weight gain and body composition as a result of
chronic HFD and CD feeding that was sex dependent. (A) Fat mass and fat-free mass of
female and male CbKO mice were measured by Echo-MRI after chronic feeding with either
CD or HFD (n 5 6 to 21/group). (B) Growth curves of female and male WT and CbKO mice
during 10-wk CD or HFD feeding (n 5 8 to 14/group/sex); body weight data for the HFD
feeding study are shown as cumulative change in body weight from baseline. (C) Body
composition of male WT and CbKO littermates at 3, 6, and 9 mo of age (n 5 6 to 8/group);
all data represent means 6 SEM. *P , 0.05; **P , 0.01; ***P , 0.001. For statistical
analysis, (A) two-tailed paired Student t tests and (B and C) repeated-measures two-way
ANOVA with Tukey post hoc test and multiple paired t tests were performed.
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differed in CbKO mutants (Fig. 2D). Whereas an in vitro PKA enzymatic assay cannot
replicate the native microenvironment of the cells assayed, it is a good index of the com-
pensatory regulation of PKA subunit expression.

Immunohistological analysis of BAT showed morphological differences in BAT from WT
compared with CbKO mice (Fig. 2E). Hematoxylin and eosin staining of BAT revealed
smaller adipocyte size and less lipid accumulation. Denser mitochondria were evident in
mutant mice, as seen by the increased intensity of eosin that effectively stains mitochondria.
Staining for Ucp1 was visibly much more intense, and pCREB staining also appeared to be
greater in CbKO mice, which was suggestive of increased activation of BAT (Fig. 2E). The
increase in Ucp1 protein in BAT of CbKO mice was confirmed by Western blot to be greater
than two times higher than WT mice (Fig. 2F). Whereas mRNA levels of Dio2 and Pgc1a
tended to be higher in mutant BAT, none of the mRNA levels of genes examined were
statistically different than those of WT mice (Fig. 2G).

C. Prkacb Was Differentially Expressed Peripherally in Mice With the Highest Relative
Expression in the Brain

To better understand the metabolic phenotype, we evaluated mRNA expression of Prkacb in
adult WT C57BL/6J mouse tissues. Prkacb was most highly expressed in brain (Fig. 3A).
There was also relatively high expression of Prkacb in the heart, kidney, liver, epididymis,
small intestine, spinal cord, and thymus (Fig. 3A). Despite the relatively high expression of

Figure 2. Metabolic rate and energy in CbKO mice compared with WT littermates. (A)
TEE, (B), food intake (FI), and (C) TA during CD feeding were measured in individually
housed female and male mice for 4 d at ambient (22°C) temperature; values were adjusted
for lean body mass (in kilograms; n 5 5 to 7/group/sex). (D) Representative PKA enzymatic
activity in BAT, SQ AT (inguinal WAT), and hypothalamus, with and without cAMP
stimulation (5 mM; n 5 6/group, females). (E) Representative hematoxylin and eosin (H&E)
and immunofluorescent staining of BAT for Ucp1 and pCREB (Ser133). Original scale bars
represent 100 mM (n 5 3/group, males). Inset H&E images are 2X magnified from the areas
indicated. (F) Representative Western blot for Ucp1 and densitometry analysis in BAT (n 5
5/group, females). (G) Relative mRNA expression of several important regulatory BAT genes
was quantified by qRT-PCR. Fold change calculated as 22DDCT. Actb was the housekeeper
gene (n 5 6 to 7/group, females). All values represent means 6 SEM. *P , 0.05 compared by
two-tailed Student t tests. AU, arbitrary unit; DAPI, 40,6-diamidino-2-phenylindole.
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Prkacb in themouse brain, themost abundant PKA catalytic subunit (Prkaca) is expressed at
much higher levels (Fig. 3B; adapted from images from the Allen Institute, Seattle,WA). PKA
expression studies in mouse brain have demonstrated considerable specificity in the ex-
pression profiles of the PKACa and Cb subunits across brain nuclei [37], which are consistent
with our data.

D. CbKO Mice Had Increased Heart Rate, and Female Mutants Had Elevated SQ
Body Temperature

Basal 24-hour SQ telemetric measurements showed no differences in systolic, diastolic, or
mean arterial BP between CbKO andWTmice (mean BP is shown; Fig. 4A). Heart rate (HR)
was increased in both female and male mutants compared with WT mice during both
light and dark cycles (Fig. 4B). Female, but not male CbKO mice had elevated SQ
body temperature (Fig. 4C). SQ body temperature, recorded over 24 hours, remained
relatively flat for CbKO females, as the typical increase at the onset of the dark cycle was
absent in mutants.

Both PKA subunits that are known to compensate for dysregulated PKA expression or
activity [38–40] (RIa and Ca) were downregulated at the protein level in the mutant mice
(Fig. 4D). This was not observed in the other tissues examined as part of these studies. In line
with this decrease in PKA protein expression, induction of PKA by cAMP was decreased in
CbKO hearts when measured in vitro (Fig. 4E). Basal PKA activity did not differ from that of
WT mice, likely because the stoichiometry of PKA subunits was unchanged and was still
permissive of normal basal PKA activity levels (data not shown). Additionally, the average
heart weight of adult mutantmice was lower (Fig. 4D). Differences remained significant after
corrected for body weight (data not shown).

E. Urinary NE and Normetanephrine Were Elevated in Female CbKO Mice

To determine whether altered catecholamine levels might contribute to the observed met-
abolic and cardiovascular phenotype, we measured urinary catecholamines. The panel of

Figure 3. Prkacb is differentially expressed, peripherally and centrally, in mice with highest
levels in the brain. (A) Relative Prkacb mRNA expression levels in adult WT mouse (C57BL/
6) were determined by a qRT-PCR tissue array (OriGene) for normal mouse tissues and
normalized to Gapdh. (B) Comparison of brain expression of Prkacb and Prkaca in the
normal WT adult mouse brain. In situ expression experiments by the Allen Institute (Mouse
Brain Atlas, http://mouse.brain-map.org/search/show?page_num50&page_size526&no_paging5
false&exact_match5false&search_term5Prkacb&search_type5gene), and heat map images are
shown. Full RNA in situ data are available at http://mouse.brain-map.org/experiment/show/
532575 (image credit: Allen Institute; Fig. 3B).
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catecholamines quantified included: normetanephrine (NMN), MN, methoxytyramine,
NE, EPI, and dopamine. Urine samples were derived from age-matched WT and CbKO
mice. NE and NMN were both significantly increased in female CbKO compared with WT
mice (Fig. 5A), but no differences in urinary catecholamines were detected in male mice
(Fig. 5B).

Urinary NE is derived largely from circulating NE and thus, reflects the small amount of
NE that escapes neuronal and extraneuronal uptake to enter the bloodstream after release
from sympathetic nerves [41]. NE in sympathetic nervous system target tissues, including
salivary glands, ventricles, and spleen, was also increased, whereas NE levels did not differ
between genotypes in adrenal glands (Fig. 5C). To confirm the nonadrenal origin of excess
catecholamines, we checked EPI levels in the adrenal gland, which were unchanged in CbKO
mice (Fig. 5D), and adrenal PKA activity, which was also unchanged (data not shown). We
then evaluated tyrosine hydroxylase expression in kidney, spleen, and adrenal by immu-
nohistochemistry and confirmed that there were no obvious differences (Fig. 5E). Because we
suspected that increases in catecholamines were centrally mediated and had already ruled
out changes in hypothalamic PKA activity as a primary cause, we examined PKA enzymatic
activity in the LC (Fig. 5F). We selected LC, as it is the brain region with the greatest
population of catecholaminergic presympathetic premotor neurons [42], and Prkacb ex-
pression in this nucleus is high, as well as unique, with respect to other PKA catalytic
subunits. cAMP-stimulated PKA enzymatic activity in LC was decreased in KO mice, and
although basal PKA activity tended to be lower, it was not significantly decreased. With
immunofluorescent histochemistry, we confirmed high expression of PKA Cb in the LC—the
nuclei primarily responsible for secretion of NE. As expected, expression of PKACb in the LC
was absent in the KO mice (Fig. 5F).

Figure 4. Heart rate (HR) was elevated in CbKO mice. Mean 24-h telemetric measurement
of (A) mean arterial BP, (B) HR, and (C) SQ temperature in female and male WT and CbKO
mice (n 5 6/group/sex). (D) Protein expression of PKA RIa and Ca subunits in heart:
representative Western blot and densitometry analysis (n 5 6/group, females). (E) PKA
enzymatic activity, shown as percent induction by cAMP (5 mM) in the heart (n 5 6/group,
females) (F) Average heart weight of female WT and CbKO littermates. Data represent
means 6 SEM. *P , 0.05; **P , 0.01 compared by multiple two-tailed Student t tests. BPM,
beats/min.
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F. Pharmacologic Manipulation Revealed a Blunted Cardiovascular Response to a- and
b-Adrenergic Receptor Stimulation in CbKO Mice and Blunted Metabolic Response to
b3-Adrenergic Agonist in HFD-Fed Mutants; Clonidine Corrected CbKO HR to That of
Untreated WT Mice

Because of the increased HR and SQ temperature (females) in conjunction with the observed
increase in urinary NE and NMN, we performed telemetry studies with pharmacologic
manipulation aimed at assessing the cardiovascular response to stimulation and blockade of
a- and b-adrenergic receptors and to the inhibition of sympathetic outflow. We treated
telemeteredmice with a pan b-adrenergic receptor agonist (isoproterenol) andwith clonidine,
an a2-adrenergic agonist, also known to inhibit central NE release, to see if we could reverse
the increased HR observed in the CbKO mice. We also tested the effects of phentolamine
mesylate, an a-adrenergic antagonist, and propranolol, a b-adrenergic antagonist, on the
parameters measured.

Isoproterenol decreased mean BP in both WT and CbKO mice (Fig. 6A), but the change
from baseline BP (i.e., magnitude of response) was greater among WT mice for a duration of
40 minutes post-treatment (Fig. 6B). Likewise, HR increased in both WT and mutant mice
after isoproterenol treatment (Fig. 6C). Whereas the response to treatment tended to be
blunted in mutants, the difference was not significant (Fig. 6D). It should be noted that
interanimal variability in HR was considerable. After a brief, initial dip for WT mice, SQ
temperature increased in response to isoproterenol in all mice (Fig. 6E), and the mean SQ

Figure 5. Urinary NE and NMN were increased in female CbKO compared with WT mice.
PKA Cb is highly expressed in LC. (A and B) Catecholamines were measured from urine
collected from 3- to 4-month-old female (F) and male (M) WT and CbKO mice, generated
from heterozygous breeding pairs. Catecholamines were normalized to urine osmolality (n 5
6 to 10/group/sex). (C) Tissue NE concentrations in the left ventricle, salivary gland, spleen,
and adrenal gland and (D) adrenal EPI levels, as quantified by high-sensitivity ELISA
(female data shown). (E) Tyrosine hydroxylase immunohistochemistry in sympathetic target
tissues, kidney, and spleen and in adrenal did not appear different between WT and KO
mice (females). (F) Basal and total PKA enzymatic activities in LC of female mice (n 5 5/
group). (G) Immunofluorescent staining for PKA Cb in coronal brain sections from female WT
and mutant mice. All data are means 6 SEM. *P , 0.05 compared by unpaired Student’s t
tests. 4V, fourth ventricle; DA, dopamine; MTY, methoxytyramine.
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temperature increase from baseline was significantly greater in mutant mice (Fig. 6F),
making this the only mutant response that was not blunted compared with WT.

Response to clonidine was blunted in CbKO mice compared with that of WT mice. After
clonidine treatment, BP decreased significantly in WT mice, from 10 minutes until 180
minutes post-treatment (Fig. 6G). In CbKO mice, the decrease in BP achieved significance
only at the 60-minute time point (P5 0.048; Fig. 6H). The average decrease in BP forWTmice
was 29 mmHg compared with 11 mmHg for mutants (Fig. 6I). The average clonidine-induced
reduction in HR for the 60-minute period post-treatment was more pronounced in WT
compared with CbKO mice [132 beats/minute (BPM) and 76 BPM, respectively; Fig. 6J].
Likewise, CbKO mice were resistant to the effect of clonidine in decreasing SQ temperature
(Fig. 6K), as the mean SQ temperature of CbKO mice showed little to no post-treatment
suppression (Fig. 6L).

Importantly, clonidinewas able to correct the elevatedHR of CbKOmice to the averageHR
of untreated WT littermates (Fig. 6M). We also found that the elevated SQ temperature of
CbKOmice was transiently normalized to a level comparable to that of untreatedWTmice by
treatment with either propranolol or phentolamine mesylate, b- and a-adrenergic receptor
antagonists, respectively (Fig. 6N and 6O). For these analyses, we compared the mea-
surements of treated CbKOmice with those of theWTmice from the same telemetry cohort at
the same time of day, which were recorded during a 24-hour basal telemetry experiment.

We also tested the metabolic response to specific b3-adrenergic receptor stimulation using
CL316243 in a cohort of mice used for an indirect calorimetry experiment. HFD-fed mice, but

Figure 6. CbKO mice had a blunted cardiovascular response to isoproterenol and clonidine.
Telemetric measurements and change from baseline for (A and B) mean BP, (C and D) HR,
and (E and F) SQ temperature in response to isoproterenol (50 mg/kg) and (G and H) mean
BP, (I and J) HR, and (K and L) SQ temperature in response to clonidine (40 mg/kg).
Baseline values were mean values, 30 min pretreatment. Absolute values and change from
baseline were compared between genotypes and within group, respectively (n 5 6/group,
females). (M) Clonidine corrected CbKO HR to untreated WT HR. (N) Pretreatment (tx)
with propranolol (5 mg/kg) and (O) phentolamine mesylate (5 mg/kg) corrected KO SQ
temperature to that of untreated WT mice (females). Mean WT values were from the same
cohort and time of day. (P) Percent increase from basal TEE in HFD-fed mice after
CL316243 administration. Data are means 6 SEM. *P , 0.05; **P , 0.01; †P , 0.001
compared by multiple two-tailed Student t tests. ip, intraperitoneal.
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not CD-fed (data not shown) CbKO, displayed a blunted response to CL316243 compared
with WT mice, as shown by the percent increase in TEE (Fig. 6P).

3. Discussion

High worldwide obesity rates and persisting lifestyle factors that support those rates pose a
major global health threat. The increasing metabolic rate to promote weight loss by targeted
pharmacologic stimulation of BAT and of WAT to initiate conversion to “beige” AT has been
an active area of research in the battle against obesity (for thorough review, see Warner and
Mittag [43] and Kajimura et al. [44]). A high concentration of mitochondria and the potent
ability to oxidize lipids contrast BAT from WAT and enable nonshivering thermogenesis to
maintain body temperature at subthermoneutral temperatures and increased TEE, par-
ticularly during HFD feeding. Enhanced energy expenditure and SQ temperature and lo-
comotor activity played a role in the DIO resistance, observed inmale and female CbKOmice,
respectively. We hypothesized that the increased NE caused chronically elevated basal PKA
activity by the increase of flux through the PKA pathway downstream of b3, in addition to the
other subtypes of adrenergic receptors. This could explain the blunted response of CbKOmice
to CL 316243 and other adrenergic agonists tested if the PKA system in AT and other target
tissues was not responsive to further stimulation in the absence of Prkacb and compensatory
increases in Prkaca. Enhanced Ucp1 protein expression in BAT (Fig. 2) lends further support
to this “unthrifty” phenotype and what seemed to be a dissipation of energy as body heat in
females and elevated energy expenditure in males. We replicated the previously published
findings that male CbKO mice weighed less during normal chow feeding and that male and
female CbKO mice gained significantly less weight during chronic HFD feeding than WT
littermates (Fig. 1B) [3].

Stimulation of b3-adrenergic receptors increases energy expenditure and improves glucose
tolerance [45]. Whereas energy expenditure was increased in male CbKOmice, surprisingly,
it was not in female CbKO mice. The reported improvement in glucose tolerance and insulin
sensitivity, which is also a characteristic of CbKOmice, may be a result of enhanced basal b3-
adrenergic receptor activation, as decreased fat mass is not a robust phenotypic feature of
male mutant mice despite improved glucoregulation [3].

Elevated basal NE levels support enhanced adrenergic receptor activation and are in line
with elevated metabolic and HRs in CbKOmice. Clonidine, which is known to inhibit central
NE release, normalized HR in CbKO mice, whereas SQ temperature was normalized by
blockade of either a- or b-adrenergic receptor blockade, suggesting that enhanced cate-
cholamine signaling was the cause of the observed increase in temperature. Additionally, the
lack of increased basal PKA enzymatic activity in vitro or significantly increased mRNA for
BAT-related genes was surprising. We saw no increase in Ucp1 in BAT at the mRNA level,
but protein appeared higher, and BAT morphology clearly differed between CbKO and WT
mice. It is possible that chronic activation of BATmay lead to a compensatory downregulation
ofUcp1RNA over time in response to persistent stimulation byNE. Additionally, the assayed
BATwas derived from CD-fedmice, and differences inUcp1 and regulation of other browning
genes could emerge only under HFD-feeding conditions in parallel with the reduced adiposity
that was observed only after chronic HFD exposure.

We previously showed differential regulation of the PKA system by acute and chronic HFD
feeding [46]. Contrary to previous thinking, recent evidence suggests that Ucp1 can be
regulated post-transcriptionally during HFD feeding in mice [47]. As thermogenesis in BAT
is Ucp1 dependent [48], and we have seen that the obese Ob/Ob mouse had reduced
thermogenic capacity, NE turnover in BAT, and decreased sympathetic activity [49], the
CbKO presents an interesting phenotype with respect to thermogenic capacity. Future
studies focused on the regulation of this system during HFD feeding in CbKO mice will help
in better understanding how this mouse model responds to overnutrition.

Increased NE and NMN in female CbKO mice were in line with the observed increases in
HR and metabolic rates and SQ temperature. In conjunction with the absence of aberrant
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catecholamine production or PKA enzymatic activity in adrenal glands or other candidate
tissues, these data suggest that centrallymediated, increased sympathetic outflow is likely in
CbKOmice.WhereasHRwas also significantly elevated inmalemutants, we could not detect
increased urinary catecholamines in the male CbKO mice. It seems likely that increased
catecholamine secretion was too small or that interanimal variability did not permit de-
tection of differences in male mice, despite their potential for being biologically important.
The mechanism for this increased sympathetic activity remains to be determined, and the
hypothesis that there is altered presympathetic-premotor neuron activity should be tested.

PKA is known to play an important and specific role in regulation of NE secretion. Ac-
tivation of PKA inhibited NE exocytosis from central nervous system neurons of the LC and
adrenal chromaffin cells by phosphorylation of synaptosomal nerve-associated protein 25
(SNAP-25) at Thr138, and alternatively, protein kinase C phosphorylation promoted NE
exocytosis from the same cells [50]. SNAP-25 is a stabilizing component of the syntaxin,
SNARE [SNAP (Soluble NSF Attachment Protein) REceptor] complex that is crucial in
secretion of NE (and other neurotransmitters) via its role in vesicle membrane fusion [51].
Evidence for specificity of individual PKA subunits in brain nuclei continues to grow, and
Prkacb is likely important in neurons that regulate the release of NE, and its deletionmay not
be fully compensated for by other subunits. Whereas Prkaca expression is higher than that of
Prkacb in the brain (Fig. 3B), and bothPrkacb andPrkaca are expressed in the LC, expression
of Prkacb is denser throughout the LC. We chose the LC as our initial target for these studies
for this reason and because Prkacb expression is relatively low in other key regions, such as
A1/C1 cells and rostroventral lateral medulla. Prkacb and Prkaca, however, are both rela-
tively highly expressed in nucleus tract solitarus, a region that deserves future study. De-
creased PKA activity in LC, as a result of Prkacb deficiency, could reduce the normal
inhibition of NE secretion exerted by PKA activation. Future studies will address the role
of Prkacb in the LC and how deletion of this subunit can alter LC PKA enzymatic activity,
PKA holoenzyme localization, and interactions with SNAP-25 and the SNAP REceptor
(SNARE) complex.

CbKO mice reportedly resist angiotensin-II-induced cardiac hypertrophy and other car-
diopathological effects [52], but nomechanism has been described. Our observations of CbKO
mice confirm the absence of age-related cardiac health or other health problems. Others have
linked the cardio-protective effect of PKA activation downstream of b2-adrenergic receptors
to a switch of coupling from the Gs to Gi subunit of GNAS [53], but what may mediate such a
switch is unclear. The cardioprotective effect of temperature preconditioning has implicated
PKA activation and has similarly shown that consecutive PKA activation or conditioning
independently could induce the same potent cardioprotection [54] and that this effect is
mediated by mKCa channels [55]. Enhanced activation of PKA by chronically elevated NE
may play a similar role in the CbKO mouse, which could be a useful model for studying the
cardioprotective effects of conditioning of the PKA system.

The CbKO mouse is an interesting model of resistance to DIO and dysregulated glucose
metabolism, as well as resistance to cardiometabolic problems. Prkacb disruption in mice led
to increased sympathetic activation that appeared to be centrally mediated and that
manifested in increased HR, SQ temperature in females, and energy expenditure in males.
The observed enhancement in sympathetic outflow and downstream effects appeared to
provide only beneficial health traits in the CbKO mouse and can explain DIO resistance.
Further study of regulation of PKA signaling and AT activation in response to overnutrition
will be valuable, as will the investigation of the mechanism by which Prkacb could regulate
central synthesis and release of NE.

Acknowledgments

We thank Dr. Steve Soldin and Kathy Spade from the Department of Laboratory Medicine, NIH, for
their help in quantifying osmolality and creatinine levels in mouse urine samples and Mirko Peitzsch
and Katrin Kirsche at the Techniche Universität Dresden for processing the mouse urine samples that

doi: 10.1210/js.2019-00029 | Journal of the Endocrine Society | 1075

http://dx.doi.org/10.1210/js.2019-00029


were analyzed for catecholamines. We also thank G. Stanley McKnight at the Department of Phar-
macology, University of Washington, for sharing his antibody against PKA Cb.

Financial Support: This work was supported by the Eunice Kennedy Shriver National Institute
of Child Health andHumanDevelopment, National Institutes of Health, Intramural Research Program
(Project Z01-HD008920-01 to C.A.S.).

Correspondence: Edra London, PhD, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, MSC 2425, 10 Center Drive, Bethesda,
Maryland 20892. E-mail: edra.london@nih.gov.

Disclosure Summary: The authors have nothing to disclose.

References and Notes
1. Cummings DE, Brandon EP, Planas JV, Motamed K, Idzerda RL, McKnight GS. Genetically lean mice

result from targeted disruption of the RII beta subunit of protein kinase A. Nature. 1996;382(6592):
622–626.

2. London E, Nesterova M, Sinaii N, Szarek E, Chanturiya T, Mastroyannis SA, Gavrilova O, Stratakis
CA. Differentially regulated protein kinase A (PKA) activity in adipose tissue and liver is associated
with resistance to diet-induced obesity and glucose intolerance in mice that lack PKA regulatory
subunit type IIa. Endocrinology. 2014;155(9):3397–3408.

3. Enns LC, Morton JF, Mangalindan RS, McKnight GS, Schwartz MW, Kaeberlein MR, Kennedy BK,
Rabinovitch PS, Ladiges WC. Attenuation of age-related metabolic dysfunction in mice with a targeted
disruption of the Cbeta subunit of protein kinase A. J Gerontol A Biol Sci Med Sci. 2009;64(12):
1221–1231.

4. Planas JV, CummingsDE, IdzerdaRL,McKnightGS.Mutation of theRIIbeta subunit of protein kinase
A differentially affects lipolysis but not gene induction in white adipose tissue. J Biol Chem. 1999;
274(51):36281–36287.

5. Schreyer SA, Cummings DE, McKnight GS, LeBoeuf RC. Mutation of the RIIbeta subunit of protein
kinase A prevents diet-induced insulin resistance and dyslipidemia in mice. Diabetes. 2001;50(11):
2555–2562.

6. Yang L, McKnight GS. Hypothalamic PKA regulates leptin sensitivity and adiposity. Nat Commun.
2015;6(1):8237.

7. Enns LC, Morton JF, Treuting PR, Emond MJ, Wolf NS, Dai DF, McKnight GS, Rabinovitch PS,
Ladiges WC. Disruption of protein kinase A in mice enhances healthy aging. PLoS ONE. 2009;4(6):
e5963.

8. Nolan MA, Sikorski MA, McKnight GS. The role of uncoupling protein 1 in the metabolism and ad-
iposity of RII beta-protein kinase A-deficient mice. Mol Endocrinol. 2004;18(9):2302–2311.
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