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The effects of neurogranin
knockdown on SERCA pump
efficiency in soleus muscles of
female mice fed a high fat diet
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and Val A. Fajardo™**

‘Department of Kinesiology, Brock University, St. Catharines, ON, Canada, ?Centre for Bone and
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University, St. Catharines, ON, Canada, “Department of Health Sciences, Brock University, St.
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The sarco(endo)plasmic reticulum Ca®* ATPase (SERCA) pump is responsible
for the transport of Ca* from the cytosol into the sarcoplasmic reticulum at
the expense of ATP, making it a regulator of both muscle relaxation and
muscle-based energy expenditure. Neurogranin (Ng) is a small protein that
negatively regulates calcineurin signaling. Calcineurin is Ca®*/calmodulin
dependent phosphatase that promotes the oxidative fibre type in skeletal
muscle and regulates muscle-based energy expenditure. A recent study has
shown that calcineurin activation reduces SERCA Ca?* transport efficiency,
ultimately raising energy expenditure. Since the biomedical view of obesity
states that it arises as an imbalance between energy intake and expenditure
which favors the former, we questioned whether heterozygous Ng deletion
(Ng*”") would reduce SERCA efficiency and increase energy expenditure in
female mice fed a high-fat diet (HFD). Young (3—4-month-old) female wild
type (WT) and Ng*/~ mice were fed a HFD for 12 weeks with their metabolic
profile being analyzed using metabolic cages and DXA scanning, while soleus
SERCA efficiency was measured using SERCA specific Ca®* uptake and ATPase
activity assays. Ng”' mice showed significantly less cage ambulation compared
to WT mice but this did not lead to any added weight gain nor changes in daily
energy expenditure, glucose or insulin tolerance despite a similar level of food
intake. Furthermore, we observed significant reductions in SERCA’s apparent
coupling ratio which were associated with significant reductions in SERCA1 and
phospholamban content. Thus, our results show that Ng regulates SERCA
pump efficiency, and future studies should further investigate the potential
cellular mechanisms.
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Introduction

Calcineurin, a Ca2+/calmodulin (CaM) dependent serine/
threonine phosphatase, has previously been shown to promote
the slow-oxidative phenotype in skeletal muscle (1-5). More
specifically, in the presence of intracellular Ca2+ ([Ca2+]i),
CaM will be activated via a Ca2+/CaM complex that can
interact with calcineurin, displacing its autoinhibitory
domain, allowing for its activation (6). Active calcineurin will
dephosphorylate nuclear factor of activated T-cell (NFAT)
which is then able to enter the nucleus and promote the
oxidative gene program (1).

Promoting the slow-oxidative phenotype via calcineurin
signaling has proven beneficial in promoting fatigue resistance
(7), protecting muscle from dystrophic pathology (8, 9), and
more recently, activating non-shivering thermogenesis (NST)
(10) - a promising mechanism of combatting diet-induced
obesity and type II diabetes. Skeletal muscle is one of the
primary sites of NST and is mainly mediated through the
sarco(endo)plasmic reticulum Ca2+ ATPase (SERCA) pump
(reviewed by (11, 12)). The SERCA pumps transport Ca2+
ions into the sarcoplasmic reticulum and are best known for
playing a role in regulating muscle relaxation. Based on its
structure and binding capacity, SERCA has an optimal
coupling ratio of 2 Ca2+ ions pumped into the sarco(endo)
plasmic reticulum per 1 ATP hydrolyzed (13, 14) and lowering
this coupling ratio can increase SERCA’s energy expenditure and
combustion of metabolic substrates (15-17). This can be
achieved through the binding of SERCA uncoupling proteins,
sarcolipin (SLN), and the newly characterized neuronatin
(NNAT), that both lower SERCA’s Ca2+ transport efficiency
(18-20). Recent work by Rotter etal. (10) has shown that
knocking out Regulator of Calcineurin 1 (RCANI), an
inhibitor of calcineurin signaling, increases energy expenditure
and promotes resistance to diet-induced obesity in mice partly
by increasing SLN content and promoting SERCA inefficiency.
Thus, calcineurin signaling can influence muscle-based energy
homeostasis through the SERCA pump and may be a viable
therapeutic target for metabolic disorders such as obesity
and diabetes.

Neurogranin (Ng) is a negative calcineurin regulator that we
recently found to be expressed in skeletal muscle, specifically the
soleus (21). Ng acts to reduce the availability of CaM to interact
with calcineurin while also limiting the affinity of CaM for Ca2+,
ultimately reducing the activation of calcineurin (5, 21-26). In
muscle, heterozygous reduction of Ng (Ng+/-) activates
calcineurin signaling and promotes the slow-oxidative
myogenic program and fatigue resistance (27). Here, we
questioned whether Ng+/- mice fed a high-fat diet (HFD) to
induce obesity, which is a condition that necessitates SERCA
mediated Ca2+ cycling, would have lower SERCA efficiency in
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muscle due to enhanced calcineurin signaling and the promotion
of SLN expression and, in turn, a better metabolic phenotype of
lower body mass, body fat, and improved insulin and
glucose tolerance.

Materials and methods
Animals

A breeding colony of heterozygous Ng knockout mice (Ng
+/-) and wild-type (WT) mice on a 129/Sv and C57BL/6] mixed
background was established at Brock University using
cryorecovered breeding pairs from the Jackson Laboratories
(stock#008233). 3-4 month old female Ng+/- and WT mice
were used in this study and housed in an environmentally
controlled room (23-24°C) at Brock University’s animal
facility with a standard 12:12 hour light:dark cycle and access
to food and water ad libitum. Mice were singly housed in a
Techniplast Digital Ventilated Cage 80 (DVC80) system
equipped with GYM500 software that allows for 24/7
monitoring of cage ambulation and were fed a HFD consisting
of 60% kcal from fat (D12492, Research Diets) for 12 weeks. At
the conclusion of the diet, mice were euthanized via cervical
dislocation while anesthetized using vaporized isoflurane. The
soleus muscle, inguinal WAT (iWAT), and interscapular BAT
were dissected and stored at -80°C until further analyses. All
experimental protocols were approved by the Brock University
Animal Care Committee (AUP 21-04-02).

Dual-energy X-ray Absorptiometry
(DXA) scanning

A small animal DXA scanner (OsteoSys InSIGHT, Scintica)
was used to measure body composition in anesthetized mice
(vapourized isoflurane, 5% in O2) prior to the start of the diet
intervention and at 11 weeks into the diet. Percent lean and fat
mass were calculated using total body mass and lean mass was
used to normalize daily energy expenditure.

Metabolic caging

To measure oxygen consumption (VO2), respiratory
exchange ratio (RER), cage activity, food and water intake,
mice were singly housed in a Promethion metabolic caging
unit for 48 hours. The trial took place during week 10 of the
diet intervention. Data was obtained for light, dark and
combined (i.e., daily) cycles and VO2 was normalized to fat
free mass measured with the DXA scanner.
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Novel object recognition test

The novel object recognition test was performed as described
in detail by Hayward etal. (28). Briefly, mice were allowed to
freely explore an empty arena (40x40x40 cm) for 10minthe day
prior to testing in a prehabituation period. The following day,
the habituation stage consisted of mice exploring the same arena
for 10 min with two identical objects placed in opposing corners.
After a 60 min delay period in their home cages, mice were
returned to the arena for a 10 min testing period where one of
the objects was replaced with a novel object. Time investigating
the novel object was calculated and presented as a percentage of
the total time investigating either object.

Glucose and insulin tolerance tests

Whole body glucose tolerance and insulin sensitivity was
measured using intraperitoneal (IP) glucose and insulin
tolerance tests, respectively. Tests were performed 48 hours
apart and mice had free access to their respective diets
between testing. Animals were fasted for 6 hours prior to the
IP glucose injection (2g/kg body weight) and tail vein blood
samples were taken at 0, 15, 30, 45, 60, 90, and 120 minutes post-
injection with the use of a hand-held glucometer (Freestyle Lite,
Abbott). Similarly, the insulin tolerance test utilized tail vein
blood samples at 0, 15, 30, 45, 60, and 90 minutes following the
IP insulin injection (0.75U/kg). Plots of the average changes in
glucose over time were made for each group and the total area
under the curve (AUC) was calculated. AUC is presented in
mmol/L*time and baseline values are set to Y=0.

RNA extraction and real-time polymerase
chain reaction

Given that the soleus was the primary muscle investigated in
this study based on its oxidative nature (29) and expression of
both SLN (30) and NNAT (31), RNA was extracted from the
soleus and reverse transcribed into ¢cDNA with changes in
mRNA expression being determined by real-time quantitative
polymerase chain reaction (RT-PCR), as previously described
(32, 33). Briefly, two soleus muscles were pooled per genotype
to ensure sufficient RNA concentration (total n=3 pooled pairs
per group) and RNA was extracted by homogenizing in 1mL
of TRIzol reagent (Ambion, 15596018) and isolated
using a PureLink' ' RNA Mini Kit (Invitrogen, 12183020).
RT-PCR was performed using a 7500 Fast Real-Time
PCR system (Applied Biosystems) with samples plated
in duplicate. For Ng, a TagMan Gene Expression Assay was
used (ThermoFisher, 4331182) and GAPDH was used as a
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housekeeping gene (ThermoFisher, 4352932). Differences in
Ng expression were determined using the 2-AACT method (34).

SERCA Ca2+ uptake, SERCA ATPase,
and coupling ratio

Rates of Ca2+ uptake in soleus muscle homogenates were
performed as previously described (15, 35-37), but has recently
been fitted onto a 96-well plate (20). Briefly, muscle homogenate
was added to reaction buffer (200 mM KCI, 20 mM HEPES, 10
mM NaN3, 5 ¢ M TPEN, 15 mM MgCI2, pH 7.0) along with
Indo-1 (4 p M final concentration; 57180, Sigma-Aldrich).
Samples were plated in duplicate, uptake was initiated with
10mM ATP and kinetically measured using a Molecular
Devices M2 plate reader. The amount of Ca2+ taken up was
measured over three time intervals of 300-600s, 600-900s, and
900-1200s, which corresponded to average pCa values of 6.10,
6.25, and 6.37. pCa was calculated as the negative logarithm of
[Ca2+] after measuring free Ca2+ in our assays using Indo-1. All
rates of Ca2+ uptake were normalized to protein content as
measured with a bicinchoninic acid (BCA) assay.

Ca2+-dependent SERCA activity assays were measured over
pCa values of 7.30-5.70 to obtain SERCA activity-pCa curves
with an enzyme-linked spectrophotometric assay that indirectly
measures ATP hydrolysis via NADH disappearance at 37°C and
has been previously described in detail (38, 39). All rates were
similarly normalized to protein content. In addition to the
SERCA activity-pCa curves, SERCA activity was specifically
measured over pCa values of 6.10, 6.25, and 6.37 in order to
calculate the apparent coupling ratio (rates of Ca2+ uptake: rates
of ATP hydrolysis) at matching pCa values. As with Ca2+ uptake
assays, pCa was calculated as the negative logarithm of [Ca2+]
after measuring free Ca2+ in our assays using Indo-1.

Western blotting

To assess SERCA, ryanodine receptor (RYR), SLN, NNAT,
and uncoupling protein 1 (UCP1) protein content in soleus
muscles, iWAT and BAT, Western blotting was employed as
previously described (20, 39). Briefly, soleus muscle samples
were homogenized in 10X volume to weight with buffer
containing 250 mM sucrose, 5 mM HEPES, 0.2 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.2% (wt/vol)
NaN3. Adipose tissue samples were homogenized via FAST
prep (FastPrep®, MP Biomedicals, Santa Ana, CA) in 3X and 5X
volume to weight for iWAT and BAT samples, respectively, in
cell lysis buffer (NP40 Cell Lysis Buffer (Life Technologies; CAT#
FNN0021) supplemented with PMSEF. Protein concentration of
all homogenates were determined using a BCA assay and
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solubilized in Laemmli buffer (161-0747, BioRad). Specific
protein loads, gel electrophoresis and antibody dilution
information are summarized in Table 1. Membranes were
imaged using Immobilon® ECL Ultra Western HRP Substrate
(WBKLS0500, MilliporeSigma) and a BioRad ChemiDoc
Imager. Target protein amounts were normalized to their
respective total protein loads assessed via Ponceau staining.
All images were quanitified using ImageLab software (BioRad).

Statistical analysis

All data are presented as meant SEM. Statistical
comparisons were made using either a Student’s t-test or a
two-way ANOVA (main effects of genotype and either time or
pCa, and their interaction). For ATP hydrolysis analyses, a test
for a linear trend across increasing Ca2+ concentrations or pCa
values of 6.10, 6.25, and 6.37 was performed for each genotype.
For all analyses, outliers were detected and removed prior to
analysis using the ROUT method (Q = 2%). All statistical
analysis were done using Graphpad Prism 8 software with
statistical significance set to a p < 0.05.

Results

Heterozygous neurogranin knockdown
in the soleus muscles of female mice

Ng mRNA expression is significantly reduced (~35%
reduction) in soleus muscles of Ng+/- mice compared to their
WT littermates (Figure 1A). Corresponding well with this, we
found a significant reduction in Ng protein in the soleus muscles
from Ng+/- mice compared to WT (Figure 1B). No differences
were observed between genotypes with regards to absolute or
relative (to body mass) soleus weights (Figure 1C).

TABLE 1 Western blotting electrophoresis and antibody details.

10.3389/fendo.2022.957182

Ng+/- mice have reduced physical
activity but do not gain more
weight on a HFD

Both WT and Ng+/- mice had significant increases in body
mass over the 12 week diet intervention with no differences
observed between genotype (Figure 2A, main effect of time, p <
0.0001). Throughout the diet, both genotypes showed significant
increases in % body fat (Figure 2B) and significant reductions in %
lean mass (Figure 2C), with no effect of genotype detected (main
effect of time, p < 0.0001). No differences were observed with food
intake, RER, oxygen consumption (Figures 2D-F), or glucose and
insulin tolerance (Supplemental Figure 1). Cage ambulation data
showed significant reductions (p < 0.05) in meters travelled by the
Ng+/- mice compared to WT in the dark cycle and daily period,
with ambulation during the light cycles being reduced, but not
reaching statistical significance (Figure 2G, p = 0.07). Similar
findings were found using the Promethion metabolic cages, where
Ng+/- mice were less active in their cages, and this was statistically
significant in the light cycle and daily period (Figure 2H).

Ng knockdown mice have reductions in
SERCA'’s apparent coupling ratio

SERCA’s apparent affinity for Ca2+ based on the SERCA
activity - pCa curves was not different between genotypes
(Figure 3A). Total Ca2+ uptake was calculated and normalized to
mg of protein at 3 different time intervals throughout the uptake
protocol: 1) 300-600s, 2) 600-900s, and 3) 900-1200s, which
corresponded with an average pCa value of 6.10, 6.25, and 6.37
(Figure 3B). A significant main effect of pCa (p = 0.0006) was
observed indicating that as free Ca2+ levels dropped, so too did the
amount of Ca2+ uptake, highlighting the Ca2+ dependency of
SERCA function. A main effect of genotype (p = 0.0475) was also
detected indicating that soleus muscles from Ng+/- mice have less

Protein Loaded (ug) Type of Gel Membrane Primary Antibody
SERCAla Soleus: 10 BioRad PreCast TGX 4-15% gradient gels PVDF MA3-912,

Adipose: 20 ThermoFisher Scientific
SERCA2a Soleus: 2.5 BioRad PreCast TGX 4-15% gradient gels PVDF MA3-919,

Adipose: 20 ThermoFisher Scientific
RYR Soleus: 10 Soleus: BioRad PreCast TGX 4-15% gradient gels PVDF MA3-925,

ThermoFisher Scientific

SLN Soleus: 25 BioRad PreCast TGX 4-Tricine Nitrocellulose ABT13, Sigma Aldrich
NNAT Soleus: 10 BioRad PreCast TGX 4-15% gradient gels PVDF P127842, Cell Signaling
UCP1 Adipose: BioRad PreCast TGX 4-15% gradient gels PVDF 14670, Cell Signaling

iWAT: 20

BAT: 5

SERCA1/2, sarco(endo)plasmic reticulum Ca** ATPase 1/2; RYR, ryanodine receptor; SLN, sarcolipin; NNAT, neuronatin; UCP1, uncoupling protein 1; PVDF, polyvinylidene difluoride.
Specific information regarding the protein load, electrophoresis, transfer, and primary antibody probes are presented for each protein target from muscle and adipose homogenate.
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Neurogranin is reduced in the soleus muscles of Ng’/' mice but the soleus:body weight ratio is unchanged. Neurogranin expression in the
soleus muscle of WT and Ng*~ mice was assessed via RT-PCR (A) and western blotting (B) and was found to be significantly reduced in Ng*’~
mice compared to WT. The soleus:body weight ratios (mg:g) and soleus weights (mg) were unchanged between genotypes (C). *p < 0.05 (n=3-

4 per group (A,B); n=10 per group (B).

Ca2+ uptake compared to WT mice (Figure 3B). In calculating the
amount of ATP hydrolyzed at the same 3 pCa values showed no
significant main effects with a two-way ANOVA; however, linear
trend analyses show a significant linear trend (p = 0.0455) of
decreasing ATP hydrolysis with reductions in [Ca2+] for WT mice,
which again highlights the Ca2+ dependency of SERCA function
(Figure 3C). Interestingly, this was not observed in soleus muscles
from Ng+/mice (p = 0.8629, Figure 3C). Finally, in taking the ratio
of Ca2+ uptake to ATP hydrolyzed to calculate SERCA’s apparent
coupling ratio at each pCa value, we see significant main effects of
pCa (p = 0.0311) and genotype (p = 0.0264, Figure 3D), suggesting
that SERCA is more efficient at higher free Ca2+ concentrations
and that Ng+/- soleus have lower SERCA efficiency compared
with WT.

Monomeric phospholamban is reduced
in soleus muscles of HFD-fed
Ng+/- mice

Western blotting was employed to investigate SERCA protein
content, as well as its uncouplers SLN and NNAT (Figure 4A). RYR
protein content was also investigated given its vital role in Ca2+
release, and leak, from the sarcoplasmic reticulum (SR) (40). No
differences were seen between WT and Ng+/- mice for the SERCA2
or SERCAL1 isoforms, RYR, nor SLN and NNAT (Figure 4A).
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Next, the SERCA regulator phospholamban (PLN), which does
not uncouple the SERCA pump was also investigated, and
significant reductions in its active, monomeric form were
observed (p < 0.05, Figure 4B). There were no changes in its
inactive, pentameric form, resulting in a significant reduction in the
monomer:pentamer ratio in Ng+/- soleus relative to WT (p < 0.05,
Figure 4B). PLN can also be phosphorylated at two sites (Ser16,
Thr17) to relieve inhibition on the SERCA pump (41).
Phosphorylated PLN showed no differences between genotypes
resulting in no statistical difference in the ratio of phosphorylated:
active (Figure 4B).

Heterozygous Ng deletion alters
thermogenic protein content in white
and brown adipose tissue

Given that SERCA Ca2+ cycling has recently been shown to
play a role in adipose tissue thermogenesis (42) in addition to
UCP1I, western blotting was employed to investigate SERCA and
UCP1 protein content in iWAT (Figure 5A) and BAT (Figure 5B).
SERCA2 and SERCA1 protein content are both reduced in Ng+/-
iWAT (p < 0.05 and p = 0.06, respectively, Figure 5A) and BAT (p =
0.08 and p < 0.05, respectively, Figure 5B) compared to WT. No
statistical differences were observed in UCP1 expression in iWAT
(Figure 5A) or BAT in Ng+/- mice compared to WT (Figure 5B).
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FIGURE 2
Ng‘/' mice show significant reductions in cage ambulation but no changes in whole body metabolism. Both WT and Ng*/'

significant increases in body mass over the 12 week diet (A). With increases in body mass we saw significant increases in % body fat

(B) corresponding with significant reductions in % lean mass (C) across both genotypes over time. Body fat and lean mass (g) are also shown
No differences between food intake (D), respiratory exchange ratio (E), or volume of oxygen consumption (VO,, F) were detected across dark,
light, and daily cycles nor between genotype. Cage ambulation measured using the DVC80 caging system, whereby cage activity was
monitored 24/7, showed significant reductions in the dark and daily time points with the /\/g'/ mice compared to WT with ambulation during
the light cycles not reaching significance (p = 0.07, G). Similar results were found with the Promethion metabolic caging system, though no
changes were seen in the dark cycle (H). *p < 0.05, values above bars indicate p values (n=8-10 per group). **p < 0.01.

mice show

Discussion female mice fed a HFD for 12 weeks. Based on our previous
work showing that Nig negatively regulates calcineurin signaling,

In this study, we investigated whether heterozygous Ng we hypothesized that SERCA efficiency would be lowered in
deletion would alter SERCA Ca2+ transport efficiency in soleus muscles from Ng+/- mice due to an increase in SLN
06 frontiersin.org
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Soleus SERCA pump efficiency is reduced in Ng*/~ mice compared to WT. Representative curves of SERCA ATPase activity with SERCA’s Ca®*
affinity measure, pCaso, embedded with 95% confidence intervals (A). Quantifying SERCA Ca®* uptake over three different pCa intervals (6.10,
6.25, 6.37) shows a significant main effect of pCa and genotype (B). Calculating the amount of ATP hydrolyzed across the same three pCa
intervals showed no main effects with a two-way ANOVA; however, testing for a linear trend within each genotype showed a significant linear
trend of reduced ATPase activity with increased pCa but this was not the case for Ng*/~ mice (C). Taking the ratio of Ca®* uptake to ATP
hydrolyzed at each pCa concentration will give a measure of SERCA’s apparent coupling ratio. In doing so, we observed a significant main effect
of both pCa and genotype (D). Values above bars indicate p values (n=5-8 per group).

expression. Our results show similar changes in body mass and
composition between genotypes across the diet intervention,
though the Ng+/- mice showed significant reductions in cage
ambulation compared to WT mice across the 12 weeks. Despite
this reduction in cage activity, WT and Ng+/- mice had similar
levels of energy expenditure, food intake, glucose and insulin
tolerance. Nonetheless, we found that SERCA’s apparent
coupling ratio in the soleus was significantly lowered in Ng+/-
mice compared to WT.

The reductions in cage ambulation observed in the Ng+/-
mice compared to WT mice requires further investigation.
While this is consistent with previous work in our lab with
these mice (27), others have shown that Ng knockout mice
exhibit traits of hyperactivity (43, 44). However, hyperactivity
was only observed in an open field test, and not in a familiar
environment such as their home cage (44). Nevertheless, our
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finding of reduced cage activity in heterozygous Ng knockdown
mice is inconsistent with the previous literature (43, 44). It is
worth noting that we received the Ng+/- mice via cryorecovery
and have had difficulties in maintaining the breeding colony in
terms of animal numbers and genotype. Specifically, breeding
heterozygous mice with each other did not produce the expected
number of homozygous Ng knockout mice with ~5% live births
compared with the expected 25%. These limitations not only
prevented us from using homozygous knockout mice but also
limited our approach to solely HFD-fed groups. In any case, both
heterozygous and homozygous genetic deletion of Ng has been
shown to impair spatial memory of mice in a dose-dependent
manner (23). However, with our cryorecovered mice, we did not
find any deficits in spatial memory assessed through a novel
object recognition test in the Ng+/- mice vs WT mice after a
HFD (Supplemental Figure 2). The exact reasons for these
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Phospholamban is reduced in the soleus muscles of Ng‘/' mice. Representative Western blots and their corresponding analyses for SERCA2a,
SERCA1a, RYR, SLN and NNAT in the soleus of WT and Ng'/ mice (A). Only reductions in SERCAla content were observed, though this did not
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monomer:pentamer ratio and statistically insignificant increases in the p-PLN : PLN ratio (B). Molecular weight markers are included in the
representative blots. *p < 0.05, values above bars indicate p values (n=4-5 per group).

discrepant findings remain unknown, however, we do note that
previous studies have backcrossed the Ng knockout mice to a
C57BL/6] background rather than the 129/Sv and C57BL/6]
mixed background that was used for this present study (43, 44).

Even though the Ng+/- mice had reductions in physical
activity, they did not gain more weight or fat mass compared to
WT mice nor did they display any changes in glucose
homeostasis. We suspect that part of this can be explained by
changes in SERCA pump efficiency, as studies have shown that
under HFD conditions, when SERCA pump efficiency is lowered
(i.e., with SLN deletion) mice gain more fat mass and become
more glucose intolerant (15, 19). Similarly, genetic deletion of
another SERCA uncoupler, NNAT, increased diet induced-
obesity and glucose intolerance (45). However, in contrast
with our hypothesis, we did not find any changes in SLN or
NNAT content. Originally, we hypothesized that Ng deletion, by
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virtue of enhanced calcineurin activation, would at the very least
increase SLN content in the soleus to promote SERCA
uncoupling. We have previously found that genetic reduction
of Ng, both in vitro [C2C12 cells, (21)] and in vivo [male soleus,
(27)], activates calcineurin signaling. Thus, it appears that the
effects of Ng on SERCA efficiency and energy expenditure are
independent of calcineurin.

We did observe reductions in SERCAla protein content in
the soleus of Ng+/- mice, which may be due to loss of Ng itself,
fiber type changes, or reductions in cage activity, but we did not
observe any differences in RYR content. Reductions in SERCA
content without changes in RYR could alter how long Ca2+
remains in the cytosol considering SERCA density is a major
determinant of the rate of Ca2+ uptake (46), resulting in an
observation of reduced SERCA efficiency. Further, reductions in
SERCA pump density with no changes in the uncouplers, SLN
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and NNAT, could alter the SERCA pump:uncoupler ratio in the
SR leading to SERCA inefficiency, though this should be
investigated further.

PLN is another SERCA regulatory protein that, unlike SLN
and NNAT, does not uncouple the SERCA pump in skeletal
muscle (47). Here, we found that monomeric PLN content was
significantly reduced in soleus muscles from Ng+/- mice
compared with WT. The monomeric form is known as the
inhibitory form that binds to SERCA and reduces its affinity for
Ca2+, whereas the pentameric form is thought to be an inactive
storage form of PLN (48-50). Though purely speculative, a
reduction in PLN content may also indirectly facilitate SERCA
uncoupling by increasing the SERCA pump availability for SLN
and NNAT, though we were limited in that we didn’t quantify
SLN and NNAT binding to SERCA due to low sample volume.
In addition to this, PLN’s inhibitory action on SERCA can be
relieved through phosphorylation by protein kinase A and CaM
kinase II (CaMKII) at its Ser16 and Thr17 sites, respectively (41,
51). Further, phosphorylation of PLN has been shown to
increase passive Ca2+ leak from SR vesicles (52). Passive Ca2+
leak can also lower SERCA Ca2+ transport efficiency by
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reducing Ca2+ uptake into the SR and increasing Ca2
+-dependent SERCA activity (16). Therefore, and though it
was not statistically significant, the increase in PLN
phosphorylation found in the Ng+/- soleus could also
indirectly reduce SERCA’s Ca2+ transport efficiency; and
would also be consistent with the role of Ng in sequestering
CaM away from its cellular targets. That is, a reduction in Ng
protein would increase CaM availability for CaMKII activation
and subsequent PLN phosphorylation. Additionally, one study
has shown that pentameric PLN is targeted for autophagic
degradation (53) and CaM availability has been shown to be
highly involved in promoting basal autophagic flux (54),
potentially contributing to the reductions in PLN content
observed in the present study.

In addition to skeletal muscle NST, adipose tissue, primarily
BAT, can increase energy expenditure through UCP1 which acts
to dissipate the mitochondrial proton gradient, uncoupling it from
ATP synthesis and instead releasing the free energy as heat (55,
56). Importantly, WAT, traditionally thought of as a fat storage
site, is not metabolically inert and can adopt a brown-like
morphology under conditions of metabolic stress, such as diet-
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induced obesity (55). Since adipose tissue is another main site of
NST, we also investigated iWAT and BAT SERCA and UCP1
content in WT and Ng+/- mice. We did observe reductions in
both SERCA isoforms in each adipose depot, which is partly
consistent with our findings in muscle, and we also saw reductions
in UCP1 protein content in BAT. SERCA Ca2+ cycling has begun
to be acknowledged as a thermogenic mechanism in adipose tissue
in addition to UCP1 (42, 57, 58) and exercise has been shown to
induce adipose browning and thermogenesis in iWAT (reviewed
by (59)). While we are limited in the lack of adipose histology, we
do acknowledge that it is possible that the reductions in physical
activity in the Ng+/- mice is preventing increases in thermogenic
proteins in iWAT. The effects of exercise on BAT activity and
thermogenesis are still not fully elucidated (59), but the results
presented in this study may suggest reduced contribution of
adipose-Ca2+ cycling and UCP1-mediated thermogenesis in
BAT in Ng+/- mice and this should be investigated further.
Nevertheless, muscle-based SERCA Ca2+ cycling seems to
counteract these reductions and prevent further weight gain.
While our study shows that heterozygous reduction of Ng
alters SERCA efficiency in a manner independent of calcineurin
signaling, we must acknowledge some key limitations. First,
given the difficulties we faced while establishing the breeding
colony, we were unable to perform experiments on homozygous
Ng knockout mice. This limits our understanding of the role of
Ng in skeletal muscle. Future studies with muscle-specific
deletion of Ng would provide additional mechanistic insight.
Secondly, due to these limitations we were unable to include a
control diet group and, at best, were only able to include some
longitudinal data (i.e., body composition at baseline vs body
composition post-high-fat diet). Thirdly, we chose to examine
only the soleus based on the relative expression of not only Ng
(21), but also the two uncouplers SLN and NNAT, both of which
appear to be greater in the soleus vs the fast-twitch extensor
digitorum longus (EDL) (31, 60). Thus, our study is limited in
the fact that we did not assess the effects of Ng knockdown on
other types of muscles. Furthermore, while we have previously
shown that soleus muscles from Ng+/- mice are more fatigue
resistant due to an increase in calcineurin activation and
promotion of the oxidative fibre type when compared with
WT controls, we did not assess skeletal muscle contractility in
this study. This is important as a previous study by Funai etal.
(61) showed that lowered SERCA efficiency, caused by altered SR
phospholipid composition from a HED, prevented diet-induced
diabetes but led to muscle weakness — representing an important
trade-off when targeting SERCA efficiency in muscle for
metabolic disorders such as obesity. Lastly, our study was
conducted in standard room temperature conditions, and the
impact of housing temperature on rodent muscle metabolism is
becoming increasingly known as of late. It is possible that the
mild cold stress induced by housing mice at room temperature
could have confounded or masked any effect of Ng deletion on
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SERCA efficiency, energy expenditure, changes in body mass
and glucose homeostasis.

Nonetheless, and in conclusion, this study found that despite
heterozygous Ng+/- mice moving less in their cages, there were
no differences in body mass, composition, energy expenditure,
glucose or insulin tolerance compared with WT mice after being
fed a high fat diet. Furthermore, we found that heterozygous
deletion of Ng in the soleus promoted SERCA uncoupling in a
manner independent of any changes in SLN or NNAT, but one
associated with a reduction in SERCA1 and PLN.
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