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The fibroblast growth factor (FGF) homologous factor FGF13, a
noncanonical FGF, has been best characterized as a voltage-gated
Na+ channel auxiliary subunit. Other cellular functions have been
suggested, but not explored. In inducible, cardiac-specific Fgf13
knockout mice, we found—even in the context of the expected
reduction in Na+ channel current—an unanticipated protection
from the maladaptive hypertrophic response to pressure overload.
To uncover the underlying mechanisms, we searched for compo-
nents of the FGF13 interactome in cardiomyocytes and discovered
the complete set of the cavin family of caveolar coat proteins.
Detailed biochemical investigations showed that FGF13 acts as a
negative regulator of caveolae abundance in cardiomyocytes by
controlling the relative distribution of cavin 1 between the sarco-
lemma and cytosol. In cardiac-specific Fgf13 knockout mice, cavin
1 redistribution to the sarcolemma stabilized the caveolar struc-
tural protein caveolin 3. The consequent increase in caveolae den-
sity afforded protection against pressure overload-induced cardiac
dysfunction by two mechanisms: (i) enhancing cardioprotective
signaling pathways enriched in caveolae, and (ii) increasing the
caveolar membrane reserve available to buffer membrane tension.
Thus, our results uncover unexpected roles for a FGF homologous
factor and establish FGF13 as a regulator of caveolae-mediated
mechanoprotection and adaptive hypertrophic signaling.
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Fibroblast growth factor (FGF) homologous factors (FHFs),
encoded by four genes in the FGF superfamily (FGF11–14)

(1), share a core domain with homology to canonical FGFs, but
FHFs are not secreted, do not bind or activate FGF receptors,
and do not function as growth factors (2). Instead, FHFs bind
directly to voltage-gated Na+ channels, modulating channel gating
and trafficking (3, 4). Widely expressed in the brain (1), FHFs
have been implicated in neurologic diseases such as spinocer-
ebellar ataxia 27, caused by missense mutations in FGF14 that
diminish Na+ channel current, disrupt channel localization, and
impair neuronal excitability (5–7).
In addition to their broad distribution in the central nervous

system, FHFs are expressed in the mammalian heart (1). Their
roles in regulating cardiac function, however, have only been
recently investigated. We showed that FGF13, the predominant
FHF in rodent heart and a common transcript in human heart
(8), directly binds to the C terminus of cardiac NaV1.5 Na+

channels, and thereby regulates current density and conduction
velocity by affecting channel gating and surface expression (9).
Similarly, mutations that disrupt interaction between NaV1.5 and
FGF12, the major human cardiac FHF, have been linked to life-
threatening arrhythmia syndromes (8, 10). In addition to regu-
lating Na+ channels, FHFs can modulate voltage-gated Ca2+

channels (11, 12). Fgf13 knockdown in adult rodent ventricular
cardiomyocytes decreased CaV1.2 current density, perturbed
CaV1.2 localization at the dyad, and thereby affected Ca2+-
induced Ca2+ release (11). Because previous studies were con-
ducted in cultured cardiomyocytes, however, the in vivo roles for
FHFs in the heart have yet to be fully elucidated. We recently

generated an inducible, cardiac-specific Fgf13 knockout (KO)
mouse and characterized the consequences of Fgf13 ablation on
cardiac electrical activity. Consistent with our previous findings,
Fgf13 KO in adult mouse heart reduced NaV1.5 current and
increased susceptibility to flecainide-induced ventricular arrhyth-
mias (13). In contrast, CaV1.2 current density was unaffected,
suggesting compensatory changes in vivo not apparent after
acute knockdown.
Based on our findings confirming Na+ channel dysfunction

after inducible Fgf13 ablation in adult heart and the established
connection between dilated cardiomyopathy and loss-of-function
mutations in the cardiac Na+ channel SCN5A (14), we hypoth-
esized that Fgf13 KO mice would exhibit impaired cardiac
function and pathological cardiac hypertrophy under stress.
Here, we investigated the role of FGF13 in cardiac hypertrophy
using a model of pressure overload induced by transverse aortic
constriction (TAC). Unexpectedly, we found that, despite de-
veloping hypertrophy, Fgf13 KO hearts maintained preserved
cardiac function associated with reduced fibrosis and up-
regulation of adaptive hypertrophic signaling pathways. To
determine the molecular mechanism for this unexpected pheno-
type, we performed an unbiased proteomic screen for additional
FHF interactors in heart and discovered that FGF13 interacts
with cavins, a family of secondary caveolae structural proteins.
Extensive analyses revealed an unexpected FGF13 function as a
negative regulator of cardiomyocyte caveolae density. Caveolae,
flask-shaped cholesterol-rich invaginations of the sarcolemmal
membrane, play important roles in cardiac hypertrophy and
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In response to chronic pressure overload, the heart undergoes
pathological hypertrophy associated with adverse remodeling,
fibrosis, and cardiac dysfunction. Caveolae, membrane invagi-
nations that organize protective signaling pathways and pro-
vide a reservoir to buffer membrane tension, can ameliorate
maladaptive hypertrophy. However, the factors that govern
caveolae assembly in the heart are not fully understood. Here,
we report that the fibroblast growth factor (FGF) homologous
factor FGF13 is a negative regulator of caveolae density in
cardiomyocytes. Adult mice lacking FGF13 in the heart have
increased caveolae abundance in cardiomyocytes and are
thereby protected from the pathological effects of chronic
pressure overload. Our findings, identifying an unexpected
role for FGF13, provide insight into the mechanisms underlying
caveolae-mediated adaptation to cardiac stress.
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mechanoprotection by serving as membrane reservoirs to buffer
increases in membrane tension (15, 16). Using biochemical,
electron microscopy, and functional assays, we demonstrate that
Fgf13 KO in adult hearts not only increased caveolae density but
also enhanced mechanoprotection of cardiomyocytes in the
setting of increased ventricular loading. These effects, indepen-
dent of Na+ channel regulation, reveal unexpected functions for
an FHF. Importantly, our results also establish FGF13 as a
regulator of cardiac hypertrophy and suggest a cardioprotective
benefit to inhibition of FHFs in the adult heart in the setting of
maladaptive hypertrophy.

Results
Fgf13 KO Hearts Maintain Cardiac Function in Response to Chronic
Pressure Overload. To generate inducible cardiac-specific Fgf13
KO mice, we crossed mice with floxed Fgf13 alleles to Myh6-
MerCreMer (MCM) mice (17), which have an α-myosin heavy-chain
(Myh6) promoter directing expression of a tamoxifen-inducible Cre
recombinase (13). Male hemizygous (Fgf13−/Y) or female homozy-
gous (Fgf13−/−) KO mice and MCM controls (8–12 wk old) were
induced with tamoxifen and allowed 3 wk to recover (Fig. 1A).
Measurement of FGF13 protein by Western blot and Fgf13 tran-
script level by quantitative PCR (qPCR) demonstrated efficient
inducible deletion of FGF13 (∼95% ablation) from cardiomyocytes
(Fig. S1). Because the Fgf13 gene is on the X chromosome, we first
assessed whether sex contributed to baseline functional differences.
Echocardiography showed no differences in fractional shortening in
Fgf13−/Y compared with Fgf13−/− mice (Fig. 1B and Fig. S2A).
Moreover, compared with tamoxifen-treated MCM, KO hearts
showed no significant differences in fractional shortening or left
ventricular wall thickness at baseline (Fig. 1 B–D and Table S1).
Considering the observed reduction in Na+ channel current density
(13), the absence of a baseline detrimental effect on ventricular
function was unanticipated.
We therefore attempted to elicit a phenotype in the Fgf13 KO

animals in response to stress by performing TAC (18). Serial
echocardiographic measurements of left ventricular wall thick-
nesses revealed that Fgf13 KO and MCM mice developed a
similar degree of ventricular wall thickening in response to
pressure overload (Fig. 1D and Table S1). As anticipated, MCM
mice demonstrated a progressive decline in fractional shortening
and chamber enlargement after 8 wk of TAC (Fig. 1 B–F),
consistent with decompensated hypertrophy. Unexpectedly, Fgf13
KO mice exhibited preserved contractile function and attenuation
of cardiac dilation at 12 wk post-TAC (Fig. 1 B–F). This protective
response was present in both Fgf13−/Y and Fgf13−/− mice subjected
to the same range of systolic pressure gradients as MCM controls
(Fig. S2B and Table S2); we therefore combined Fgf13−/Y and
Fgf13−/− mice for further analyses.

Fgf13 KO Attenuates Cardiac Enlargement and Reduces Fibrosis.
Histological analyses in the Fgf13 KO animals were consistent
with the observed preservation of cardiac function in the face of
increased cardiac stress. MCM TAC hearts were markedly
enlarged compared with sham hearts by gross inspection, he-
matoxylin and eosin staining, and measurements of heart weight-
to-body weight ratio and myocyte cross-sectional area (Fig. 1G–I
and Table S3). In contrast, although Fgf13 KO heart mass in-
creased after TAC, the degree of hypertrophic growth was more
modest, as reflected by an attenuated increase in myocyte cross-
sectional area (Fig. 1 G–I). Furthermore, Sirius red staining
revealed significantly less interstitial and perivascular fibrosis in
KO TAC compared with MCM TAC hearts (Fig. 1J).
Consistent with these histological signatures and the reduced

ventricular function, ECGs recorded from MCM mice after
12 wk of TAC showed evidence of pathological electrical
remodeling—notably, ST-segment depression with entirely negative
and inseparable J and T waves (19) (Fig. S3A)—whereas ECGs

from Fgf13 KO TACmice showed normal J–T wave transition (Fig.
S3A). Pressure overload did not affect PR, QRS, or QT intervals,
and no arrhythmic events were detected in either MCM or Fgf13
KO mice after TAC (Fig. S3 B–D). The normal ECGs in the Fgf13
KOmice at baseline are consistent with our independent analysis of
ECGs in a separate cohort of Fgf13 KO mice (13). However, the
absence of observed arrhythmias after TAC in Fgf13 KO mice was
unexpected because we had observed flecainide-induced ventricular
arrhythmias in Fgf13 KO mice (13)—consistent with FGF13’s well-
characterized role as a positive Na+ channel regulator in heart (8,
9). Recent analyses of the consequences of FHF KO in brain
suggested that FHFs may have roles beyond ion channel regulation,
such as regulation of synaptic vesicle release (20) and stabilization
of microtubules (21). Thus, we interpreted our unexpected ECG
and histological findings, together with the functional preservation
observed by echocardiography, to indicate that Fgf13 KO protects
against TAC-induced structural remodeling through an unanticipated
mechanism independent of NaV1.5 channel regulation.

FGF13 Forms a Complex with Cavin Proteins in Adult Ventricular
Cardiomyocytes. We therefore looked for alternative FGF13
functions in the heart by undertaking a search for unexpected
components of the FGF13 interactome with an unbiased pro-
teomic screen. We performed immunoprecipitation from adult
mouse ventricular tissue using a previously validated FGF13
antibody or a control IgG followed by mass spectrometry analysis
of the immunoprecipitated FGF13 complex. As expected, we
identified multiple peptides from FGF13 and NaV1.5, its best
validated interactor (9), that were absent in the control IgG
immunoprecipitation. Among the list of unexpected coimmu-
noprecipitated proteins in the FGF13 interactome were the
three cavin proteins present in cardiac muscle (22)—cavin 1
(also known as PTRF), cavin 2 (SDRP), and cavin 4 (MURC)
(Fig. 2A and Table S4), suggesting that FGF13 associates with a
complex of cavin proteins in cardiomyocytes. These cavin pro-
teins were of particular interest because they regulate the for-
mation and morphology of caveolae, membrane invaginations
that serve as organizers for adaptive hypertrophic signaling ef-
fectors and provide a membrane reservoir for mechanopro-
tection (16).

A Subset of FGF13 Cofractionates with Cavins in Caveolin-Rich Lipid
Rafts in Cardiomyocytes. Cavins regulate caveolae biogenesis and
morphology in concert with caveolins, integral membrane pro-
teins that bind cholesterol and form oligomers to stabilize cav-
eolae (16). Caveolin 3 (Cav3) is the major caveolin isoform in
smooth, skeletal, and cardiac muscle, and its presence in frac-
tions isolated from detergent-free sucrose density centrifugation
is a biochemical marker of caveolae. Because of its interaction
with the cavin complex, we tested whether FGF13 cofractionates
with cavins in Cav3-rich lipid rafts after sucrose density centri-
fugation of lysates from acutely dissociated adult ventricular
cardiomyocytes. As anticipated, Fig. 2B shows that the greatest
Cav3 enrichment was in low-density lipid raft fractions (fractions
3–5), whereas markers for cytoplasmic and nuclear proteins
(tubulin and histone H3) appeared almost exclusively in heavy
nonraft fractions (fractions 8–11). We detected a subset of FGF13
and cavin 1 in the Cav3-rich fractions, along with subpopulations
of sodium channels (NaV), and junctophilin-2 (JPH2)—proteins
that localize to Cav3-rich membranes (23, 24). FGF13 was also
present in higher density, non-lipid raft fractions (fractions 8–11),
consistent with its role in regulating voltage-gated ion channels in
extracaveolar domains (9, 11). Because protein content in
caveolin-rich lipid rafts accounts for <10% of total protein, nor-
malization of FGF13 densitometry by protein concentration em-
phasized its relative enrichment in the lipid rafts (Fig. 2C) and
suggested previously unexplored roles for FGF13 in heart.
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One such role suggested by the cofractionation of FGF13 with
Cav3 and its interaction with the cavin complex is that FGF13 is
a member of the Cav3 macromolecular complex in ventricular
myocytes. However, no Cav3 peptides were detected by mass

spectrometry in the FGF13 immunoprecipitation. The converse
immunoprecipitation using a Cav3 antibody from myocyte lysate
also showed no interaction between Cav3 and FGF13 (Fig. S4).
These results indicate that FGF13’s interaction with the cavin

Fig. 1. Fgf13 KO preserves cardiac function, attenuates cardiac dilation, and reduces fibrosis in response to chronic pressure overload. (A) Experimental
design timeline for tamoxifen induction, TAC surgery, and serial echocardiograms. (B) Representative M-mode echocardiograms from tamoxifen-induced
Myh6-MerCreMer (MCM), female homozygous KO (Fgf13−/−), and male hemizygous KO (Fgf13−/Y) mice pre-TAC (Left), 2 wk post-TAC (Middle), and 12 wk
post-TAC (Right). (C–F) Summarized echocardiographic measurements of (C) fractional shortening; (D) diastolic wall thickness [interventricular septum (IVS) +
posterior wall (PW)]; (E) end-systolic dimension (ESD); and (F) end-diastolic dimension (EDD) from pre-TAC to 12 wk post-TAC. Plots show means and SEM.
Two-way repeated-measures ANOVA was used to assess effects of genotype, time, and genotype by time interaction. Comparisons between genotypes at
each time point were made using Holm–Sidak’s test for multiple comparisons; *P < 0.05, **P < 0.01 for MCM TAC vs. Fgf13 KO TAC at each time point. See
Tables S1–S3 for complete echocardiographic measurements. (G) Whole mount of representative hearts from sham and TAC MCM and Fgf13 KO mice 12 wk
post-TAC. Histological sections were stained with hematoxylin/eosin, Sirius red, and wheat germ agglutinin (WGA). (H) Heart weight/body weight ratios;
(I) myocyte cross-sectional area (CSA); and (J) percentage fibrosis for MCM and Fgf13 KO mice 12 wk post-TAC or sham surgery. Hearts from mice labeled by
the red points in Hwere used for CSA analysis in I. Two-way ANOVA with Sidak’s test for multiple comparisons was used to assess effects of genotype, surgery,
and genotype by surgery interaction. *P < 0.05 vs. sham for respective genotype; §P < 0.05 vs. MCM TAC.
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complex and cofractionation in lipid rafts are not dependent on
Cav3. Because cavins regulate caveolae formation through indirect
interactions with caveolins (25, 26), we interpreted these results
to indicate that FGF13 may also participate in the regulation

and organization of caveolae independently of a direct Cav3
interaction.

Fgf13 KO Increases Sarcolemmal Caveolae Density in Cardiac
Myocytes. To determine whether FGF13 affects caveolae orga-
nization, we first examined the consequences of Fgf13 KO on the
sucrose density fractionation of Cav3. We found that the total
amount of Cav3 in whole-cell lysate was increased in Fgf13 KO
by 67 ± 20% relative to MCM control (P < 0.05, one-sample
t test; Fig. 3 A and C). Moreover, this increase in Cav3 was
concentrated within sucrose fractions 3–5 (62 ± 13%; P < 0.05,
one-sample t test; Fig. 3 A–C), indicating a selective enrichment
of Cav3 within lipid rafts. To confirm the accuracy of our
quantification, we performed an additional control by immuno-
blotting pooled lipid raft fractions from MCM and Fgf13 KO
hearts run on the same gel. This showed a similar increase in
Cav3 lipid raft partitioning after Fgf13 ablation (Fig. S5 A and
B). As caveolins bind cholesterol (27), we tested for a correlative
redistribution of cholesterol to more buoyant fractions as an
independent indicator of Cav3 enrichment within lipid rafts.
Total cholesterol was unchanged, but lipid rafts in Fgf13 KO
hearts were indeed marked by significantly higher cholesterol
content (Fig. 3 B and C).
The Cav3 enrichment in lipid rafts from Fgf13 KO hearts

prompted us to examine whether caveolar abundance was in-
creased. We quantified caveolae density along the lateral sar-
colemma in electron micrographs (by two experimenters blinded
to genotype) from sham KO and MCM hearts, and observed a
significant increase in the number of caveolae normalized to
membrane length in KO vs. MCM hearts (Fig. 3 D and E).
Furthermore, KO myocytes also exhibited changes in the lateral
sarcolemma ultrastructure that were previously observed in
other models of increased caveolae density (15). Whereas MCM
myocytes had a relatively straight sarcolemma, KO myocytes
displayed a more convoluted surface, with caveolae clustering
within outcroppings of membrane (Fig. 3F; see Fig. S6 for ad-
ditional composite micrographs). We quantified the degree of
membrane contour by defining a “convolution index” (L/Lo − 1)
in which the length of the membrane contour (L) was normalized
to the length of a straight path connecting the end points of the
membrane segment (Lo) (exemplar in Fig. 3F). KO myocytes
showed a significantly greater membrane convolution index
compared with MCM myocytes (Fig. 3G).
Not only did Fgf13 KO hearts show increased Cav3 protein

and caveolar abundance at baseline compared with MCM con-
trols, but the differences persisted 12 wk after TAC. As dem-
onstrated in Fig. 4 A and B, Cav3 protein was significantly
elevated in whole-cell lysates from Fgf13 KO hearts compared
with MCM control hearts with or without TAC. Moreover, using
sucrose density fractionation, we observed that a redistribution
of Cav3 from lipid raft fractions to nonraft fractions (Fig. 4C) in
MCM hearts after TAC was markedly attenuated in Fgf13 KO
hearts. To determine the mechanism by which Cav3 protein was
increased in Fgf13 KO hearts, we measured expression by qPCR
and found that the increase in Cav3 protein, with or without
TAC, was not associated with up-regulation of Cav3 expression
(Fig. 4B), suggesting that Fgf13 ablation enhanced the stability
of Cav3 protein.
We then examined caveolar abundance in KO and MCM TAC

hearts by electron microscopy. Consistent with the redistribution
of Cav3 to nonraft fractions in MCM TAC hearts, electron mi-
crographs of MCM TAC hearts revealed a significant reduction
in sarcolemmal caveolae density relative to sham hearts (Fig. 4 D
and E). In contrast, Fgf13 KO TAC hearts maintained higher
caveolae density and membrane convolution index compared
with MCM TAC hearts (Fig. 4 D–F). Additionally, whereas
MCM TAC hearts exhibited ultrastructural features consistent
with pathological remodeling—including myofibrillar disarray,

Fig. 2. FGF13 associates with cavin protein complexes in caveolin-rich lipid
rafts of cardiomyocytes. (A) Schematic of the cavin–caveolin complex at a
sarcolemmal caveola. Cavin complexes are assembled in the cytoplasm before
being recruited to caveolae. Mass spectrometry analysis of immunoprecipi-
tated FGF13 complex identified 17 unique peptides across cavin 1, cavin 2, and
cavin 4 (detailed peptide information in Table S4). (B) Western blots of sucrose
density fractions 2–11 from adult ventricular myocytes showed FGF13 cofrac-
tionating with cavin 1, caveolin 3, sodium channel (NaV), and junctophilin-2
(JPH2) in lipid raft fractions (3–5). Fraction 1 is not shown because no protein is
present in the first fraction. (C) FGF13 densitometry normalized to protein
concentration emphasizes its lipid raft enrichment.
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ruptured mitochondria, and increased interstitial collagen de-
position (Fig. 4D)—KO TAC hearts showed intact sarcomeres
and mitochondria, reflecting the protective structural and func-
tional phenotypes observed by histology and echocardiography.
The increased abundance of caveolae in cardiomyocytes of

Fgf13 KO mice suggests that FGF13 functions as a negative reg-
ulator of caveolae density, thus offering at least two mechanistic
explanations for the cardioprotection after TAC in the Fgf13 KO
animals. First, we hypothesized that Fgf13 KO would phenocopy
Cav3 overexpression, which was shown to mitigate TAC-induced
pathological remodeling in part by preventing disruption of
caveolae-associated macromolecular signaling complexes other-
wise seen after TAC (28). Second, based on recent studies in
skeletal muscle and endothelial cells highlighting that caveolae can
serve as mechanoprotective membrane reservoirs that buffer in-
creases in membrane tension (29, 30), we hypothesized that in-
creased caveolae abundance in Fgf13 KO myocytes ameliorated
membrane damage caused by TAC-induced mechanical stretch.

Fgf13 KO Is Associated with Adaptive Hypertrophic Signaling in
Caveolae-Localized Signaling Pathways in Response to Pressure
Overload. We therefore first examined whether the increased
caveolar density in the Fgf13 KO hearts provided cardioprotection
by enhancing adaptive hypertrophic signaling pathways enriched
in caveolae, focusing initially on the consequences of Fgf13 KO on
insulin-like growth factor-1 signaling through the phosphoinositide
3-kinase (PI3K) and Akt pathway (31). Measuring phosphoryla-
tion of the PI3K p85 regulatory subunit at Tyr458, which indicates
activation of the kinase (32, 33), we observed decreased phospho-
Tyr458 in MCM TAC hearts compared with sham controls (Fig.
5A). In contrast, Fgf13 KO TAC hearts showed no decrease in
PI3K phosphorylation compared with sham hearts (Fig. 5A),
suggesting preservation of PI3K activity in Fgf13 KO mice during
pressure overload. Moreover, consistent with enhanced signaling

through the downstream PI3K target Akt, Fgf13 KO TAC hearts
showed a significantly higher ratio of phospho-Akt (Ser473) to
total Akt compared with KO sham hearts (Fig. 5A). In contrast,
MCM TAC hearts showed no increase in Akt phosphorylation
compared with MCM sham.
Not only did we observe enhancement of adaptive hypertrophic

signaling pathways, but we also found suppression of pathways
associated with pathophysiological remodeling (34). Specifically,
we examined calcineurin-NFAT activity and the fetal gene pro-
gram. In Fgf13 KOmice subjected to TAC, we assessed calcineurin
activity by measuring the expression of regulator of calcineurin 1
(Rcan1), a gene target of calcineurin (35). Fgf13 KO significantly
attenuated the TAC-induced increase in Rcan1 expression ob-
served in MCM mice (Fig. 5B). In addition, induction of the fetal
gene program in Fgf13 KO TAC hearts was significantly di-
minished compared with levels observed in MCMTAC hearts (Fig.
5C). Together, these data suggest that the increased caveolae
density after Fgf13 ablation afforded cardioprotection by enhancing
PI3K/Akt signaling and concomitantly attenuating pathological
cardiac remodeling as indicated by the fetal gene program.

KO of Fgf13 Enhances Mechanoprotection in Response to Ventricular
Pressure Overload and Hypoosmotic Stress. Having shown that the
increased caveolar density in Fgf13 KO myocytes enhanced
cardioprotective signaling, we next tested whether the increased
caveolar abundance also enhanced mechanoprotection by in-
creasing the membrane reservoir available to buffer membrane
tension. We used a hypoosmotic stress assay, which was pre-
viously shown to induce membrane rupture when caveolae were
depleted (29). We observed that myocytes isolated from MCM
and Fgf13 KO sham-operated mice displayed a similar degree of
membrane blebbing (areas of rounded membrane protrusion)
(Fig. 6 A and B). However, in myocytes isolated from TAC
hearts, those with Fgf13 KO displayed significantly less blebbing

Fig. 3. Fgf13 KO enhances the lipid raft partition-
ing of caveolin 3 and increases caveolae density and
membrane convolution at the lateral sarcolemma.
(A) Western blots of sucrose density fractions from
acutely isolated MCM and Fgf13 KO myocytes. Equal
total protein (∼2 mg) was loaded onto each sucrose
column; blots from both genotypes were exposed
simultaneously. (B) Densitometry of caveolin 3 from
Western blot in A (normalized to peak signal) and
measurement of cholesterol content per fraction
(normalized to total input protein). (C) Quantifica-
tion of caveolin 3 protein in whole-cell lysate (WCL)
and lipid raft fractions 3–5 (WCL values were nor-
malized to GAPDH and MCM) and summarized data
for total and lipid raft cholesterol content. Plots in B
and C show means ± SEM from three to five mice/
genotype; *P < 0.05, unpaired t test or one-sample
t test comparing KO to 100% MCM. (D) Represen-
tative composite electron micrographs showing the
lateral sarcolemmal membranes of adjacent car-
diomyocytes from MCM and Fgf13 KO hearts (ar-
rowheads denote caveolae connected to plasma
membrane). (Scale bars, 500 nm; uncropped images
in Fig. S7.) (E) Quantification of caveolae density,
normalized to membrane length. Mean densities
were 0.51 ± 0.03 and 0.86 ± 0.05 caveolae per μm in
MCM and KO, respectively; n = 46–49 micrographs
from three mice per genotype. (F) Representative
electron micrographs showing increased membrane
convolutions in Fgf13 KO hearts (uncropped images
in Fig. S7); L, length of membrane contour; Lo,
shortest length connecting end points of membrane
segment. (G) Quantification of membrane convolution index (L/Lo − 1). Mean indices were 0.15 ± 0.02 vs. 0.06 ± 0.01 in KO and MCM, respectively;
n = 45 micrographs from three mice per genotype. Box plots show medians with interquartile range; whiskers represent 10th to 90th percentile; each point
represents one micrograph. *P < 0.0001, Mann–Whitney U test.
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than MCM myocytes (Fig. 6 A and C). Thus, by increasing cav-
eolae density and consequently the reservoir of membrane
available to buffer membrane tension, Fgf13 KO preserved sar-
colemmal integrity and enhanced mechanoprotection from
membrane rupture.

FGF13 Regulates the Distribution of Cavin 1 Between the Plasma
Membrane and Cytosol. We next turned to defining the mecha-
nism by which FGF13 interaction with cavins affected caveolar
density. After caveolins have trafficked to the plasma membrane,
multimeric cavin complexes in the cytosol are recruited to the
cytoplasmic surface of caveolae, where they stabilize caveolins
(22, 36). Among the cavins, cavin 1 is most critical for stabili-
zation of caveolins and caveolae biogenesis (25, 26, 37). We
therefore hypothesized that ablation of Fgf13 affected the rela-
tive distribution of cavin 1 and led to stabilization of caveolae. To
test this hypothesis, we used a subcellular fractionation protocol
to separate cytosolic and membrane fractions (Fig. 7A). Demon-
strating clear separation of subcellular fractions, Western blots for
junctophilin-2 and tubulin showed signal exclusively in membrane
and cytosolic fractions, respectively (Fig. 7B). We observed that
the relative ratio of cavin 1 in the membrane to cytosol was sig-
nificantly increased in Fgf13 KO mice compared with MCM
controls (Fig. 7B). This increase was not associated with changes
in total cavin 1 protein or gene expression after Fgf13 KO (Fig. 7 C
and D), suggesting that FGF13 loss leads to redistribution of cavin
1 between the cytosol and the membrane. These data support a
model in which the elevated level of membrane-associated cavin
1 stabilizes Cav3 in Fgf13 KO hearts and consequently increases
caveolar density to enhance mechanoprotection and promote
adaptive hypertrophic signaling (Fig. 7E).

Discussion
Since their initial identification in the retina two decades ago (1),
FHFs have been most extensively studied as modulators of
voltage-gated Na+ channels. Nevertheless, there have been per-
sistent suggestions that FHFs have broader roles, such as regu-
lation of limb (38) and craniofacial development (39), neural
differentiation (40), presynaptic neurotransmitter vesicle number
(20), and hair growth (41). Although we recently confirmed the
role of FGF13 as a regulator of cardiac Na+ channels in vivo
(13), the complete consequences of Fgf13 ablation on cardiac
function have not been investigated. Here, motivated by an un-
expected cardioprotective phenotype in Fgf13 KO mice after
TAC, we discovered through an unbiased proteomic screen that
FGF13 associates with the cavin complex in heart, and functions
as a negative regulator of cardiomyocyte caveolae. We further
established the mechanistic basis for the cardioprotection in Fgf13
KOmice, demonstrating that an increase in sarcolemmal caveolae
density enhanced mechanoprotection, and augmented adaptive
hypertrophic signaling through caveolae-associated signaling
pathways during pressure overload. Importantly, our results fur-
ther extend the repertoire of known FHF modulatory effects be-
yond ion channel regulation and suggest that inhibition of cardiac
FHFs may be cardioprotective during increased cardiac stress.
Although caveolae were initially observed by electron micros-

copy more than 60 y ago (42, 43), the molecular components
regulating their formation and function are still incompletely un-
derstood. To date, two families of structural proteins—caveolins
and cavins—have been shown to regulate caveolae biogenesis and
morphology (16). Disruption of cavin–caveolin complexes can al-
ter caveolae abundance and contribute to multisystemic disease,
including cardiac arrhythmias and hypertrophy, lipodystrophy, and

Fig. 4. Fgf13 KO attenuates TAC-induced loss of
caveolae. (A) Representative Western blots for cav-
eolin 3 in left ventricular whole-cell lysates from
MCM and Fgf13 KO hearts 12 wk post-TAC or sham.
(B) Densitometry of CAV3 protein from blots in A
(Left); gene expression of Cav3 (Right). P values from
two-way ANOVA with Sidak’s multiple-comparison
test. *P < 0.0001 vs. MCM sham; §P < 0.0001 vs.
MCM TAC. (C) Representative Western blots and
densitometry showing caveolin 3 distribution in su-
crose density fractions from MCM and Fgf13 KO
hearts 12 wk post-TAC or sham. (D) Representative
electron micrographs from MCM and Fgf13 KO
hearts 12 wk post-TAC. (Scale bars, 500 nm;
arrowheads denote caveolae connected to plasma
membrane; uncropped images in Fig. S7.) (E) Quanti-
fication of caveolae density, normalized to membrane
length. (F) Quantification of membrane convolution
index. Baseline (sham) caveolae densities and mem-
brane convolution indices from Fig. 3 E and G are
replotted for comparison with TAC groups. Box plots
show medians with interquartile range; whiskers
represent 10th to 90th percentile; each point repre-
sents one micrograph. n = 37–49 micrographs from
three mice per genotype. P values from Kruskal–Wallis
test with Dunn’s multiple-comparison test.

Wei et al. PNAS | Published online May 1, 2017 | E4015

M
ED

IC
A
L
SC

IE
N
CE

S
PN

A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1616393114/-/DCSupplemental/pnas.201616393SI.pdf?targetid=nameddest=SF7


muscular dystrophy (44–47). However, the precise mechanisms
by which cavins assemble with caveolins, especially in cardiac
muscle, remain unclear. Moreover, the differing molecular
composition of cavin complexes across cell types [e.g., car-
diomyocytes express all cavin isoforms except for cavin 3 (22,
48)] suggests that additional proteins contribute to caveolae
formation and confer tissue-specific functions (49). For instance,
EHD2, a member of the EHD family of endosomal recycling
proteins (50) recently reported to regulate cardiac membrane
protein targeting (51, 52), has been shown to interact with cavin
1 and control the stability and turnover of caveolae (53). Our data
contribute to the expanding list of caveolae regulators and establish
FGF13 as a noncavin protein in heart that regulates caveolae
density by tuning the balance of cavin 1 between membrane
and cytosol.
Our results showing increased mechanoprotection of Fgf13

KO cardiomyocytes fit well with the growing literature that
caveolae in diverse cell types act as membrane convolutions that
can flatten in response to increased membrane tension, thereby
serving as a buffer to prevent membrane rupture (54). For in-
stance, caveolae have been shown to protect against sarcolemmal
damage in skeletal muscle during vigorous activity (29), and to
mitigate endothelial cell membrane rupture during increased
cardiac output (30). In cardiomyocytes, mechanical stretch was
shown to increase cell membrane capacitance by recruiting
subsarcolemmal caveolae to the plasma membrane (55). How-
ever, whether incorporation of caveolae into the sarcolemmal
membrane confers protection against membrane stress has not
been tested. Consistent with previous reports showing increased
susceptibility to acute membrane damage in the absence of
caveolae (29, 30), we showed that pressure overload-induced loss
of caveolae compromises cardiomyocyte membrane integrity.
Reminiscent of the effects seen with cardiac-specific Cav3 over-
expression in mice (15), Fgf13 KO increased sarcolemmal caveolae
density and membrane convolutions, thereby enhancing the reservoir
of membrane available for mechanoprotection.
Our results showing enhanced caveolae-mediated signaling

provide a second cardioprotective mechanism for the Fgf13 KO
mice. An elaborate network of nodal signaling integrators is
activated in response to cardiac stress to promote cardiac hy-
pertrophy as a compensatory response to maintain cardiac out-
put. The signaling pathways associated with caveolae, which
compartmentalize receptors, ion channels, and signaling effectors
(56, 57), have generally been characterized as cardioprotective.
The link between caveolae and cardiac hypertrophy was first

established in Cav3 KO mice, which display significant hyper-
trophy, dilation, and reduced fractional shortening associated
with hyperactivation of the maladaptive p42/44 MAPK pathway
(44). In contrast, adenoviral-mediated overexpression of Cav3 in
isolated cardiomyocytes conferred protection from phenylephrine-
induced hypertrophy (58), and transgenic mice with cardiomyocyte-
specific overexpression of Cav3 demonstrated attenuation of
cardiac hypertrophy and preservation of function following TAC
(15). This cardioprotection was attributed to increased natri-
uretic peptide expression, increased phosphorylation of Akt, and
decreased NFAT nuclear translocation as a result of increased
caveolae abundance (15, 28). Similar to the protective signaling
in Cav3 overexpression, we observed that Fgf13 KO up-regulated
PI3K/Akt signaling and attenuated calcineurin/NFAT-mediated
fetal gene reexpression after TAC (Fig. 5 A–C). Thus, the car-
dioprotective phenotype in Fgf13 KO mice after TAC (i.e.,

Fig. 5. Fgf13 KO promotes adaptive hypertrophic
signaling in response to pressure overload. (A) Rep-
resentative Western blots for phosphorylated (p)
and total (t) proteins for PI3K p85 and Akt from
12 wk post-TAC hearts. Plots show summarized data
for p/t-PI3K and p/t-Akt. (B) Gene expression of
regulator of calcineurin (Rcan1) normalized to
Gapdh and MCM sham. (C) Gene expression of atrial
natriuretic peptide (Nppa), β-myosin heavy chain
(Myh7), and α-myosin heavy chain (Myh6) normal-
ized to Gapdh and MCM sham. Fold change on y axis
is plotted on a log2 scale. Two-way ANOVA with
Sidak’s test for multiple comparisons was used to
assess effects of genotype, surgery, and genotype by
surgery interaction. *P < 0.05 vs. sham for respective
genotype; §P < 0.05 vs. MCM TAC.

Fig. 6. Fgf13 KO protects against membrane rupture in response to pres-
sure overload and acute hypoosmotic stress. (A) Representative bright-field
images of nonoperated and TAC MCM and KO myocytes 30 min after switch
from isoosmotic to hypoosmotic media (50% water). The frequency of
membrane rupture was quantified by counting cells containing one or more
blebs (membrane protrusions indicated by arrowheads; magnified in Inset)
and normalizing by the total cells per field of view (excluding lysed cells).
(Scale bar, 50 μm.) (B and C) Summarized data for hypoosmotic stress assay
conducted across four media conditions (0%, 40%, 50%, 60% water) on
(B) nonoperated myocytes and (C) TAC myocytes. Two-way ANOVA showed
significant surgery by genotype interaction, P < 0.05. Comparisons between
genotypes at each solution were made using Holm–Sidak’s test for multiple
comparisons, *P < 0.05. Plots show means ± SEM; n = 9 wells of cells from
three mice per genotype and surgery condition; cell counts from six fields of
view were summed per well.
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preserved function, diminished fibrosis, and attenuation of car-
diac dilation) may reflect an integrated response between mul-
tiple nodal regulators as well as the mechanoprotection afforded
by increased caveolar abundance.

Methods
Animals. Animals were handled according to NIH Guide for the Care and Use
of Laboratory Animals (59). The study was approved by Duke University
Animal Care and Welfare Committee (protocol no. A292-13-11). All geneti-
cally modified mice were maintained on a C57BL/6J (000664; The Jackson
Laboratory) genetic background and backcrossed for at least 10 generations.
Fgf13fl/fl mice, generated by flanking exon 3 of the mouse Fgf13 gene with
loxP sites, were obtained from Hebei Medical University (13). To generate
cardiac-specific, inducible KO mice, Fgf13fl/fl mice were crossed with Myh6-
MCM (MerCreMer; 005657; The Jackson Laboratory) mice, which have an
α-myosin heavy-chain (Myh6) promoter directing expression of a tamoxifen-
inducible Cre recombinase. Eight- to 12-wk-old male hemizygous (Fgf13fl/Y;
Myh6-MCMtg/+) or female homozygous (Fgf13fl/fl;Myh6-MCMtg/+) KO mice
and controls (MCM) with the MCM but lacking the floxed Fgf13 allele
(Myh6-MCMtg/+) were injected with 40 mg/kg tamoxifen (Sigma-Aldrich)
intraperitoneally for 3 consecutive days to induce Fgf13 deletion. Mice
were used for experimentation at least 3 wk after recovery from tamoxifen
induction.

Antibodies. Rabbit anti-phospho-PI3K p85 (Tyr458)/p55(Tyr199), anti-PI3K
p85, and anti-pan-Akt antibodies were purchased from Cell Signaling
Technology. Mouse anti-phospho-Akt1/2/3(Ser473), mouse anti-caveolin 3,
goat anti-junctophilin2, and goat anti-histone H3 antibodies were purchased
from Santa Cruz Biotechnology. Mouse anti-panNaV and mouse anti-tubulin
antibodies were purchased from Sigma-Aldrich. Rabbit anti-PTRF/Cavin 1
antibody was purchased from Proteintech Group. Mouse anti-GAPDH anti-
body was purchased from Thermo Fisher Scientific. Rabbit anti-FGF13 anti-
body was generated as previously described (9).

Generation of Pressure Overload and Serial Echocardiography. Pressure over-
load was produced by constricting the transverse aorta as previously de-
scribed (18). Surgery was performed onMCM and KOmice at least 3 wk after
tamoxifen induction. Mice were anesthetized with a mixture of ketamine
(100 mg/kg) and xylazine (2.5 mg/kg). The transverse aorta was isolated
between the carotid arteries, and aortic constriction was performed by tying
a 7-0 silk suture ligature against a 27-gauge needle to yield a constriction of
0.4 mm in diameter. This degree of constriction allows for an adequate

stimulus for hypertrophy without producing heart failure or cardiac arrest.
At termination of the study, the efficacy of the pressure overload was tested
by measuring the arterial pressures in the right carotid artery (proximal to
the suture) and the left axillary artery (distal to the suture); mean pressure
gradients were 45.4 ± 5.4 and 44.5 ± 8.8 mmHg for MCM TAC and Fgf13 KO
TAC mice, respectively (P > 0.05, n = 6–7 mice per genotype; Table S2).

Serial echocardiography was performed on conscious mice by a technician
blinded to animal genotype using a VEVO 2000 high-resolution imaging
system (VisualSonics). Transthoracic 2D M-mode and power Doppler images
were used for data analysis. Heart rate, interventricular septal wall (IVS) and
posterior wall (PW) thicknesses, left-ventricular end-diastolic diameter
(LVEDD), and left-ventricular end-systolic diameter (LVESD) were measured
from at least three consecutive cardiac cycles by two experimenters blinded to
genotype. Fractional shortening (FS) was calculated with the formula: FS =
(LVEDD − LVESD)/LVEDD.

Electrocardiograms. Subcutaneously, two lead ECG recordings were captured
from mice anesthetized with 2.5% Avertin [tribromoethanol (Sigma-Aldrich)
dissolved 1:1 (wt/vol) in tert-amyl alcohol, and then 1:40 (vol/vol) in PBS].
Signals were amplified and recorded with an Octal Bio Amp amplifier con-
nected to a Powerlab 16/30 DAQ system (ADInstruments). Heart rate, RR,
and QT intervals were analyzed using LabChart, version 8.0, software
(ADInstruments). Rate-corrected QT intervals (QTc) were calculated using the
formula by Mitchell et al. (60): QTc =QT=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RR=100

p
.

Histological Analysis. Excised hearts were rinsed in PBS, fixed in 4% para-
formaldehyde for 16 h at 4 °C, and dehydrated in a series of ethanol washes.
Samples were subsequently cleared in xylene and mounted in paraffin.
Sections of 10 μm in thickness were cut and stained with hematoxylin and
eosin to analyze tissue morphology, Sirius red to analyze collagen content
and fibrosis, and wheat germ agglutinin (WGA) (Alexa Fluor 488 conjugate;
ThermoFisher Scientific) to measure myocyte size. Images were captured
with a Leica DMIL inverted fluorescence microscope. To analyze car-
diomyocyte size, the cross-sectional areas of 150–250 randomly chosen cells
from three to four hearts per group were measured using ImageJ software
(NIH). Fibrosis was quantified as the percentage of Sirius red-stained colla-
gen area using ImageJ. Samples from different groups were processed in
parallel, and histological analyses were performed by an experimenter
blinded to genotype.

Proteomic Screen for FGF13-Interacting Proteins. Fresh lysate from five adult
wild-type C57BL/6J mice ventricles was prepared by homogenizing tissue on
ice in lysis buffer containing 150 mM NaCl, 50 mM Tris, 1% Triton X, and

Fig. 7. KO of Fgf13 in adult cardiomyocytes re-
distributes cavin 1 from the cytosol to membrane.
(A) Schematic of subcellular fractionation workflow
(PNS, postnuclear supernatant; WCL, whole-cell ly-
sate). Equal concentrations of lysate were used as
input. (B, Left) Western blots for cavin 1 and FGF13
from cytosolic and membrane fractions prepared
from MCM and Fgf13 KO ventricular tissue; tubulin
and junctophilin-2 (JPH2) serve as markers for cyto-
solic and membrane proteins, respectively. (Right)
Quantification of membrane:cytosol relative ratio
for cavin 1. *P < 0.05, unpaired t test. (C) Repre-
sentative Western blots for cavin 1 in left ventricular
whole-cell lysates from MCM and Fgf13 KO hearts
12 wk post-TAC or sham surgery. (D, Left) Densi-
tometry of cavin 1 protein from blots in C. (Right)
Gene expression of cavin 1 (Ptrf). *P < 0.05 vs. KO
sham, two-way ANOVA with Sidak’s multiple-
comparison test. (E) Model showing FGF13 regula-
tion of cavin 1 distribution between cytosolic and
membrane fractions. Fgf13 KO increases cavin 1 at
the membrane, stabilizing caveolin 3 and thereby
increasing caveolae density to enhance mechano-
protection and adaptive hypertrophic signaling.
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protease inhibitor mixture (Roche). The crude heart lysate was centrifuged at
1,150 × g in a Fisher Scientific accuSpin Micro17 tabletop centrifuge for
15 min, and the supernatant was retained. Protein concentration was de-
termined using a BCA assay. Antibody (20 μg of anti-FGF13 or control rabbit
IgG) was irreversibly cross-linked to protein A/G agarose beads (Santa Cruz
Biotechnology), and mouse ventricular tissue lysate (∼23 mg of total protein)
was added to crosslinked beads. The bound proteins were eluted in 400 μL of
0.2% Rapigest SF Surfactant (Waters) in 50 mmol/L ammonium bicarbonate
and subjected to an in-solution tryptic digestion at the Duke Proteomics
Core. Peptide identifications were determined using liquid chromatography/
tandem mass spectrometry; after data acquisition, all spectra were searched
against the SwissProt database with the mouse taxonomy selected.

Cardiomyocyte Isolation. Animals were anesthetized with 2.5% tribromoethanol
and anticoagulated with heparin. The heart was excised, and the aorta was
retrogradely perfused using a Langendorff system for 15 min with solution
containing the following (all Sigma-Aldrich; in mM): 112 NaCl, 5.4 KCl,
1.7 NaH2PO4-H2O, 4.2 NaHCO3, 1.63 MgCl2-6H2O, 20 Hepes, 5.4 glucose,
30 taurine, 2 L-carnitine, 2.3 creatine, 10 2,3-butanedione monoxime (BDM),
and 150 U/mL collagenase type II (Worthington). Next, the heart was minced
and triturated in collagenase solution until all cell clumps were broken. Cal-
cium tolerance was performed by gradually adding CaCl2 to a final concen-
tration of 1 mM. Cells were plated in culture media containing MEM with
Earle’s salts and L-glutamine, 0.5 mg/mL BSA, 10 mM BDM, 1× insulin–
selenium–transferrin supplement (Life Technologies), 5 mM creatine, 5 mM
taurine, 2 mM L-carnitine, and 1% penicillin/streptomycin.

Isolation and Purification of Caveolin-Rich Lipid Rafts. Caveolin-rich fractions
from ventricular myocytes were prepared using a nondetergent method (61).
Freshly isolated myocytes were washed twice with PBS and scraped into
0.5 M sodium carbonate (pH 11). Cells were homogenized by a Dounce
homogenizer (20 strokes), followed by sonication (6 × 10-s bursts; 50%
power) using a Fisher Scientific Model 120 Sonic Dismembrator. Protein
concentration was determined using a BCA assay. Equivalent amounts of
protein from each homogenate (∼2 mg of total protein in 2 mL of lysis
buffer) were adjusted to 45% sucrose by mixing with 2 mL of 90% sucrose in
MBS [25 mM 2-(N-morpholino)ethanesulfonic acid, 150 mM NaCl, pH 6], and
loaded to the bottom of an ultracentrifuge tube (Thermo Scientific; 03699).
A 5–35% discontinuous sucrose gradient in MBS containing 250 mM Na2CO3

was formed above. The tube was centrifuged for 18 h at 260,000 × g, 4 °C in
a TH-641 rotor (Sorvall/Thermo Scientific). After centrifugation, 1-mL frac-
tions were collected from the top down to yield 11 fractions, and proteins
were precipitated using 1 mL of 20% (wt/vol) trichloroacetic acid. Samples
were resuspended in 50 μL of 1× LDS sample buffer (Invitrogen) and sub-
jected to SDS/PAGE and Western blot analysis. Immunoblots of the same
protein from different genotypes were exposed together. Densitometry was
performed using ImageJ (NIH). To quantify lipid raft protein content, the
band intensities from fractions 3–5 were combined. Cholesterol levels from
each fraction were measured using the Amplex Red Cholesterol Kit (Invi-
trogen) according to the manufacturer’s protocol. Protein concentration in
each fraction was measured by micro-BCA assay (Thermo Fisher Scientific)
according to the manufacturer’s protocol.

Caveolin 3 Immunoprecipitation. Isolated ventricular myocytes were lysed in
buffer containing 1% Triton, 150 mM NaCl, and 50 mM Tris·HCl (pH 7.5) with
protease inhibitor mixture (Roche) using a 26-gauge needle (25 strokes).
Lysates were centrifuged at 17,000 × g for 10 min at 4 °C, and precleared
with 20 μL of protein A/G-agarose beads (Santa Cruz) for 30 min. Immunopre-
cipitation was performed with anti-Cav3 (2 μg) or anti-FGF13 (2 μg) antibodies
added to 500 μg of precleared lysates. Samples were rocked overnight, and
subsequently incubated with 25 μL of protein A/G beads for 3 h and washed
with lysis buffer three times, and protein was eluted from the beads by heating
in LDS sample buffer (Invitrogen) at 70 °C for 20 min. Samples were subjected to
SDS/PAGE, and coimmunoprecipitation was verified by Western blot.

Electron Microscopy and Image Analysis. Acutely dissected left ventricles
from MCM or FGF13 KO mice hearts were washed in PBS and fixed in 4%
glutaraldehyde with 0.1 M phosphate buffer (pH 7.4) overnight at 4 °C.
Tissue for electron-microscopic examination were postfixed for 1 h in 2%
osmium tetroxide in 0.1 M phosphate buffer, dehydrated through suc-
cessive acetones, and embedded in Epon (EM bed 812; Electron Microscopy
Sciences) and polymerized at 70 °C overnight. Ultrathin (70-nm) sections
were cut from tissue blocks with a Riechert-Jung Ultracut E Ultramicro-
tome and collected on copper 200-mesh grids. Grids were counterstained
with uranyl acetate and lead citrate and examined in a Philips CM-12 trans-

mission electron microscope (FEI) equipped with an AMT XR-60 digital
camera with AMT V600 image acquisition software (AMT Imaging). For
quantification of membrane caveolae density, images were acquired at
19,500× from the lateral sarcolemma of cardiomyocytes sectioned in the
longitudinal axis (showing striated sarcomeric units). Twenty to 30 images
were captured from each preparation; at least three mice hearts were used
for each genotype. All images were acquired by a technician blinded
to genotype.

Following EM image acquisition, images were imported into ImageJ (NIH)
in TIFF format, and caveolae density and membrane curvature were mea-
sured by two independent experimenters blinded to genotype. Caveolae
were identified by their characteristic morphology as 50- to 100-nm-wide
invaginations clearly connected to the plasma membrane; caveolae not
open at the plasma membrane were not counted. Caveolae density was
calculated from each image by counting the number of caveolae and nor-
malizing to the membrane length. To quantify the degree of membrane
convolution, we defined a membrane convolution index = (L/Lo − 1), where L
is the length of membrane contour, and Lo is the length of a straight path
connecting the end points of the membrane segment.

Quantitative Real-Time PCR. During heart isolation, left ventricular tissue was
snap-frozen in liquid nitrogen and stored at −80 °C. mRNAwas prepared using
the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s instructions.
Reverse transcription was performed using iScript cDNA synthesis kit (Bio-Rad).
Real-time PCR was performed in triplicate for each sample with a Bio-Rad
CFX96 machine using SYBR Green or TaqMan-based detection chemistries
(Thermo Fisher Scientific). Relative quantification was performed using the
comparative threshold (CT) method (ΔΔCT) after determining the CT values
for the reference (GAPDH) and target genes. See Table S5 for list of primers.

Hypoosmotic Stress Assay. Following acute isolation, myocytes from one
mouse heart were plated in a 12-well culture plate and incubated in iso-
osmotic culture media [Minimum Essential Medium (Sigma-Aldrich; M4655)
with 5% FBS, 1% penicillin/streptomycin, 300 mOsm/L] or culture media di-
luted with 40%, 50%, or 60% water (corresponding to osmolarities of 180,
150, and 120mOsm/L). Each hypoosmotic solutionwas added to threewells of
cells. Thirty minutes after incubation, images from six fields of view were
acquired per well using a Leica DMIL LED Inverted Fluorescence Microscope
equipped with a HI PLAN 20×, 0.3 N.A. objective. The frequency of mem-
brane rupture was calculated by dividing the number of cells with one or
more blebs by the total number of cells in the six fields of view. Lysed cells
were excluded from analysis.

Subcellular Fractionation of Heart Lysate. Excised left ventricle tissue was
weighed, and lysis buffer [25 mM Tris, pH 7.4, 5 mM EDTA, protease inhibitor
mixture (Roche)] was added to achieve a concentration of 100 mg of tissue
per 1 mL of buffer. Lysates were homogenized using a Dounce homogenizer
(40 strokes) and incubated on ice for 15 min. Five hundred microliters of
homogenized lysate was centrifuged at 3,000 × g for 5 min. The postnuclear
supernatant was then spun at 17,000 × g for 25 min. This second supernatant
was saved as the cytosolic fraction while the pellet was resuspended in
100 μL of 1× LDS sample buffer (Invitrogen) and saved as the membrane
fraction. Twenty-five microliters from cytosol and membrane fractions were
loaded on SDS/PAGE gels for Western blot analysis.

Statistical Analyses. Data are presented as mean ± SEM. Statistical signifi-
cance of differences between two groups was assessed using a two-tailed
unpaired Student’s t test. In cases in which Fgf13 KO values were normalized
to control, a one-sample t test was used to assess whether KO values were
significantly different from 100% control. For experiments involving two
factors (e.g., genotype, TAC surgery), two-way ANOVA followed by Sidak’s
multiple-comparison test was used to assess main effects, interactions, and
simple main effects. For serial echocardiographic measurements, two-way
repeated-measures ANOVA was used to test for main effects and interac-
tions of genotype by time. Comparisons between genotypes at each time
point were made using Holm–Sidak’s multiple-comparison test. If the data
distribution fails normality testing (by the Shapiro–Wilk test), data are pre-
sented as box plots showing medians with interquartile range and whiskers
representing 10th to 90th percentile, and nonparametric Mann–Whitney U
test or Kruskal–Wallis test with Dunn’s multiple-comparison test was used in
place of Student’s t test or ANOVA, respectively. For all tests, statistical
significance was set at P < 0.05. Analyses were conducted with GraphPad
Prism 6 or OriginLab OriginPro 8.
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