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A B S T R A C T

Viral myocarditis is common and can progress to cardiac failure. Cardiac cell pro-inflammatory responses are
critical for viral clearance, however sustained inflammatory responses contribute to cardiac damage. The
transcription factor NF-κB regulates expression of many pro-inflammatory cytokines, but basal and induced
activation of NF-κB in different cardiac cell types have not been compared. Here, we used primary cultures of
cardiac myocytes and cardiac fibroblasts to identify cardiac cell type-specific events. We show that while viral
infection readily stimulates activation of NF-κB in cardiac fibroblasts, cardiac myocytes are largely recalcitrant
to activation of NF-κB. Moreover, we show that cardiac myocyte subpopulations differ in their NF-κB
subcellular localization and identify the cis-Golgi as a cardiac myocyte-specific host compartment. Together,
results indicate that NF-κB-dependent signaling in the heart is cardiac cell type-specific, likely reflecting
mechanisms that have evolved to balance responses that can be either protective or damaging to the heart.

1. Introduction

Viral myocarditis is a leading cause of sudden death in young adults
and occurs in approximately 10% of patients with unexpected heart
failure (Drory et al., 1991; Feldman and McNamara, 2000; Cooper,
2009; Blauwet and Cooper, 2010). Although most cases of myocarditis
are asymptomatic and resolve spontaneously through regulated pro-
inflammatory responses, incomplete viral clearance and/or autoim-
mune responses against cardiac autoantigens can result in chronic
inflammation, dilated cardiomyopathy (DCM) and cardiac failure
(Feldman and McNamara, 2000; Cooper, 2009; Blauwet and Cooper,
2010). Thus while cytokines expressed in the heart help maintain
normal cardiac function and repair, their over-production can result in
heart disease (Corsten et al., 2012; Seta et al., 1996; Nian et al., 2004).

The expression of many cytokines is regulated by the family of
transcription factors, NF-κB, which differ depending on their subunit
composition (Gordon et al., 2011). NF-κB is held inactive in a
cytoplasmic complex with its inhibitor, IκB. Cell stimulation phosphor-
ylates and inactivates IκB, inducing NF-κB translocation to the nucleus
(Chen and Greene, 2004). There, NF-κB induces the expression of
hundreds of genes that regulate processes including cell survival,
apoptosis, inflammation, and antiviral responses (Chen and Greene,
2004; Hayden and Ghosh, 2012; Rubio et al., 2013). The consequences
of NF-κB activation are cell type-specific and depend on the type,
magnitude, and duration of the stimulus (Van der Heiden et al., 2010;
Dhingra et al., 2010).

The role of the NF-κB family of transcription factors in cardiac
health and disease has been well-studied, particularly during acute
ischemia/reperfusion injury (Gordon et al., 2011; Van der Heiden
et al., 2010). In primary cultures of rat cardiac myocytes, the extent of
activation of NF-κB upon pro-inflammatory stimulation is dependent
on both the developmental stage of the mice used to generate the
cultures, as well as the age of the cultures (Goren et al., 2004). These
results likely reflect a developmental impairment of the IκB kinase β
(IKKβ) in cardiac myocytes after birth that dampens NF-κB-dependent
expression of pro-inflammatory genes (Goren et al., 2004).
Accordingly, conditional or constitutive expression of recombinant
IKKβ in cardiac myocytes is highly damaging and can result in their
apoptosis, cardiac inflammation, DCM, and heart failure (Maier et al.,
2012; Kraut et al., 2015). Cardiac damage is also induced by over-
expression of TRAF3 interacting protein 2 (TRAFIP2), another acti-
vator of NF-κB (Yariswamy et al., 2016). Thus, activation of NF-κB can
be highly deleterious to the heart. However, activation of NF-κB can
also be critical to maintain cardiac health. For example, one important
NF-κB-regulated cytokine is IFN-β (Thanos and Maniatis, 1995; Wang
et al., 2010), and the increased virus damage induced in mice lacking
NF-κB can be ameliorated by treatment with IFN-β (O'Donnell et al.,
2005). The balance between positive and negative impacts of NF-κB
therefore must be tightly regulated.

The heart achieves balance for many functions by segregating tasks
between its two predominant cell types: cardiac myocytes and cardiac
fibroblasts. Cardiac myocytes are highly specialized muscle cells that
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are poorly replenished, while cardiac fibroblasts, found directly adja-
cent to cardiac myocytes, maintain cardiac structure and are readily
replenished after injury (Travers et al., 2016). We found that these two
cardiac cell types differ dramatically in both their basal and virus-
induced IFN-β responses, and together form an integrated network to
protect the heart from viral damage (Irvin et al., 2012; Li and Sherry,
2010; Stewart et al., 2005; Zurney et al., 2007; Sherry et al., 1998).
Importantly, activation of NF-κB in cardiac myocytes has never been
compared to any other cardiac cell type, leaving the relative con-
sequences in cardiac myocytes and cardiac fibroblasts entirely unex-
plored.

Here, we compared basal and stimulated activation of NF-κB
between primary cultures of cardiac myocytes and cardiac fibroblasts.
Results identified cardiac myocytes as recalcitrant to virus- or cytokine-
induced activation of NF-κB relative to cardiac fibroblasts, and
identified an unusual localization of NF-κB to the cis-Golgi in cardiac
myocytes. It is likely that these distinct cell type-specific phenotypes aid
the heart in balancing the positive and negative impacts of NF-κB
activation.

2. Results

2.1. TNF-α-induced activation of NF-κB is cardiac cell type-specific

To compare the kinetics of activation of NF-κB between cardiac cell
types, primary cultures of murine cardiac fibroblasts and cardiac
myocytes were stimulated with TNF-α. Lysates were probed in
immunoblots to detect degradation of IκBα and phosphorylation of
the NF-κB subunit p65 (also known as RelA), two critical steps
required for activation of NF-κB (Schwabe and Sakurai, 2005)
(Fig. 1A). In cardiac fibroblasts, TNF-α induced rapid and transient
proteolytic degradation of IκBα with concomitant IKKβ-dependent
phosphorylation of p65. In cardiac myocytes, however, neither IκBα
degradation nor p65 phosphorylation was detected at any time point.
Results suggest that TNF-α readily induces activation of NF-κB in

cardiac fibroblasts as it does in most cell types, but does not do so in
cardiac myocytes. As expected, TNF-α stimulation did not alter levels
of IKKβ or its regulatory subunit IKKγ/NEMO in either cell type
(Fig. 1B). To determine downstream consequences, qRT-PCR was used
to quantitate expression of several genes known to be regulated by NF-
κB following TNF-α stimulation (Zhou et al., 2003). Following TNF-α
stimulation, induction of NF-κB-responsive genes (IL-1β, CCL2/MCP-
1, CXCL1, IκBα, and A20) was 2- to 3-fold higher in cardiac fibroblasts
than in cardiac myocytes (Fig. 1C). Notably, GM-CSF, a leukocyte
growth factor whose induction by TNF-α is NF-κB-independent (Meja
et al., 2000), was induced similarly in the two cell types. Finally, several
biosynthetic enzymes whose expression is induced at a later phase
post-TNF-α stimulation (PGES and COX-2), were induced minimally
and similarly in the two cell types. Together, results indicate that the
kinetics and magnitude of NF-κB activation is cardiac cell type-specific,
with cardiac myocytes displaying an attenuated response to TNF-α
stimulation.

2.2. NF-κB localizes to perinuclear compartments in a subset of
cardiac myocytes

The differences in activation of NF-κB between the two cardiac cell
types (Fig. 1) suggested that subcellular localization might also differ.
Accordingly, the NF-κB subunit p65 was immunostained in primary
cultures of cardiac myocytes, cardiac fibroblasts, and undifferentiated
and differentiated skeletal muscle cells as additional muscle cell types
for comparison (Fig. 2A). Cultures were also immunostained for the
intermediate filament protein vimentin as a marker that is expressed
well in cardiac fibroblasts but minimally in cardiac myocytes
(Goldsmith et al., 2004). As expected, p65 localized to the cytoplasm
in unstimulated cardiac fibroblasts and readily translocated to the
nucleus upon treatment with TNF-α. However, cardiac myocytes
displayed two different phenotypes: some displayed a classic cytoplas-
mic p65 localization while others also displayed a dramatic perinuclear
p65 localization. Perinuclear p65 localization was specific to cardiac

Fig. 1. The magnitude of NF-κB activation after TNF-α stimulation is cardiac cell type-specific. (A) Primary cardiac myocyte or cardiac fibroblast were stimulated with
50 ng/ml TNF-α or media (‘mock’) and whole-cell protein lysates were harvested at the indicated times post-stimulation. Protein lysates were resolved by SDS-PAGE, transferred to a
nitrocellulose membrane, and immunoblotted using the indicated antibodies. (B) Protein lysates from primary cultures stimulated for 1 h with media or TNF-α were resolved and
transferred as in (A) and immunoblotted using the indicated antibodies. (C) Primary cultures were stimulated with TNF-α as in panel A for 60 min prior to mRNA harvest. Levels of
mRNA expression for the indicated genes was analyzed by qRT-PCR and normalized to GAPDH expression. Fold induction by TNF-α is expressed relative to ‘mock’ for each culture
(mean ± SD) for a representative of at least two independent experiments. *, Significantly different from cardiac fibroblasts (P < 0.05).
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myocytes and was never observed in cardiac fibroblasts or skeletal
muscle cells.

Cardiac myocytes express high basal levels of IFN-β and a subset of
IFN-stimulated genes (ISGs) compared to cardiac fibroblasts that pre-
arm them against viral infection (Li and Sherry, 2010; Stewart et al.,
2005; Zurney et al., 2007). While activation of NF-κB is typically
required for IFN-β expression, it can also be activated by the ISG PKR
(Kumar et al., 1994), thereby providing a positive amplification loop for
activation of NF-κB. We hypothesized that cardiac myocytes might
sequester NF-κB in perinuclear compartments to dampen IFN-β-
induced activation of NF-κB. However, NF-κB remained perinuclear
in primary cardiac myocyte cultures generated from mice lacking the
IFN-α/β receptor (Fig. 2B) or the upstream cytosolic viral RNA sensors
RIG-I and MDA5, indicating that basal IFN signaling is not responsible
for the unusual localization of NF-κB in cardiac myocytes.

Given the precedent for post-natal attenuation of NF-κB signaling
in rat cardiac myocytes (Goren et al., 2004), we compared NF-κB
localization in cardiac myocytes generated from fetal and neonatal mice
to those from one- and two-day-old mice (Fig. 2C). Results showed no
difference in NF-κB distribution in the two populations of cardiac
myocytes. Similarly, while prolonged culture conditions can also
attenuate NF-κB signaling in cardiac myocytes (Goren et al., 2004),
we found no difference in the localization of NF-κB when comparing
two-day-old cultures to four-day-old cardiac myocyte cultures (data not
shown). Together, results indicate that the unusual NF-κB localization
in cardiac myocytes is not dependent on basal IFN signaling or post-
natal changes in the heart.

2.3. Perinuclear NF-κB in cardiac myocytes co-localizes with cis-
Golgi membranes and is present in the adult murine heart

To identity the subcellular compartments containing NF-κB, we
immunostained cardiac myocyte cultures with antibodies against p65
and markers for subcellular organelles. Perinuclear NF-κB structures
corresponded to the cis-Golgi, based on p65 co-localization with
GM130 (Fig. 3A) but not with peroxisomal or mitochondrial markers
(data not shown). To further confirm the compartments as cis-Golgi,
cultures were treated with the pharmacological agent Brefeldin A
(BFA), which reversibly redistributes most Golgi-resident proteins to
intermediate compartments (Saraste and Svensson, 1991). Indeed,
BFA treatment induced the expected redistribution of GM130 but,
remarkably, also eliminated perinuclear localization of NF-κB in
cardiac myocytes (Fig. 3B), confirming association of NF-κB with the
cis-Golgi in these cells. Moreover, this association was evident in a
subset of cardiac myocytes in cardiac sections of adult mice (Fig. 4),
indicating maintenance of NF-κB in the cis-Golgi in situ throughout
adulthood.

2.4. Differential kinetics in basal nucleocytoplasmic shuttling of NF-
κB in cardiac cells

Many but not all cardiac myocytes in culture (Figs. 2A and 3B) and
in situ (Fig. 4) displayed perinuclear NF-κB. The existence of two
populations of cardiac myocytes distinguished by their ability to
support activation of NF-κB has been proposed previously where one

Fig. 2. NF-κB localizes to perinuclear compartments in cardiac myocytes. (A) Primary cardiac myocyte, cardiac fibroblast, or skeletal muscle cultures were fixed for
immunofluorescent microscopy using antibodies against p65 and vimentin. Nuclei were counterstained with DAPI. Scale bar=20 µm. (B) Primary cardiac myocyte cultures generated
from the indicated mouse strain were immunostained as in panel A and the percentage of cardiac myocytes (defined as ‘vimentin negative’) were scored according to the localization of
p65 in each cardiac myocyte (n=104–214 per case) for a representative experiment. (C) Cardiac myocyte cultures were generated from either ‘fetal and neonatal’ or ‘one- and two-day-
old’ wild-type mice and scored as in panel B.
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subset hosts a functional NF-κB system while the other expresses NF-
κB that is resistant to IKKβ-dependent activation and constitutively
shuttles between the nucleus and cytoplasm (Gordon et al., 2011). To
investigate NF-κB nucleocytoplasmic shuttling, cultures were treated
with the irreversible CRM1-specific inhibitor Leptomycin B (LMB)
which prevents p65 nuclear export (Basagoudanavar et al., 2011)
(Fig. 5). In cardiac fibroblasts, LMB induced rapid accumulation of
p65 in the nucleus as early as 1 h post-treatment, indicating that NF-κB
undergoes constant nucleocytoplasmic shuttling in these cells. In
contrast, nuclear accumulation of p65 in cardiac myocytes was only
minimal and most evident at later times post-LMB treatment. In
addition, p65 nuclear intensity was greater in cardiac fibroblasts than
in cardiac myocytes at equivalent time points. Overall, results suggest
that nucleocytoplasmic shuttling of NF-κB in cardiac myocytes is
minimal compared to cardiac fibroblasts and likely present in only a
fraction of the cardiac myocyte population.

2.5. NF-κB nuclear translocation in cardiac myocytes is largely
resistant to the stimulatory effects of TNF-α and Poly(I:C)

The minimal NF-κB nucleocytoplasmic shuttling in cardiac myo-

cytes (Fig. 5) suggested they might also be poorly responsive to stimuli.
To address this possibility, cultures were stimulated with either TNF-α
or Poly(I:C), a synthetic double-stranded RNA that mimics viral
infection (Fig. 6A, C). In contrast to Fig. 5, mock-treated cardiac
fibroblast cultures displayed some nuclear NF-κB, likely reflecting the
shorter incubation time after media change (one hour vs. five hours)
and thus shorter recovery time after transient stress. However as
anticipated, stimulation resulted in efficient nuclear translocation of
p65 in cardiac fibroblasts. In contrast, nuclear translocation of p65 was
almost undetectable in stimulated cardiac myocytes. To assess possible
transient translocation, cardiac cultures were stimulated with Poly(I:C)
and simultaneously treated with LMB to inhibit nuclear export
(Fig. 6B, D). As expected, p65 in all fibroblasts was strictly nuclear.
Strikingly, nuclear p65 was evident in approximately two-thirds of the
LMB-treated, Poly(I:C)-stimulated cardiac myocytes, albeit at a lower
intensity than in cardiac fibroblasts. To determine whether LMB could
also increase stimulus-induced expression of NF-κB-regulated genes in
cardiac myocytes, cultures were treated with LMB, then stimulated
with TNF-α, and then harvested for qRT-PCR (Fig. 6E). As before
(Fig. 1C), TNF-α induced expression of NF-κB-regulated genes (MCP-1
and CXCL1) to a greater extent in cardiac fibroblasts than in cardiac

Fig. 3. NF-κB perinuclear compartments are associated with the cis-Golgi. (A) Primary cardiac myocytes were fixed for immunofluorescent microscopy using antibodies
against p65 and GM130. Nuclei were counterstained with DAPI. Histograms display measured fluorescence intensity along the drawn line in the overlay panel. (B) Cardiac myocytes
were treated with DMSO (vehicle) or 10 µg/ml BFA for 6 h. Cells were then fixed and immunostained as in panel A in addition to vimentin. Scale bar=10 µm.
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myocytes, but induced expression of an NF-κB-independent gene
equivalently in the two cell types. Not surprisingly, LMB alone failed
to induce expression of any of the genes. However, LMB failed to
increase the TNF-α effect in either cardiac fibroblasts or cardiac
myocytes, indicating that trapping NF-κB (Fig. 6B, D) in the nucleus
is insufficient to increase gene expression in either cell type. Results
indicate that while most cardiac myocytes support IKKβ-dependent
activation of NF-κB, translocation is transient.

2.6. Viral infection induces nuclear translocation of NF-κB in cardiac
fibroblasts but not in cardiac myocytes

To determine whether cardiac myocytes are relatively recalcitrant
to virus-induced NF-κB nuclear translocation, cultures were infected

with reovirus type 3 Dearing (T3D), a serotype known to activate NF-
κB in different cell types (O'Donnell et al., 2005; Connolly et al., 2000;
Holm et al., 2007; Stebbing et al., 2014) (Fig. 7). While there were
more mock-treated cardiac fibroblasts with nuclear NF-κB than in
previous experiments (Figs. 5 and 6), likely reflecting the stress
induced by two media changes, the number of cells with nuclear NF-
κB was still much lower in cardiac fibroblast cultures than in
identically-treated cardiac myocyte cultures. Reovirus induced p65
nuclear translocation frequently in infected cardiac fibroblasts but only
very rarely in infected cardiac myocytes. Furthermore, while LMB
alone or in combination with reovirus infection induced p65 nuclear
translocation in all cardiac fibroblasts, nuclear translocation of p65
occurred in many fewer cardiac myocytes. Indeed, nuclear transloca-
tion of p65 in LMB-treated cardiac myocytes was not further increased
by reovirus infection, suggesting that cardiac myocytes are largely
resistant to virus-induced activation of NF-κB.

Fig. 4. NF-κB is associated with the cis-Golgi in the adult heart.
Immunofluorescent microscopy of a cross section of mouse myocardium using antibodies
against p65, GM130, and vimentin. Nuclei were counterstained with DAPI. Scale
bar=10 µm.

Fig. 5. The magnitude and kinetics of basal NF-κB nucleocytoplasmic shut-
tling is cardiac cell type-specific. Primary cardiac fibroblast or myocyte cultures
were treated with 20 nM LMB or media alone (‘mock’), fixed at the indicated times post-
treatment, and immunostained as indicated. Scale bar=10 µm. The percentage of cardiac
fibroblasts (n=31–112 cells per condition) or cardiac myocytes (n=32–61 cells per
condition) displaying nuclear p65 is indicated for a representative of two independent
experiments.
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2.7. Pharmacological disruption of the Golgi is insufficient to support
virus-induced NF-κB nuclear translocation in cardiac myocytes

To determine whether the cis-Golgi localization of p65 specifically
prevents its stimulus-induced nuclear translocation, cultures were
treated with BFA to disrupt Golgi structure and challenged with

reovirus. (Fig. 8A). In cardiac fibroblasts, reovirus induced efficient
activation of p65 independent of a functional cis-Golgi (Fig. 8B).
Notably, BFA activated NF-κB even in uninfected cardiac fibroblasts,
likely through the unfolded protein response upon prolonged BFA
exposure (Kitamura, 2011; Hung et al., 2004). In contrast, NF-κB was
not activated in either uninfected or infected BFA-treated cardiac
myocytes despite their loss of Golgi-localized p65 (Fig. 8C). Together,
results indicate that activation of NF-κB in cardiac myocytes is
relatively resistant to sustained endoplasmic reticulum stress and
disruption of the Golgi is insufficient to support NF-κB activation upon
viral infection.

3. Discussion

Chronic cardiac inflammation is a major issue in cardiovascular
health and disease. The role of NF-κB activation in the heart and its
critical role in the regulation of cardiac function has been the focus of
research for over two decades (Gordon et al., 2011). Cardiac myocytes
constitute the majority of cardiac mass and cell number in the heart,
however cardiac fibroblasts represent another significant and impor-
tant population (Travers et al., 2016; Banerjee et al., 2007). Moreover,
while cardiac myocytes have a lifetime turnover estimated to be less
than 5% (Bergmann et al., 2009; Mollova et al., 2013; Walsh et al.,
2010), cardiac fibroblasts are readily replenished after injury (Travers
et al., 2016). Despite the important role cardiac fibroblasts play in
cardiac structure and function and despite the profound differences
between the two cell types, most studies of NF-κB activation in the
heart have left cardiac fibroblasts unexplored and none have compared
them to cardiac myocytes. Here, we show that cardiac fibroblasts are
readily stimulated for activation of NF-κB and expression of pro-
inflammatory cytokines while in contrast, cardiac myocytes are largely
recalcitrant to activation of NF-κB. Moreover, we show that cardiac
myocyte subpopulations differ in their NF-κB subcellular localization
and identify the cis-Golgi as a cardiac myocyte-specific host compart-
ment. Together, results indicate that NF-κB-dependent signaling in the
heart is cardiac cell type-specific, likely reflecting mechanisms that
have evolved to balance cardiac responses that can be either protective
or damaging to the heart.

The NF-κB dimer can be comprised of different subunits and in
cardiac myocytes the p65 subunit is the predominant activated subunit
in health (Norman et al., 1998) and following myocardial infarction
(Hamid et al., 2011). Activation of NF-κB has been demonstrated to
promote adverse cardiac remodeling, hypertrophy, endoplasmic reti-
culum stress, and apoptosis (Hamid et al., 2011; Liu et al., 2012;
Mustapha et al., 2000; Dhingra et al., 2009; Purcell et al., 2001). Not
surprisingly, cardiac myocytes have evolved at least one mechanism to
limit NF-κB activation: impaired activation of the IKK complex (Goren
et al., 2004). Accordingly, over-expression of pathway components to
constitutively activate NF-κB in cardiac myocytes results in myocarditis
and heart defects (Maier et al., 2012; Kraut et al., 2015; Yariswamy
et al., 2016). Here, results indicate that only a minority of cardiac
myocytes (~20 to 30%) permit basal NF-κB nucleocytoplasmic shut-
tling, and that even in those cells, nuclear NF-κB is minimal (Fig. 5).
IKKβ-dependent stimulation induces a larger fraction of cardiac
myocytes (~70%) to support NF-κB nuclear translocation but it is
remarkably transient (Fig. 6). Results are consistent with a previously
proposed model for two populations of cardiac myocytes in the heart
that differ in their capacities to support activation of NF-κB (Gordon
et al., 2011). The identification of a population of cardiac myocytes
characterized by Golgi-associated NF-κB (Figs. 3–4) suggests one
possible underlying mechanism. While pharmacological disruption of
the Golgi did not render cardiac myocytes susceptible to virus-induced
activation of NF-κB (Fig. 8), NF-κB may bind to a Golgi-associated
protein that prevents NF-κB nuclear translocation independent of
Golgi structure. Future studies will address the role of the Golgi in
regulating activation of NF-κB, and determine whether it relates to the

Fig. 6. NF-κB activation in cardiac myocytes is resistant to the stimulatory
effects of TNFα and Poly(I:C). (A, C) Primary cardiac fibroblast or myocyte cultures
were stimulated with 50 ng/ml TNF-α for 1 h or transfected with 50 µg/ml Poly(I:C) for
4 h, fixed, and immunostained as indicated. (B, D) Primary cardiac cultures were treated
with 20 nM LMB or media and simultaneously transfected with Poly(I:C) as in panel A.
Scale bar=10 µm. The percentage of cardiac fibroblasts (n=55–156 cells per condition) or
cardiac myocytes (n=15–131 cells per condition) displaying nuclear p65 is indicated for a
representative of two independent experiments. E) Cultures were treated with LMB for
1 h and then stimulated with TNF-α for 1 h, prior to mRNA harvest. Levels of mRNA
expression for the indicated genes was analyzed by qRT-PCR and normalized to GAPDH
expression. Fold induction by LMB and/or TNF-α is expressed relative to ‘mock’ for each
culture (mean ± SD).
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Golgi-associated upstream component TRAF3 (van Zuylen et al.,
2012).

One important NF-κB-regulated cytokine is IFN-β (Thanos and
Maniatis, 1995; Wang et al., 2010). We have previously shown that
cardiac myocytes express high basal levels of IFN-β relative to cardiac
fibroblasts, which serves to pre-arm the cardiac myocytes for protection
against viral infection (Li and Sherry, 2010; Stewart et al., 2005;
Zurney et al., 2007). Therefore, we anticipated we would find a similar
difference in basal activation of NF-κB. Surprisingly, we found the
opposite: cardiac myocytes display minimal basal activation of NF-κB
(Fig. 1A) and minimal basal NF-κB nuclear translocation (Fig. 2). One
possibility is that NF-κB is indeed activated in cardiac myocytes but
that the specific subunit p65 is not involved in basal IFN-β expression.
This seems unlikely given that p65 is the primary NF-κB subunit in
cardiac myocytes and the myocardium (Norman et al., 1998; Hamid

et al., 2011). An alternative hypothesis is that basal activation of NF-κB
that is undetectable by immunoblot or immunofluorescent microscopy
is nonetheless sufficient to induce minimal IFN-β expression, which is
then further amplified by the IFN-induced transcription factor IRF7 in
an autocrine positive amplification loop (Honda et al., 2005). This
possibility is consistent with the requirement for p65 for basal
expression of IRF7 in mouse embryo fibroblasts (Wang et al., 2010;
Basagoudanavar et al., 2011), and with the > 400-fold decrease in
basal IRF7 expression in cardiac myocytes lacking the IFN-α/β
receptor compared to wild type cardiac myocytes (Stewart et al.,
2005). Indeed, this would be an elegant mechanism by which cardiac
myocytes could capture the protective anti-viral impact of basal NF-κB
activation without triggering damaging effects.

Viral infection can activate NF-κB resulting in further induction of
IFN-β and cytokines, and either direct or cytokine-induced apoptosis.

Fig. 7. Virus-induced NF-κB activation is cardiac cell type-specific. Primary cardiac cultures were infected with reovirus T3D or media alone (‘mock’). After incubation for 2 h,
the inoculum was removed and replaced with either media alone or media containing 20 nM LMB. Cells were incubated for another 6 h prior to fixation and immunostained as indicated.
The apparent co-localization of RelA within reovirus viral factories is due to cross-reactivity of the p65 antibody with a reovirus protein (data not shown). Scale bar=10 µm. The
percentage of cardiac fibroblasts (n=8–104 cells per condition) or cardiac myocytes (n=18–48 cells per condition) displaying nuclear p65 is indicated for a representative of two
independent experiments. For cases that received reovirus inoculum, only cells positive for reovirus antigen were scored.
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The IFN-α/β response is the primary determinant of protection against
reovirus-induced myocarditis (Irvin et al., 2012; Sherry et al., 1998;
Holm et al., 2010) and is similarly critical for protection against other
viruses (72). We have previously shown that reovirus induces IFN-β
more robustly in cardiac myocytes than in cardiac fibroblasts, likely
due to the IRF7-mediated amplification of IFN-β expression as
described above (Stewart et al., 2005; Zurney et al., 2007). Thus
reovirus induction of IFN-β in cardiac myocytes would require minimal
activation of NF-κB, consistent with our evidence that cardiac myocytes
are relatively recalcitrant to NF-κB activation (Figs. 1 and 6–8). While
IFN-β plays an important antiviral role, pro-inflammatory cytokines
recruit cells that clear viral infection. Cardiac fibroblasts are exquisitely
responsive to stimulation of NF-κB and secrete a wide range of
cytokines to regulate cardiac function (Aoyagi and Matsui, 2011;
LaFramboise et al., 2007; Lindner et al., 2014; Siwik et al., 2000;
Souders et al., 2009). Indeed, reovirus induction of pro-inflammatory
cytokines in cardiac fibroblasts correlates inversely with the capacity to
induce myocarditis (Miyamoto et al., 2009). Thus, activation of NF-κB
in cardiac fibroblasts can be protective to the heart. Accordingly, we
found that TNF-α activated NF-κB (Fig. 1A) and induced NF-κB-
dependent cytokine responses (Fig. 1C) more readily in cardiac
fibroblasts than in cardiac myocytes. The detectable TNF-α induction
of cytokines in cardiac myocytes despite the undetectable activation of
NF-κB in those cells could reflect effects of the transcription factors
ATF-2 and c-Jun, which are known to be activated by TNF-α and to
stimulate pro-inflammatory gene expression (Yu et al., 2014). Finally,
reovirus-induced myocarditis is the result of a direct viral cytopathic
effect to cardiac myocytes (Baty and Sherry, 1993), which is largely
apoptotic (Miyamoto et al., 2009). Reovirus-induced apoptosis requires
activation of NF-κB in most cell types (O'Donnell et al., 2005; Connolly
et al., 2000; Holm et al., 2007; Stebbing et al., 2014; Clarke et al.,
2005a, 2005b, 2003) but not in cardiac myocytes (O'Donnell et al.,
2005; Stebbing et al., 2014). Thus reovirus-induced myocarditis does
not require activation of NF-κB in cardiac myocytes, consistent with
evidence here that cardiac myocytes are relatively recalcitrant to NF-κB
activation (Figs. 1 and 6–8). Instead, the minimal activation of NF-κB
in cardiac myocytes is sufficient to stimulate a protective IFN-β

response while the robust activation of NF-κB in cardiac fibroblasts
stimulates a protective pro-inflammatory cytokine response.

In sum, both basal and stimulated activation of NF-κB differ
remarkably between cardiac myocytes and cardiac fibroblasts, and
within subsets of cardiac myocytes themselves. These cell type-specific
differences have likely evolved as a balance between the protective and
damaging effects of NF-κB activation on the heart.

4. Materials and methods

4.1. Primary cardiac cultures

C57BL/6, RIG-I-/- MDA5-/- (Errett et al., 2013), and IFN-α/β-R-/-

(Muller et al., 1994) mice were maintained as an in-house colony in a
facility accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care. All animal procedures were approved by
the North Carolina State University Institutional Animal Care and Use
Committee (IACUC). Primary cardiac myocyte cultures were generated
as previously described (Sherry, 2015) from 1‐day‐old neonatal and
term fetal mice (unless otherwise indicated) resulting from timed
pregnancies. Cardiac myocyte and fibroblast cultures were plated in
Dulbecco MEM (DMEM; Gibco #11965-092) supplemented to contain
7% fetal calf serum (FCS; Atlanta Biologicals) and 10 μg/ml gentamy-
cin (Sigma, #G1272) in 24-well or 48-well clusters for RNA or protein
harvest, or in 8-well poly-D-lysine-coated chamber slides (Corning) for
immunofluorescent microscopy. Cardiac myocyte cultures were also
supplemented to contain 0.06% thymidine (to inhibit cardiac fibroblast
growth). Cardiac myocytes and cardiac fibroblasts cultures were ≥90%
and ≥95% pure, respectively, as estimated by immunostaining against
sarcomeric actin (alpha Sr-1) and vimentin (data not shown). For all
experiments, cultures were incubated at 37 °C in 5% CO2 for two days
post-seeding before use, and were never passaged.

4.2. Primary skeletal muscle cultures

Timed-pregnant mice and mouse colonies for timed matings were
maintained as above, and all procedures were IACUC-approved.

Fig. 8. Pharmacological disruption of the Golgi is insufficient to support virus-induced NF-κB activation in cardiac myocytes. (A) Experimental strategy. Primary
cardiac cultures were treated with either control media or media containing 10 µg/ml BFA for 6 h. Disruption of the Golgi at this time was confirmed by GM130 immunostaining. Cells
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Muscle from the limbs of neonatal mice less than 24 h old was
dissected away from other tissues into Hanks’ balanced salt solution
(HBSS; Corning, #21-023-CV), the HBSS was aspirated, and the
muscle was minced with sterile scissors and incubated in freshly
prepared 2% Type II collagenase (Worthington Biochemical,
#LS004174) in HBSS for 30 min with vortexing every 10 min. Cells
were pelleted by centrifugation at 1800×g for 5 m at room tempera-
ture, resuspended in HBSS, and re-pelleted as above. Cells were
resuspended in DMEM supplemented to contain 6% FCS, 2 mM L-
glutamine (Corning #25-005-Cl), and 10 μg/ml gentamycin, and
passed through a 100 µm cell strainer (Falcon, #352360). Cells were
resuspended in supplemented DMEM and plated in 8-well poly-D-
lysine-coated chamber slides for immunofluorescent microscopy. After
incubation at 37 °C in 5% CO2 for two days, media was replaced with
DMEM supplemented as above (for undifferentiated skeletal muscle
cell cultures) or DMEM supplemented as above but at 3% instead of 6%
FCS (for differentiated skeletal muscle cell cultures). Cultures were
incubated an additional two days before use to allow differentiation,
and were never passaged.

4.3. Viral infections

CsCl-purified reovirus type 3 Dearing (T3D) was maintained as a
low-passage laboratory stock and stored at –80 °C. T3D was chosen as
a strong inducer of NF-κB activity (O'Donnell et al., 2005; Connolly
et al., 2000; Holm et al., 2007; Stebbing et al., 2014; Clarke et al.,
2005a, 2005b, 2003). Unless stated otherwise, cardiac cultures plated
in 8-well chamber slides were inoculated with reovirus T3D at 50
plaque forming units (PFU) per cell and were fixed at the indicated
times post-infection. Mock-infected cultures were treated similarly but
received supplemented DMEM as the inoculum.

4.4. Stimulants of NF-κB activation and chemical treatments

For stimulation of NF-κB activation, cardiac cultures were treated
with 50 ng/ml of mouse TNF-α (Sigma-Aldrich; #T7539) diluted in
supplemented DMEM or transfected with 50 µg/ml Poly(I:C)
(Invivogen; #tlrl-pic) using Lipofectamine 3000 (Thermo-Fisher;
#L3000) according to the manufacturer's instructions and fixed at
the indicated times. For disruption of Golgi structure, cells were treated
for 6 h with 10 µg/ml Brefeldin A (Sigma-Aldrich; #B7651) maintained
as a 5 mg/ml stock in ethanol and diluted in supplemented DMEM. For
the irreversible inhibition of Crm1-dependent nuclear export, cells
were incubated with 20 nM Leptomycin B (Sigma-Aldrich; #L2913)
diluted in supplemented DMEM and fixed at the indicated times.

4.5. Quantitative (real‐time) reverse transcription‐PCR (qRT‐PCR)

Total RNA was harvested using an RNeasy kit (Qiagen, Inc.),
treated with RNase-free DNase I (Qiagen, Inc.), converted to cDNA
by reverse transcription and used for real-time PCR on a LightCycler®
480 fluorescence thermocyler (Roche Life Science). Reactions con-
tained 1× Quantitech SYBR green master mix (Qiagen, Inc.) and
0.3 μM (each) forward and reverse primers. The primers used were:
IL-1β (forward: 5′–TCACAGCAGCACATCAACAA–3′; and reverse: 5′–
TGTCCTCATCCTGGAAGGTC–3′), CCL2/MCP-1 (forward: 5′–CCCA
ATGAGTAGGCTGGAGA–3′; and reverse: 5′–TCTGGACCCATT
CCTTCTTG–3′), CXCL1 (forward: 5′–TGTTGTGCGAAAAGAAGTGC–
3′; and reverse: 5′–TACAAACACAGCCTCCCACA–3′), A20 (forward:
5′–AAAAAGGACCAGCCCAGATT–3′; and reverse: 5′–TCCTTGAG
CTCCTCCACTGT–3′), IκBα (forward: 5′– CTCCAGATGCTA
CCCGAGAG–3′; and reverse: 5′– TAGGGCAGCTCATCCTCTGT–3′),
PGES (forward: 5′– GTACACACCGTGGCCTACCT–3′; and reverse: 5′–
GCCATGGAGAAACAGGAGAA–3′), COX-2 (forward: 5′– TGCAG
AATTGAAAGCCCTCT–3′; and reverse: 5′– CCCCAAAGATAGC
ATCTGGA–3′), GM-CSF (forward: 5′– GGCAGCAGATGGAAAACC

TA–3′; and reverse: 5′– CTGGAAGGCAGAAGTGAAGG–3′), and
GAPDH (forward: 5′– GGGTGTGAACCACGAGAAAT–3′; and reverse:
5′– CCTTCCACAATGCCAAAGTT–3′). Relative mRNA abundance for
all genes was normalized to the expression of GAPDH (glyceraldehyde-
3-phosphate dehydrogenase), and TNF-α-mediated fold-induction of
mRNA expression was calculated relative to mock-treated cells for each
cell type.

4.6. Antibodies

Antibodies used for immunoblotting and their corresponding
dilutions were anti-p65/RelA (Santa Cruz Biotech #sc-372; 1:500),
anti-phospho-RelA/p65 (Ser468) (Cell Signaling #3039; 1:500), anti-
IκBα (Santa Cruz Biotech #sc-371; 1:300), anti-IKKβ (Cell Signaling
#2378; 1:800), anti-IKKγ (Santa Cruz #sc-8330; 1:500), anti-β-actin
(Santa Cruz Biotech #sc-1615-hrp, 1:2000), goat anti-rabbit IgG-HRP
(Millipore #12-348; 1:2000), and goat anti-mouse IgG-HRP (Millipore
#12-349; 1:2000). Primary antibodies used for immunofluorescence
were anti-p65/RelA (Santa Cruz Biotech #sc-372; 1:50), anti-GM130
(BD Biosciences #610822; 1:250), anti-vimentin (Thermo-Fisher
#PA1-16759; 1:2000), and mouse anti-reovirus antisera (generated
in the Sherry laboratory; 1:5000). Secondary antibodies were Alexa
488-, Alexa 594- or Alexa 647-conjugated goat anti-mouse, rabbit or
chicken IgG (Thermo-Fisher; 1:1000).

4.7. SDS-PAGE and immunoblotting

Whole cell protein extracts were obtained two days post-plating
using RIPA lysis buffer (50 mM Tris HCl [pH 7.4], 1% NP-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented to
contain 1% sodium dodecylsulfate (SDS), a cocktail of protease and
phosphatase inhibitors (Sigma; #P8340 and #P2850), and 1 mM
phenylmethylsulfonyl fluoride (PMSF; Sigma, #P7626). Protein lysates
were resolved by SDS-PAGE and transferred to a nitrocellulose
membrane (GE Healthcare). Membranes were probed with the indi-
cated antibodies, developed using Amersham enhanced chemilumines-
cence (ECL) or ECL Prime kits, exposed to film and scanned using an
HP Scanjet G4050. Band intensities were determined using the LI-COR
BioSciences Image Studio™ Lite Software (version 5.x).

4.8. Indirect immunofluorescence of primary cardiac cultures

Cells in poly-D-Lysine-coated chamber slides (BD Biosciences)
were fixed in 4% paraformaldehyde (Electron Microscopy Sciences)
in phosphate-buffered saline (PBS) and permeabilized with 0.25%
Triton X-100 (Sigma, #X100). Slides were blocked with normal goat
serum (Sigma; #G9023), incubated in DAPI (4′,6-diamidino-2-pheny-
lindole; Sigma; #D8417), immunostained with the indicated primary
and secondary antibodies, and preserved with ProLong Gold
(Invitrogen).

4.9. Indirect immunofluorescence of heart sections from adult mice

Hearts from adult C57BL/6 mice were excised, snap frozen in liquid
nitrogen-cooled isopentane, and stored at –35 °C. Transverse cryosec-
tions (1 µm) were collected on SuperFrost/Plus slides and stored at –
35 °C. Sections were thawed and permeabilized in 0.25% Triton X-100
in PBS for 10 min prior to blocking in 20% normal goat serum (Sigma-
Aldrich) in PBS for 2 h at room temperature. Primary antibodies were
diluted in 0.1% IgG- and protease-free BSA and samples were
incubated simultaneously overnight at 4 °C in a humidity chamber.
Samples were washed with PBS and incubated with a mix of Alexa 488-
conjugated goat anti-rabbit IgG, Alexa 594-conjugated goat anti-mouse
IgG, and Alexa 647-conjugated goat anti-chicken IgG (1:1000 each;
Thermo-Fisher) diluted in 0.1% IgG- and protease-free BSA for 1 h at
room temperature. Samples were washed with PBS and coverslips were
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mounted with ProLong Gold Antifade (Thermo-Fisher).

4.10. Confocal microscopy and image analysis

A Zeiss LSM 710 confocal microscope equipped with a 40× C-
apochromat /1.1 NA water immersion objective from the Cellular and
Molecular Facility (CMIF) at NC State University was used for all
experiments. The pinhole diameter was maintained at 1 Airy unit
(A.U.) and all images were obtained using multitrack sequential
scanning for each fluorophore to prevent bleed-through. The excita-
tion/emission wavelengths during micrograph acquisition were
488 nm/492–554 nm for Alexa Fluor® 488, 561 nm/584–666 nm for
Alexa Fluor® 594, 633 nm/650–709 nm for Alexa Fluor® 647, and
405 nm/407–507 nm for DAPI. Images were processed for presenta-
tion using Photoshop® CS4, and intensity plot profiles were generated
using ImageJ software (Schneider et al., 2012). The number of cells
displaying nuclear NF-κB were scored manually and, for each quanti-
tation, cell identity was assessed by vimentin co-immunostaining (i.e.
cardiac fibroblasts were identified by their high levels of vimentin, and
cardiac myocytes by their lack of vimentin expression) and only the cell
type in question was scored for each condition analyzed.

4.11. Statistical analysis

A Student's two-sample t-test (pooled variance) was applied using
Systat software. Results were considered significant if the P value was
< 0.05.
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