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Abstract
Aims: Nfix is a transcription factor belonging to the Nuclear Factor I (NFI) family 
comprising four members (Nfia, b, c, x). Nfix plays important roles in the develop-
ment and function of several organs. In muscle development, Nfix controls the 
switch from embryonic to fetal myogenesis by promoting fast twitching fibres. 
In the adult muscle, following injury, lack of Nfix impairs regeneration, inducing 
higher content of slow- twitching fibres. Nfix is expressed also in the heart, but its 
function has been never investigated before. We studied Nfix role in this organ.
Methods: Using Nfix- null and wild type (WT) mice we analyzed: (1) the expres-
sion pattern of Nfix during development by qPCR and (2) the functional altera-
tions caused by its absence, by in vivo telemetry and in vitro patch clamp analysis.
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1  |  INTRODUCTION

Nfix is a transcription factor (TF) belonging to the Nuclear 
Factor I (NFI) family that includes also Nfia, Nfib, and 
Nfic.1 Nfix is expressed in several tissues, both during de-
velopment and in adulthood, but so far its role has been 
extensively studied only in the central and peripheral ner-
vous system, in hematopoiesis and in the skeletal muscle.1 
In the developing muscle in particular, Nfix is involved 
in the secondary myogenesis where it induces the tran-
scriptional switch from embryonic to fetal myogenesis. 
Moreover, Nfix plays also an important role in adult myo-
genesis as demonstrated by a delayed onset of muscle re-
generation following acute injury, and by a higher content 
of slow- twitching fibre, in mice lacking Nfix.2,3 Despite 
Nfix expression has been reported in the heart long ago,4 
its specific expression pattern and functional role in this 
organ has never been studied. The aim of this work has 
been to investigate the role of this TF in heart physiology 
using Nfix- null mice and their wild type (WT) littermates.

In the last decades, TFs specifically involved in the si-
noatrial node (SAN) development and in the function of 
SAN cardiomyocytes have been identified (Shox2, Tbx18, 
Tbx3, Isl- 1, Gata6).5 In almost all cases, knockout of these 
genes cause early embryonic lethality (between E11.5 and 
14.5) due to the lack of proper SAN development. Moreover, 
haploinsufficiency of these genes causes a significant brady-
cardia mostly due to a reduced pacemaker If current, caused 
by a decreased expression of HCN4 channels.5 These genetic 
pathways are not species- specific, indeed Shox2 knockdown 
in zebrafish, although not lethal, induces downregulation in 
the SAN of Isl1 and HCN4 expression, and bradycardia.6

So far, TFs that modulate only the intrinsic heart rate 
of the adult SAN, without impairing its development are 
not known.

Here we analyzed the cardiac effect of knocking down 
the TF Nfix, important in skeletal muscle development and 
regeneration, whose expression in the heart was known 
since 1997 but whose role in this organ has never been ad-
dressed before. Nfix is not expressed at very early stages 
of heart development, before E12.5, when the heart has 
already adopted its four- chambered morphology. After 
E12.5 its expression raises steadily up to postnatal Day 5 
when, in the whole heart, remains constantly expressed at 
similar levels up to adulthood. This suggests that Nfix may 
have a regulatory role on heart function rather than on its 
embryonic development. Differently from the knock down 
of the TFs described above, Nfix- null mice do not show 
any cardiac developmental defect but display a marked 
intrinsic SAN tachycardia due to a significantly larger  
L- type calcium current density. Also, we demonstrated that 
Nfix function, in modulating spontaneous beating rate, is 
conserved among species since its knockdown in sponta-
neously beating Neonatal Rat Ventricular Cardiomyocyte 
(NRVC) causes the same effects as in the mouse SAN 
(higher beating rate and increased L- type calcium current).

These data identify Nfix as a novel postnatal modulator 
of heart rate; Nfix expression appear to be normally lower 
in spontaneously beating cells (SAN cells and NRVC) 
and higher in quiescent working myocardium (atria and 
ventricles).

2  |  MATERIALS AND METHODS

2.1 | Animals

Mice were kept in pathogen- free conditions; the day of the ex-
periments mice were euthanized by cervical dislocation and 
the heart promptly removed. All the procedures conformed 

Results and Conclusions: Nfix expression start in the heart from E12.5. Adult 
hearts of Nfix- null mice show a hearts morphology and sarcomeric proteins ex-
pression similar to WT. However, Nfix- null animals show tachycardia that de-
rives form an intrinsic higher beating rate of the sinus node (SAN). Molecular 
and functional analysis revealed that sinoatrial cells of Nfix- null mice express a 
significantly larger L- type calcium current (Cacna1d + Cacna1c). Interestingly, 
downregulation of Nfix by sh- RNA in primary cultures of neonatal rat ventricular 
cardiomyocytes induced a similar increase in their spontaneous beating rate and 
in ICaL current. In conclusion, our data provide the first demonstration of a role of 
Nfix that, increasing the L- type calcium current, modulates heart rate.
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to European and Italian laws (2010/63/UE D. and Lgs n. 
2014/26) and were approved by the Animal Welfare Body 
of the Università degli Stud di Milano and by the Italian 
Minister of Health (protocol number 273/2018- PR).

Nfix- null and WT mice were generated crossing hetero-
zygous Nfix- null+/− mice (C57 BL6/1295) obtained from 
Prof. Richard M. Gronostajski (University of Buffalo, NY, 
USA). To improve survival of Nfix- null mice, from postna-
tal Day 21 Nfix- null and control WT mice diet was supple-
mented with a soft dough chow (Transgenic Dough Diet, 
Bioserv), as previously described.7

2.2 | RNA extraction and 
retrotranscription

To isolate RNA from tissues, RNAse- free glass mortar, 
pestles, tubes, and sterile insulin needles were used to ho-
mogenize the sample in 1 mL of TRIzol® Reagent (Thermo 
Fisher). After the mechanical disruption of cell mem-
branes, the sample was centrifuged at 12000 ×g for 5 min 
and the supernatant was transferred in a new RNAse- free 
tube to which 200 μL of Chloroform:Isoamyl alcohol 49:1 
(Sigma Aldrich) was added; tubes were inverted and then 
incubated for 4 min at room temperature. Samples were 
centrifuged at 12000 ×g for 15 min at 4°C. The aqueous 
phase was transferred in a new RNAse- free tube in which 
1 μL of 20 μg/mL Glycogen (Thermo Fisher) and 400 μL of 

Isopropanol (Sigma Aldrich) were added and gently in-
verted ten times. To facilitate RNA precipitation, samples 
were incubated for 10 min at room temperature and then 
centrifuged at 12000 ×g for 10 min at 4°C. The RNA pel-
let was washed three times in 1 mL of cold 75% Ethanol 
(Sigma Aldrich) and centrifuged at 7500 ×g for 5 min at 
4°C. After discarding the supernatant and the complete 
evaporation of ethanol from the tube, the pellet was re-
suspended in MilliQ Water (Millipore- Sigma Aldrich) 
and incubated for 10 min at 60°C. Fresh isolated RNA 
was then stored at −80°C. RNA was quantified using 
Ultrospec® 500/1100 pro spectrophotometer (Amersham 
Biosciences). To eliminate residual genomic DNA, 1 μg 
of total RNA from each sample was treated with DNAse I 
RNAse- Free (Thermo Scientific) and incubated for 30 min 
at 37°C. To block DNAse I activity, 1 μL of 50 mM EDTA 
was added to the mixture and then incubated for 10 min 
at 65°C (Table 1). cDNA retrotranscription with random 
examers of DNAse- treated RNA was performed with 
the cDNA Synthesis Kit for RT- qPCR (Thermo Fisher) 
(Table 2) with the following temperature steps: 25°C for 
10 min, 50°C for 15 min and 85°C for 5 min.

2.3 | qRT- PCR

Gene expression was quantified by real- time qPCR (Line- 
gene 9600plus, Bioer); experiments were carried out using 

T A B L E  1  Primers sequences.

Gene Forward primer 5′➔3′ Reverse primer 5′➔3′

mNfix CTGGC TTA CTT TGT CCA CACT CCAGC TCT GTC ACA TTC CAGA

mGapdh AGGTC GGT GTG AAC GGA TTTG TGTAG ACC ATG TAG TTG AGGTCA

mRps15a AAACT GAC GTG AAG GGAGCA CCTCA CAG GAA GGT TGA ACAAG

mNkx2.5 GACGT AGC CTG GTG TCTCG GTGTG GAA TCC GTC GAAAGT

mMyh6 TGCTC AGA GCT CAA GAA GGAT CCCAG CCA TCT CCT CTGTTA

mMyh7 CAGCA GAC TCT GGA GGC TCTT AGGGC GAC CTC AAC GAGAT

mMlc2v GGACA CAT TTG CTG CCCTA ATCGT GAG GAA CAC GGTGA

mTnI GCAGG TGA AGA AGG AGGACA CGATA TTC TTG CGC CAGTC

mCacna1c TAGTG TCC GGA GTC CCAAGT GAAGA GCA CAA GAA GGG CAAT

mCacna1d GTTGT AAG TGC GGT AGA AAGCA CTGGT GCC TCT TGC ATA GTTT

mCacna1g TAACC TGC TTG TCG CCATT ACTCG TAT CTT CCC GTTTGC

mCacna1h CCTGC TGG ACA CTG TGGTT GGAGC ATG AAA AGA AGA CCAA

mHCN1 CTCAG TCT CTT GCG GTT ATTACG TGGCG AGG TCA TAG GTCAT

mHCN2 CCGCT GTT TGC CAA TGC AGGCT GGA AGA CCT CAA ATTTG

mHCN4 GTCGG GTG TCA GGC GGGA GTGGG GGC CAC CTG CTAT

rNfix CTGGC TTA CTT TGT CCA CACT CCAGC TCT GTC ACG TTC CAGAC

rGapdh GATTT GGC CGT ATC GGAC GAAGA CGC CAG TAG ACTC

Note: All primer pairs were tested for an efficiency >95%.
Abbreviations: m = Mus musculus, r = Rattus norvegicus.
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Maxima SYBR Green/ROX qPCR Master Mix (Thermo 
Scientific) qPCR conditions were 95°C for 5 min, followed 
by 45 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 
30 s. The melting curve analysis (60– 96°C) was performed 
at the end of the protocol to verify the presence of a single 
amplicon. Each sample was run in triplicate and the mean 
cycle threshold (Ct) of the gene of interest (GOI) was nor-
malized to the mean Ct of the housekeeping (HSK) gene 
(Gapdh or Rps15a). The data are displayed as 2−ΔCt*100, 
considering ΔCt = CtGOI − CtHSK.

2.3.1 | Histological analysis

Hearts were blocked in diastole using 100 μM CdCl2 
(Sigma Aldrich) and immediately fixed in 4% PFA (Sigma 
Aldrich). Excess of fixative was removed with two washes 
with PBS (Sigma Aldrich) of 5 min each under gentle shak-
ing. Samples were successively re- equilibrated in PBS- 
sucrose solutions at increasing sucrose concentrations: 
1 h with 7.5% sucrose, 1 h with 15% sucrose, and O/N in 
30% sucrose, at 4°C under constant shaking. The day after, 
samples were embedded in OCT (Bio- Optica), included 
in nitrogen- cooled isopentane (VWR), and maintained 
at −80°C until further processing. For Hematoxylin and 
Eosin and Milligan's Trichrome stainings, 7 μm sections 
were cut with a cryostat (Leica) on positively charged 
glass slides (Superfrost Plus, Thermo Scientific). Sections 
were stained with hematoxylin and eosin (Sigma Aldrich) 
according to standard protocols. Briefly, samples were 
washed in distilled water and stained with hematoxylin 
for 4 min. Excess of staining was removed with a 15 min 
wash under running water, then slices were progressively 
dehydrated to 90% Ethanol (VWR) and stained for 7 min 
with 0.5% Eosin in 90% Ethanol. Slices were then further 
dehydrated through successive steps in graded alcohol 
solutions, cleared with xylene (VWR) and mounted with 
Eukitt mounting medium (Bio- Optica). For Milligan's tri-
chrome, sections were fixed for 1 h with Bouin's fixative 
(Sigma Aldrich) and rinsed for 1 h under running water. 
Sections were then rapidly dehydrated to 95% Ethanol in 
graded ethanol solutions; successively they were passed 

in 3% potassium dichromate (Sigma Aldrich) for 5 min 
and rapidly washed in distilled water. Then, samples were 
stained with 0.1% acid fuchsin (Sigma Aldrich) for 30 s, 
washed again in distilled water and passed in 1% phos-
phomolybdic acid (Sigma Aldrich) for 3 min. After, they 
were stained with Orange G (2% in 1% phosphomolybdic 
acid) (Sigma Aldrich) for 5 min, rinsed in distilled water, 
passed in 1% acetic acid (VWR) for 2 min, stained with 
1% Fast Green for 5 min (Sigma- Aldrich), passed in 1% 
acetic acid for 3 min, rapidly dehydrated to 100% Ethanol 
and cleared in Xylene before mounting with Eukitt (Bio- 
Optica). Images were acquired with a Leica- DMI6000B 
microscope equipped with a 10× magnification objective. 
Leica DFC400 camera was used for image capture.

2.3.2 | In vivo telemetry

3– 6 month- old mice were implanted with a radio fre-
quency transmitter (TA10ETA- F20, DSI) as previously 
described.8 Briefly, mice were anesthetized by inhalation 
of 5% isoflurane (Isoflurane- VET, Merial) in 100% oxygen 
and maintained at 1.5%– 3% isoflurane in 100% oxygen 
at a flow rate of 1 L/min. Before surgery and for 5 days 
after, mice received the analgesic Rymadil (5 mg/kg,  
Pfizer) and the antibiotic Baytril (5.8 mg/kg, Bayer). A 
radio- transmitter (ETA- F10, Data Sciences Int.) was im-
planted for the simultaneous recordings of cardiac rate 
(sampling frequency 2000 Hz), activity and temperature 
in freely moving conditions, as previously reported.9 After 
surgery, animals were housed individually and allowed 
to recover for 15 days before starting data collection. Data 
were acquired by Dataquest A.R.T. (TM) Gold 4.3. ECG 
signals were recorded by platform receivers (RPC- 1, Data 
Sciences Int.) for 120 s every 30 min for five consecutive 
days, with the animals left undisturbed and free to move 
in their cages. ECG signals were recorded and acquired 
via Dataquest A.R.T. (TM) Gold 4.3 acquisition system 
(Data Sciences Int.).

For the analysis, each 2 min raw ECG signal was visu-
ally inspected to ensure that all R- waves were correctly 
detected. Those parts of ECG recordings which exhib-
ited recording artifacts were discarded without substi-
tution and excluded from further analysis. Heart rate 
(reported in beats per minute, bpm) was extrapolated 
from R- R waves distance using ChartPro 5.0 software 
(ADInstruments).

Initially, separate calculation of HR was done for each 
2- min recording period and subsequently averaged as 
mean values of the 12 h- light and 12 h- dark phase of each 
recording day. These parameters were then further aver-
aged to obtain the final mean rate values for light and dark 
phases.

T A B L E  2  Action potential parameters analyzed in SAN 
cardiomyocytes.

SAN cells WT, n = 10
Nfix- null, 
n = 10

RATE (bpm) 412.9 ± 46.8 585.0 ± 36*

MDP (mV) −61.0 ± 2.1 −58.5 ± 2.6

APA (mV) 91.6 ± 7.2 85.0 ± 5.9

APD50c (ms) 64.5 ± 4.8 70.0 ± 5.6

*p < 0.05.
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Data were collected as 2- min recording period every 
30 min. For each mouse, these data were then averaged 
as mean value for every day of recording. The values re-
ported in the paper indicates the number of mean val-
ues obtained from the 5 days of recordings (Day 1 + Day 
2 + Day 3 + Day 4 + Day 5) vs. the number of mice used 
for the study (5 WT mice vs. 4 Nfix null mice). Not all the 
mice enrolled in the study survived to 5 days of teleme-
try, especially in the case of Nfix- null mice. This explains 
why, for example, you would expect from Nfix- null a total 
of 20 points instead of 18/17 (4 mice × 5 days = 20 mean 
values).

2.4 | Isolation of sinoatrial node 
(SAN) cells

SAN cells (SANCs) were isolated from 4– 6- month- old 
Nfix- null and WT mice (both males and females) as pre-
viously described.10 Hearts were explanted and put im-
mediately in Tyrode's's solution (mM: 140 NaCl, 5.4 KCl, 
1.8 CaCl2, 1 MgCl2, 5.5 d- glucose, 5 Hepes- NaOH; pH 7.4) 
plus 1000 U Eparin. During the SAN dissection, the tissue 
was maintained in warm (37°C) Tyrode's and placed onto 
the stage of a stereomicroscope. The tissue is then cut in 
four to five pieces and immediately washed for three times 
in a low- calcium solution (mM: NaCl 140, KCl 5.4, MgCl2 
0.5, KH2PO4 1.2, HEPES- NaOH 5, Taurine 50, d- glucose 
5.5; pH = 6.9) for 1 min. Then, SAN was enzymatically 
digested for at least 25 min at 37°C using low- calcium 
solution plus 0.2 mM CaCl2, 1 mg/mL BSA, 0.45 U/mL 
Protease (Sigma Aldrich), 1.30 U/mL Elastase (Sigma 
Aldrich) and 250 U/mL Collagenase IV (Worthington). 
Once the enzymatic incubation was over, the SAN pieces 
were washed three times in zero- calcium solution (mM: 
KOH 80, L- Glutamic Acid 70, KCl 20, βOH- butyric acid 
10, KH2PO4 10, HEPES- KOH 10, Taurine 10, EGTA- 
KOH 1; 1 mg/mL BSA, pH = 7.4) and then mechanically 
digested for 10 min. Cells were then gradually adapted to 
physiological calcium concentrations using the following 
steps every 4 min at 4°C:

1. +72 μL of a solution containing 10 mM NaCl and 1.8 
CaCl2;

2. +153.6 μL of a solution containing 10 mM NaCl and 1.8 
CaCl2;

3. +374.4 μL of Tyrode's plus 1 mg/mL BSA;
4. +1200 μL of Tyrode's plus 1 mg/mL BSA;
5. +4200 μL of Tyrode's plus 1 mg/mL BSA;

At the end of the protocol, SANCs were plated in the 
center of 35- mm Petri dishes and maintained at 4°C for 
the day of the experiment.

2.5 | Isolation and infection of neonatal 
rat ventricular cardiomyocytes

Primary cultures of NRVCs were prepared as previously 
described.11 24 h after NRVC isolation, 106 cells were in-
fected with a lentivirus carrying the vector plKO.1 with 
either a scrambled hairpin sequence (Scramble) or a short 
hairpin RNA specific for downregulating Nfix- mRNA 
(Nfix- sh) and a puromycin resistance cassette in the pres-
ence of Polybrene 4 μg/mL with a final multiplicity of in-
fection (MOI) of 50.

After 24 h from the infection, cells were washed twice 
in PBS (Sigma Aldrich) and put under stringent 2 μg/mL 
puromycin selection. After 2 days of selection, only the in-
fected, polybrene- treated cells survived. To evaluate infec-
tion efficiency for each experiment, two cell culture dishes 
of Polybrene- treated, non- infected NRVCs were used as 
controls:— Negative CTRL in which it was added puro-
mycin to confirm induction of cell death;— Positive CTRL 
as a control between Scramble and not- infected NRVCs. 
Two days before electrophysiological recordings, infected 
NRVCs were dissociated into single cells by incubation for 
2– 3 min with Trypsin– EDTA (Sigma Aldrich) at 37°C and 
centrifuged at 300 ×g for 5 min.

2.5.1 | Electrophysiology

For electrophysiology, cells were placed onto the stage 
of an inverted microscope and superfused with Tyrode's 
solution containing (mM): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 
1 MgCl2, 5.5 d- glucose, 5 Hepes- NaOH; pH 7.4. Patch- 
clamp pipettes had resistances of 3– 6 MΩ when filled with 
the intracellular- like solution containing (mM): 130 K+- 
aspartate, 10 NaCl, 5 EGTA- KOH, 2 CaCl2, 2 MgCl2,  
2 ATP (Na+- salt), 5 creatine phosphate, 0.1 GTP (Na+- salt), 
10 Hepes- KOH; pH 7.2. Temperature was kept at 36 ± 1°C. 
Spontaneous action potentials were recorded from either 
single cells or aggregates of few cells in current- clamp 
mode using the whole- cell configuration. Action poten-
tials rate, action potential duration at 50% of repolariza-
tion (APD50), maximum diastolic potential (MDP) and the 
amplitude (APA) of the action potentials were analyzed. 
Since Nfix- null SAN cells have a higher rate, APD50 has 
been corrected for rate differences using Bazett's formula 
normally used for QT correction (APD50c = APD50√(RR)) 
where RR is the inter- beat- interval in ms. For voltage- 
clamp recordings only single cells were used. To dissect 
funny current (If) 1 mM BaCl2 and 2 mM MnCl2 were 
added to the Tyrode's. If was activated by hyperpolarizing 
voltage steps to the range −35 to −125 mV from a hold-
ing potential (hp) of −30 mV. Each step was long enough 
to reach steady- state current activation. Activation curves 

 17481716, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/apha.13981 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 13 |   LANDI et al.

were obtained from normalized tail currents measured 
at −125 mV and fitted to the Boltzmann distribution:  
y = (1/(1 + exp(V − V1/2)/s)), where V is voltage, y frac-
tional activation, V1/2 the half- activation voltage, and s 
the inverse- slope factor. For L- type calcium current (ICaL) 
recordings, we used an extracellular solution containing 
(mM): CsCl 10, NaCl 135, CaCl2 1, MgCl2 1, HEPES 5, 
Glucose 11.1, Tetrodotoxin (TTX) 0.03, pH = 7.4; ICaL was 
activated by depolarizing voltage steps in the range −70 
to +50 mV of 200 ms duration, from a hp of −80 mV. To 
specifically block ICaL, 10 μM Nifedipine was added. ICaL 
was considered as the Nifedipine- sensitive component. 
Conductance was calculated by fitting to a straight line 
the ohmic part of the I– V curve.

2.6 | Statistical analysis

All the data are displayed as mean ± standard error of the 
mean. Either Student's t- test for normally distributed inde-
pendent populations or one- way ANOVA for groups, fol-
lowed by pairwise comparison using Fisher's test was used 
to test significance; p < 0.05 defines statistical significance.

3  |  RESULTS

3.1 | Nfix is expressed during late cardiac 
development and in the adult heart

We first analyzed the cardiac expression of Nfix during 
murine cardiac development (E10.5– 16.5), in the first 

week after birth (P1– P7) and in the adult ventricles (AV). 
Figure 1A shows the time course of Nfix mRNA expression 
in the heart from mid- gestation to adulthood. Nfix tran-
script is not expressed at E10.5, its expression increases 
linearly starting from E12.5, reaches a plateau in the first 
postnatal week, remaining then constant up to adulthood. 
In the adult heart, Nfix is expressed in both atria and ven-
tricles, at levels similar to those of tibialis muscle and hip-
pocampus, tissues known for their high Nfix expression 
(Figure 1B).

3.2 | The absence of Nfix 
does not influence the morphological 
characteristics of the heart

In order to evaluate a role of Nfix in cardiac morphology 
and physiology, we investigated the heart morphology 
of Nfix- null and WT mice. Histological analysis was per-
formed on fixed heart sections obtained from 3- month- old 
Nfix- null and WT mice. Sections were stained with either 
Hematoxylin and Eosin or Milligan's Trichrome to high-
light the presence of necrosis, hypertrophy, or fibrosis. 
No evident morphological differences between Nfix- null 
and WT hearts emerged, suggesting that the structure of 
the heart is normal in the absence of Nfix (Figure 2A). We 
also evaluated the expression of the other Nfi gene (Nfia- c) 
in atria and ventricles of both WT and Nfix- null mice. No 
alterations in the expression levels of any of these genes 
were found, with the expected lack of Nfix expression in 
the Nfix- null atria and ventricles (Figure 2B). Since Nfix 
plays a pivotal role in the organization of skeletal muscle 

F I G U R E  1  Nfix expression during heart development and in atria and ventricles of adult hearts. (A) Time course of Nfix mRNA 
expression by qPCR during heart development; To obtain detectable amounts of RNA during embryogenesis, different hearts samples were 
pulled together at each time point (E10.5 and E12.5: N = 6; E14.5 and 16.5: N = 4) postnatal day P1: N = 3; P3: N = 4; P5: N = 4; P7: N = 4; AV, 
N = 6) (E = embryonic day; P = postnatal day; AV = adult ventricles). (B) Comparison of Mean Nfix expression levels in atria, ventricles, 
tibialis anterior muscle and hippocampus. Black stars represent mean values.
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sarcomeres and affecting myosin isoform expression,2 al-
terations of myocardium- specific genes were investigated 
by qPCR in atria and ventricles of adult WT and Nfix- null 
mice. We considered the expression of the sarcomeric 
genes: cardiac troponin I (cTnI), cardiac- relevant myosin 
isoforms (Mlc2v, Myh6, and Myh7) and of the cardiac TF 
Nkx2.5. As shown in Figure 2C no statistically significant 
differences between the expression values of these genes 
in both atria and ventricles of Nfix- null and WT mice were 
found, suggesting that sarcomeric structural genes are not 
affected by the lack of Nfix.

3.2.1 | Lack of Nfix influences the heart rate

We then evaluated the effects of the absence of Nfix on 
the cardiac function; 3– 6- month- old WT and Nfix- null 
mice were implanted with a radio transmitter and ECGs 
were recorded in freely moving conditions for 5 days. In 
Figure  3A, representative traces of ECGs recorded both 
during night (dark) and day (light) from WT and Nfix- null 
mice are shown, in which tachycardia of Nfix- null animals 

is clearly visible. Average data depicted in Figure  3B,C 
show that, as expected, heart rate significantly varies 
from night to day but Nfix- null mice maintain a signifi-
cantly higher heart rate than WT both during dark (WT: 
496.7 ± 13.17 bpm, n = 22/5; Nfix- null: 587.5 ± 8.7 bpm, 
n = 18/4) and light hours (WT: 467.0 ± 8.4 bpm, n = 24/5; 
Nfix- null: 523.1 ± 13.2 bpm, n = 17/4).

To understand if the in vivo tachycardia is intrinsic to 
the pacemaker tissue or may be due to an alteration in 
sympathovagal balance, pacemaker cells from the SAN 
were isolated for in vitro electrophysiological experiments. 
First, we evaluated Nfix expression in the SAN, the region 
responsible for the generation and modulation of heart 
rate.12 As shown in Figure 3D Nfix is expressed in the SAN 
of WT mice and, as expected, it is absent in Nfix- null SAN. 
Representative action potentials traces recorded from WT 
and Nfix- null SAN cells are depicted in Figure 3E. Similarly 
to in vivo ECG data, Nfix- null SAN cells exhibit a signifi-
cantly higher firing rate (585 ± 37 bpm, n = 10, p = 0.05) 
than WT- SAN cells (413 ± 47 bpm, n = 10) demonstrating 
that the in vivo tachycardia is an intrinsic characteristic of 
the SAN (sinus tachycardia), and thus independent from 

F I G U R E  2  Morphological and molecular comparison of wild type (WT) and Nfix- null hearts. (A) Histological sections of two WT and 
two Nfix- null hearts by hematoxylin/eosin and Milligan's trichrome staining. Calibration bar = 1 mm. (B) Comparison of the expression 
levels of the four Nfi genes by qPCR, in WT (black diamonds) and Nfix- null (blue triangles) atria and ventricles of adult mice; each dot 
represents an independent biological replicate. (C) Comparison of the expression levels of the cardiac transcription factor Nkx2.5 and of the 
sarcomeric genes cTnI, Myh6, Myh7, Mlc2V and by qPCR, in WT (black diamonds) and Nfix- null (blue triangles) atria and ventricles. Black 
stars represent mean values.
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8 of 13 |   LANDI et al.

the autonomic tone (Figure 3E). Beside rate, the other AP 
parameters, APA, MDP and rat- corrected action potential 
duration at 50% of repolarization (APD50c) did not show 
any significant difference between Nfix- null and WT- SAN 
cells (Figure 3F; Table 2).

It is interesting to note that a comparison of expres-
sion levels of Nfix in the various cardiac regions (atria, 
ventricles and SAN) highlights that Nfix mRNA is ex-
pressed in the atria and ventricles at levels comparable 
to those found in the skeletal muscle and hippocampus 
where it is known to be highly expressed,1 while it is sig-
nificantly less expressed in the SAN (cf. Figures 1B, 3D 
and Table 3) and also in beating NRVCs (see Figure 6A 
below). As expected, the transcript is not detected in any 
cardiac region from Nfix- null animals (Figures  2B and 
3D).

3.3 | Functional mechanism of sinus 
tachycardia in Nfix null mice

Action potential firing originates from a combination 
of pacemaker currents involved during the diastolic 

F I G U R E  3  Nfix- null mice show sinus tachycardia. (A) Representative ECGs traces recorded from freely moving wild type (WT) and 
Nfix- null mice under dark (upper traces) and light (lower traces) conditions. (B) Time course of mean heart rate of WT (black diamonds) 
and Nfix- null mice (blue triangles) during the 5 days of recordings (dark, gray background; light, no background). (C) Box plot of the heart 
rate in WT and Nfix- null mice during night (gray background) and day (no background); each dot represents the mean heart rate of various 
recording throughout the day, in different animals (†p < 0.05 WT vs. Nfix- null; §p < 0.05 night vs. day). (D) Box plots of the expression levels 
of Nfix mRNA in the SAN of WT and Nfix- null mice. Each dot represents an independent biological replicate (‡p < 0.001). (E) Representative 
spontaneous action potentials recorded from isolated SAN cells of both animal groups. (F) Comparison of AP parameters: rate, APA (action 
potential amplitude), MDP (maximum diastolic potential), APD50 (action potential duration at 50% repolarization). Throughout the figure, 
black diamonds represent WT and blue triangles Nfix- null mice; the black star indicates the mean value (†p < 0.05).

T A B L E  3  Comparison of Nfix expression levels in cardiac cells.

2−Δct*100 
(mean ± SEM)

Atria 40.6 ± 7.2

Ventricles 48.4 ± 5.3

SAN 6.3 ± 0.7*

NRVC 2.6 ± 0.6*

*p < 0.001 versus adult atria and ventricles.
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   | 9 of 13LANDI et al.

depolarization phase in which the funny current (If) and 
L- type calcium current (ICaL) play pivotal roles.8,13– 15 To 
unravel the mechanism(s) at the basis of the sinus tachy-
cardia observed in Nfix- null mice, we next evaluated the 
expression levels of the Hcn genes (Hcn1, Hcn2, and Hcn4) 
and of the L-  and T- type calcium channels expressed 
in mouse SAN (Cacna1c, 1d, 1g and 1h, respectively). 
Figure  4 shows that Nfix- null SAN express significantly 
higher levels of Hcn4 and Cacna1d subunits while the 
other genes analyzed were expressed at similar levels.

3.4 | Nfix loss does not affect the 
funny current If but enhances L- type 
calcium current

Since it has been reported that mRNA expression levels do 
not always correlate with ion current densities recorded in 
SAN cells,16,17 we next evaluated the density and kinetic 
properties of the If and ICaL in isolated SAN cells.

We did not find significant differences neither in con-
ductance nor in the activation curves parameters of If 
(Figure  5A– C and Table  4). Instead, we found a signifi-
cantly increased ICaL conductance (Figure 5D,E) in Nfix- 
null SAN cells, without changes in both activation and 
inactivation parameters (Figure 5F, for values see Table 4).

3.5 | Nfix- silencing in NRVCs

Since many Nfix- null mice die during the first 3 weeks 
of life due to still poorly understood mechanisms, affect-
ing initial stages of organs development,7 the effects of 
Nfix loss on beating rate and ion currents were evaluated 
using another in vitro cellular model: primary cultures 
of spontaneously beating NRVCs. NRVC were infected 
with a lentivirus carrying either a short hairpin for silenc-
ing Nfix (sh- Nfix) or a scrambled sequence (SCR). Using 

F I G U R E  4  Expression levels of Hcn and Cacna1 genes in wild 
type (WT) and Nfix- null SAN. Box plots of the expression levels of 
f- channels (Hcn1, 2 and 4— A), L- type (Cacna1c and Cacna1d— B) 
and T- type (Cacna1g and Cacna1h— C) calcium channels, as 
indicated, in WT (black diamonds) and Nfix- null mice (blue 
triangles). †p < 0.05. The black stars indicate the mean values.

F I G U R E  5  If and ICaL currents in wild type (WT) and Nfix- null 
SAN cells. Representative traces of If (A) and Nifedipine- sensitive 
ICaL (D) in WT (top, Black) and Nfix- null (bottom, blue) SAN cells. 
(B) Mean If I– V curve of WT (Black diamonds) and Nfix- null (blue 
triangles). (C) Mean If AC curves (symbols as in B). (E) Mean ICaL 
I– V curves of WT (Black diamonds) and Nfix- null (blue triangles). 
(F) Mean ICaL AC and IC curves (symbols as in B).

 17481716, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/apha.13981 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [16/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 of 13 |   LANDI et al.

non- infected (N.I) and scramble- infected NRVCs as a 
control, we demonstrated that sh- Nfix infection caused a 
downregulation of 85.2% ± 2% (n = 18) of the Nfix mRNA 

(Figure 6A). Representative traces of spontaneous action 
potentials recorded from both SCR-  and sh- Nfix NRVCs 
are shown in Figure 6B. In agreement with data on SAN 
cells, sh- Nfix NRVCs displayed a higher action potential 
firing rate (87.8 ± 7.9 bpm†, n = 20) than Scramble cells 
(54.5 ± 9 bpm, n = 19). Again, no differences in APA, MDP, 
and APD50 were found (Figure 6C).

Finally, we evaluated the If and ICaL currents in SCR 
and sh- Nfix NRVCs. Figure  7A,C displays representative 
traces of both currents from SCR (top, black) and sh- Nfix 
(middle, gray) NRVCs. Mean data (Figure  7B) confirm 
that, as in SAN cells, the If current did not differ between 
SCR and sh- Nfix NRVCs while ICaL was significantly up-
regulated in sh- Nfix NRVCs (Figure  7D). For values see 
Tables 5 and 6.

T A B L E  4  ICaL and If conductance and kinetic parameters analyzed in SAN cardiomyocytes.

SAN cells ICaL current If current

WT, n = 17 Nfix- null, n = 10 WT, n = 15 Nfix- null, n = 8

g (pS/pF) 79.8 ± 7.0 113.2 ± 15.1* 163.1 ± 25.8 235.9 ± 20.9

AC V1/2, k (mV) −12.5 ± 1.5 mV, 9.3 ± 0.5 mV −13.7 ± 1.4, 8.5 ± 0.5 −80.4 ± 2.4,9.3 ± 0.7 −79.6 ± 3.3, 9.9 ± 0.7

IC V1/2,k, (mV) −29.9 ± 1.3, 6.2 ± 6.2 −29.6 ± 2.1, 7.6 ± 7.5*

*p < 0.05.

F I G U R E  6  Rate and AP parameters in SCR and Nfix- sh 
infected Neonatal Ventricular Cardiomyocytes (NRVCs). (A) Mean 
Nfix- transcript expression in Non- infected (N.I, red X), Scramble 
(SCR, black diamonds) and Sh- Nfix NRVCs (gray squares); ANOVA 
Fisher's LSD, ‡p < 0.001. (B) Spontaneous action potentials recording 
from SCR and Nfix- sh NRVCs. (C) Boxplot of APs parameters in 
SCR (black diamonds) and Sh- Nfix (gray squares) NRVCs; The black 
stars indicate the mean values. Student's t- test, †p < 0.05.

F I G U R E  7  If and ICaL currents in WT and Nfix- sh NRVC. 
Representative traces of If (A) and Nifedipine- sensitive ICaL (C) in 
SCR (top, black) and Sh- Nfix (bottom, gray). (B) Mean If I– V curve 
of SCR (black diamonds) and Nfix- sh (gray squares). (D) Mean ICaL 
I– V curves of SCR and Sh- Nfix (symbols as in B).
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4  |  DISCUSSION

The Nfi TF family includes four members, which have 
been shown to play important roles for the development 
of multiple organs.18 Nfix expression is particularly abun-
dant in skeletal muscle and brain and the functional roles 
of Nfix in development and physiology of these two tissues 
have been previously well characterized.1– 3 Interestingly, 
although Nfix expression in the heart has been reported 
more than 25 years ago,4 its role in either cardiac develop-
ment or function has not been assessed before.

Here, we investigated, for the first time, the role of Nfix 
during heart development and in adult heart morphology 
and function, comparing data collected from Nfix- null 
mice and WT littermates. We further extended our analy-
sis using primary cultures of neonatal ventricular cardiac 
myocytes in which Nfix has been significantly downreg-
ulated (>80%) by viral infection using a specific shRNA 
(Sh- Nfix). In skeletal muscle Nfix is not expressed in em-
bryonic muscles (E11.5) but starts to be highly expressed 
in fetal muscles (at E16.5). At the onset of fetal myogen-
esis, here Nfix drives the switch from an embryonic to a 
fetal myofiber phenotype by both promoting transcription 
of specific fetal genes (MCK and β- enolase) and repressing 
embryonic ones (slow myosin heavy chain).

In the heart, Nfix mRNA was not detectable at E10.5 
and starting from E12.5 its expression increases linearly 
up to postnatal Day 5 when remains stable up to adult-
hood. Chaudhry et al. reported that Nfix mRNA levels 
were high in skeletal muscle and intermediate in hippo-
campus and heart.4 Our qPCR data show instead similar 
Nfix mRNA levels in atria, ventricles, Tibialis Anterior 
muscle, and hippocampus.

Differently from what happens in skeletal muscle, 
morphological analysis did not revealed any difference 

in either heart morphology or dimension between adult 
WT and Nfix- null mice. Since in skeletal muscles Nfix is 
involved in the switch between embryonic and fetal myo-
sin,2 we evaluated the expression of cardiac myosin heavy 
chains Myh7 and Myh6, predominantly expressed in the 
embryonic and adult mouse heart, respectively. No differ-
ences in their expression were induced by the lack of Nfix; 
the same holds true for other sarcomeric proteins (cTnT, 
Mlc2V) and for Nkx2.5, a TF important in heart develop-
ment.19 It is known that the other members of the Nfi fam-
ily are expressed together with Nfix during development. 
However, Nfia, Nfib, and Nfic were similarly expressed in 
the heart of WT and Nfix- null mice, suggesting that no 
compensative mechanisms take place.

The proper functional pumping action of the heart 
is ensured by the consecutive and repetitive activation 
of different cardiac regions, the atria and the ventricles, 
whose rate of contraction is set by the spontaneous elec-
trical activity of the SAN, the cardiac pacemaker. At the 
very beginning of heart development, the heartbeat orig-
inates from those cells/progenitors that will give rise to 
the adult SAN.5 During all the embryonic developmen-
tal stages and also for few days postnatally, ventricular 
cells can also beat spontaneously, a characteristic that 
they lose in the first week or so. When we evaluated the 
expression of Nfix in the various cardiac regions of the 
adult heart, we found similar expression levels in adult 
atria and ventricles which, without an external stimulus, 
are normally quiescent, but found a significantly reduced 
expression in the SAN (Table 3). Interestingly, these data 
suggest an inverse correlation between Nfix levels and 
cardiomyocytes spontaneous beating rate. This observa-
tion is also strengthened by the fact that Nfix levels are 
much lower in spontaneously beating NRVC than in the 
AV (Table 3).

This evidence prompted us to investigate the functional 
role of Nfix downregulation on heart rate. We first evalu-
ated the heart rate in vivo, in freely moving conscious WT 
and Nfix- null mice. As expected, we found physiological 
circadian fluctuations of the heart rate, which is signifi-
cantly higher during the dark/active than during light/in-
active phase.10,20,21 Recent data clearly demonstrated that 
these fluctuations persist even after complete pharmaco-
logical block of both branches of the autonomic nervous 
system, and thus rate fluctuations are independent from 
autonomic modulation.20,21

T A B L E  5  Action potential parameters analyzed in NRVC.

NRVCs SCR, n = 19
Sh- Nfix, 
n = 20

RATE (bpm) 54.5 ± 9.0 57.8 ± 7.9*

MDP (mV) −59.2 ± 1.7 −56.3 ± 2.3

APA (mV) 92.8 ± 3.0 92.6 ± 3.5

APD50c (ms) 107.7 ± 5.9 109.3 ± 7.1

*p < 0.05.

NRVC ICaL current If current

SCR, n = 5 Sh- Nfix, n = 9 SCR, n = 7 Sh- Nfix, n = 5

g (pS/pF) 25.7 ± 3.8 39.7 ± 4.2* 44.83 ± 11.3 43.7 ± 9.1

*p < 0.05.

T A B L E  6  ICaL and If conductance in 
NRVC.
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Here we show that Nfix null mice, present a sig-
nificantly higher heart rate than WT littermates, inde-
pendently of the light/dark phase of the day. Moreover, we 
found that the higher rate of Nfix- null mice is an intrinsic 
feature of the SAN, since the tachycardia persists in iso-
lated SAN cardiomyocytes.

Interestingly, D'souza et al. have also shown that the 
circadian fluctuations of the spontaneous activity is in-
trinsic to SAN cells, remaining present after isolation 
(and thus denervation) of the tissue from the rest of the 
heart. Moreover, they demonstrated that rate differences 
are associated with a concomitant day/night fluctuation 
of HCN4 expression, the main isoform responsible (at 
mRNA, protein, and ion current levels) for the If current 
in the SAN.20 We thus evaluated the expression level of 
the three main Hcn genes (Hcn1, 2 and 4) expressed in 
the mouse SAN22 and found that Hcn4 mRNA was up-
regulated in Nfix- null SAN. However, functional analysis 
of the If current did not show any significant difference 
in the If current between WT and Nfix- null cells. This is 
however not surprising because changes in mRNA lev-
els of Hcn4 have been already shown to not correspond 
to changes in current amplitude. For example, we have 
recently shown that spontaneously beating hiPS- derived 
cardiomyocytes from patients with atrial fibrillation ex-
press significantly lower level of HCN4, than healthy 
controls, but have a significantly higher current density.16 
Similarly, SAN- like cells derived from mouse embryonic 
stem cells overexpressing miR- 1 display similar levels of 
Hcn4 but a significantly reduced If current.17

In order to investigate the molecular mechanism at the 
basis of the sinus tachycardia we analyzed expression lev-
els of calcium channel genes known to participate to the 
setting of SAN rhythm.14,23

Although in the literature no data are available on the 
specific effect of Cacna1d overexpression in cardiomyo-
cytes, genetic ablation of Cacna1d in mice induced sinus 
node bradycardia.24 Moreover, an upregulation of ICaL 
similar to that observed here, has been shown to induce 
tachycardia in spontaneously beating hiPS- derived car-
diomyocytes.16 In order to understand if the physiolog-
ical role of Nfix downregulation is limited to the mouse 
SAN or represent a more general physiological control 
of heart rate, we employed NRVC, a spontaneously beat-
ing cell model often used for analyzing basic modulatory 
pathways involving autorhythmic cells.25 Nfix- silenced 
NRVC displayed a significantly higher spontaneous rate 
than scramble- infected NRVC. Interestingly, also in these 
cells, the tachycardia was due to an increased ICaL current 
density without any change in the pacemaker If current, 
suggesting that the same transcriptional mechanisms 
modulating cardiomyocyte automaticity are conserved in 
different species.

In conclusion, we have shown here, for the first time, 
a detailed analysis of Nfix expression during mouse car-
diac development and its functional role in this organ. 
In the developing heart, Nfix expression grows linearly 
from E12.5, reaches a plateau around the first postnatal 
week and then remains highly expressed up to adulthood. 
Differently from its role in the skeletal muscle, the lack of 
Nfix does not impair the normal morphological develop-
ment of the heart. Of note, Nfix expression is abundant 
in the quiescent working myocardium (atria and ventri-
cles) while it is significantly less expressed in autorhyth-
mic cells such as in the pacemaker SAN cardiomyocytes 
and in immature, spontaneously beating NRVCs. From a 
functional point of view, in the heart Nfix appears to have 
an important role in setting the physiological heart rate; 
indeed, both Nfix- null animals and sh- Nfix NRVC display 
a significant intrinsic tachycardia due to an upregulation 
of the ICaL calcium current known to play a pivotal contri-
bution to pacemaker activity.
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