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SUMMARY  

Objective: Fracture risk is a serious comorbidity in epilepsy and may relate to the use of anti-epileptic medications. 

Many anti-epileptic medications inhibit ion channel function and the expression of these channels in osteoblasts raises 

the question whether altered bone signaling increases bone fragility. We aimed to: (1) confirm the expression of voltage-

activated sodium channels (NaV) in mouse osteoblasts, and (2) investigate the action of carbamazepine and phenytoin on 

NaV

Methods: Immunocytochemistry was performed on primary calvarial osteoblasts extracted from neonatal C57BL/6J mice 

and additional RNA sequencing (RNASeq) was included to confirm expression of Na

 channels. 

V

Results: Na

.  Whole cell patch clamp 

recordings were made to identify the native currents expressed and to assess the actions of carbamazepine (50 μM) or 

phenytoin (50 μM). 

V

Significance: Mouse osteoblasts express Na

 expression was demonstrated with immunocytochemistry, RNA sequencing and functionally with 

demonstration of robust tetrodotoxin-sensitive and voltage-activated inward currents. Application of carbamazepine or 

phenytoin resulted in significant inhibition of current amplitude: for carbamazepine 31.6 ± 5.9 % (n = 9; p<0.001), and 

for phenytoin 35.5 ± 6.9 %, (n = 7; p<0.001). 

V , and native NaV

 

 currents are blocked by carbamazepine and phenytoin 

supporting our hypothesis that AEDs can directly influence osteoblast function and potentially impact on bone strength. 

KEYWORDS 

Epilepsy, Bone Health, Osteoblast, Voltage-gated Sodium Channel, Electrophysiology 

 

ABBREVIATIONS 

αMEM  alpha Minimum Essential Media  

AED Anti-epileptic Drug 

AP Action Potentials 

BMD Bone Mineral Density 

CBZ carbamazepine 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethyl sulfoxide 

FBS Foetal Bovine Serum 

FPKM  fragments per kilobase of exon per million fragments mapped 

NaV 

PHT phenytoin 

voltage-gated sodium channel 

TEA tetraethylammonium 

TTX tetrodotoxin 
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Patients with epilepsy have at least doubled fracture risk 1. A proportion of patients, particularly those who have taken 

long-term anti-epileptic drug therapy have reduced bone density 2-4. Causes of these associations are not fully understood 
1; 5, particularly whether there are direct bone side-effects of AEDs.  Approximately 1% of the population requires AED 

treatment for epilepsy, often of prolonged duration 6, with important treatment benefits, but also a risk of long-term 

adverse health effects 2; 7; 8. More widespread use of AEDs for newer indications including migraine, chronic pain and 

bipolar affective disorder increases the imperative to determine whether AEDs increase fracture risk and, if so, by what 

mechanism(s). A more complete understanding of the mechanism for impaired bone health in epilepsy should facilitate 

the development of safer medications. 

Initially, effects of AEDs on vitamin D metabolism were proposed as the primary mechanism for bone disease 9; 

however, use of non-inducer AEDs, that do not impact vitamin D metabolism, is also associated with bone disease 10; 11. 

Furthermore, there is a poor relationship between bone fracture risk and circulating vitamin D metabolite levels 3. AEDs 

have multiple mechanisms of action; however, they all impact neuronal cellular signalling to exert their effects.  In 

similar fashion, AEDs may impact bone cell signalling that may underlie a decrease in bone strength. Ion channels are 

common targets of many AEDs and both osteoblasts and osteocytes express ion channels, including some voltage-gated 

ion channels 12-14.  Ion channels have been implicated in transducing bone stress and strain 15-17 critical for modeling and 

remodeling. While osteocytes are often considered the primary mechano-sensing cells in bone, osteoblasts also are 

capable of responding to mechanical stress 18.  Osteoblasts possess multiple ion channels, including hyper-polarisation 

and osmolarity-sensitive channels 19, and voltage-gated sodium (NaV
20) channels . Another study observed rapid effects 

of Vitamin D3 on voltage-activated L-Ca and Cl− channels in the osteoblastic ROS 17/2.8 cell line and primary 

osteoblasts, and proposed that this mechanism may contribute to Vitamin D’s ability to promote osteoblast secretory 

function; Nav
21 were not included in that study . Electric coupling between both  rat and guinea pig osteoblast-like cells 

was reported to be inhibited by up to 59% by CBZ and PHT and the membrane potential depolarised by approximately 

40-45% following CBZ; however, specific effects of AEDs upon NaV  were not assessed in that study. NaV

22

s have a long-

established role in electrogenesis in neurons  and are also expressed in “non-excitable” cells, with a range of effector 

functions, including attenuating cellular motility and migration, and driving reverse calcium importing in Na/Ca 

exchange 23.  Traditionally, osteoblasts are considered “non-excitable” cells 23; however, there are ion channels present in 

osteoblasts which allow action potentials to be fired 20.  The role of NaV  in osteoblasts and effects of AEDs such as CBZ 

and PHT on NaV
3

 in osteoblasts require investigation. We chose to initially investigate the AEDs CBZ and PHT as they 

have been associated with reduced BMD ; 7 and fractures 24-26. In this study, we investigated CBZ and PHT effects on 

NaV

 

 using whole-cell patch-clamp recording in mouse osteoblasts to examine for a direct effect of these anti-epileptic 

medications on osteoblasts. Better identification of the mechanisms underlying increased fracture rate and changes in 

bone quality seen in association with epilepsy and its treatment will allow for improving the targeting of fracture 

prevention strategies in patients with epilepsy. 

MATERIALS AND METHODS 

Calvarial Digests and Cell Culture 
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Primary osteoblasts were isolated from calvariae of C57BL/6J neonatal mice utilizing a previously published sequential 

collagenase digest protocol 27 with minor modifications.  Briefly, calvariae were incubated in fresh digestion buffer 

containing collagenase type 1 (140Units/mL) (Worthington Biochemical Corporation, Lakewood NJ, USA), 0.05% 

(w/v) trypsin (Invitrogen, Carlsbad, CA, USA), and 2.5 mM CaCl2 in Dulbecco's PBS at 37 °C 6 times for 20 min.  

Primary calvarial mouse osteoblasts were then maintained in alpha Minimum Essential Media (αMEM) supplemented 

with 10% (v/v) FBS and gentamicin (50 μg/ml) (Gibco Life Technologies, Grand Island, NY, USA) in  culture flasks 

(BD Falcon, San Diego, CA, USA).  Medium was changed every 3 to 4 days and cells were maintained as subconfluent 

cultures in a humidified incubator with 5% CO2

Ethics approvals were obtained from the Howard Florey Institute Animal Ethics Committee (project number 13-028-

UM) and all experiments were conducted in accordance with the Australian NHMRC guidelines on the ethical use of 

animals in scientific research 

 in air at 37 °C.  Samples of the cultured cells were stained for Alkaline 

Phosphatase (Sigma-Aldrich, St Louis, MO, USA) to confirm osteoblastic characteristics, and cells from digests positive 

for Alkaline Phosphatase were included in the Patchliner experiments. 

28.  

RNASeq Analysis  

First passage cells were grown until subconfluent in DMEM containing L-glutamine (2 mM) and 10% FBS, then 

cultured in BRFF-HPC1 medium (Athena Enzyme Systems, Baltimore, MD, USA) containing 10% FBS for 48 hours. 

Total RNA was extracted from 3 individual osteoblast isolates. Libraries were prepared from total RNA (5 µg) using the 

TruSeq RNA v2 sample preparation protocol (Illumina, San Diego, CA, USA); 100 bp paired-end sequencing was 

conducted using the HiSeq 2000 platform (Illumina) at the Australian Genomics Research Facility (Parkville, Australia), 

according to the manufacturer’s instructions. After filtering and trimming, reads were mapped to the mouse reference 

genome assembly GRCm38/mm10 using the program TopHat 29 prior to transcripts being assembled from the aligned 

reads, using the program Cufflinks 30. Results were expressed as FPKM (fragments per kilobase of exon per million 

fragments mapped), and a threshold of 0.3 was applied to FPKM as per previously described heuristic techniques 31;  

95% confidence intervals for FPKM were calculated. 

Cell Staining and Microscopy 

Primary calvarial osteoblast culture samples were stained for alkaline phosphatase to confirm osteoblastic characteristics 

using a kit (Sigma-Aldrich, Cat# 86C-1KT). Immunocytochemistry was performed using rabbit anti-rat NaV 

Electrophysiological recordings 

(Panα)  

(1:500; Cat # S6936) and Alexa-488 –conjugated goat anti-rabbit Ig (1:300; Molecular Probes, Cat# A11034); nuclei 

were counterstained using DAPI 4',6-diamidino-2-phenylindole (0.33 µg /mL, Cat # D9542 Sigma-Aldrich, St Louis, 

MO, USA). Fluorescent images were acquired using an Olympus FV1000 confocal microscope with an Olympus 60 x 

oil objective (NA 1.35). 

Electrical recordings were conducted using the Patchliner® (Nanion Technologies, Munich, Germany) in the whole-cell 

configuration.  Before recordings, cells were detached from culture flasks with Accutase Cell Detachment Solution 
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(Innovative Cell Technologies Inc., San Diego, CA, USA) and resuspended at a density of 1x106 to 5x107 per milliliter 

in 50% αMEM (without FBS) and 50% external recording solution v/v.  The external recording solution comprised 

(mmol/L): 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 5 D-glucose, 10 HEPES, 10 tetraethylammonium (pH 7.4 with NaOH).  

The osmolarity of this solution was 298 mOsm.  The internal recording solution comprised (mmol/L): 50 CsCl, 10 NaCl, 

60 CsF, 2 MgCl2

 

, 20 EGTA, 10 HEPES, 3 Mg2+-adenosine 5’-triphosphate, 10 TEA (pH 7.2 with CsOH) and the 

osmolarity of this solution was 285 mOsm.  Solutions were filtered using a 0.2 µm membrane filter (Minisart; Sartorius 

Stedim Biotech, Goettingen, Germany).  Cells were kept in suspension by gentle automatic pipetting.  Medium single-

hole planar NPC-16 chips with an average resistance of ~2.5 MΩ were used.  Pipette and whole cell capacitance were 

fully compensated and the series resistance compensation was set to 50 %.  Recordings were acquired at 50 kHz with the 

low pass filter set to 3 kHz in PATCHMASTER (HEKA Instruments Inc., NY, USA) and performed at 27 °C.  Offline 

analysis was performed using Microsoft Excel and GraphPad Prism 6 (Molecular Devices).  Data are shown as means ± 

S.E.M.  Leak subtraction was performed in software before the currents were normalised.  Statistical analysis was 

performed using Student's t-test and differences were considered significant when p < 0.05.  

Pulse Protocols.  The voltage dependence of activation was studied by measuring the normalised peak currents during 

100 ms depolarisations from -120 mV to +30 mV in 5 mV increments. The resulting I-V curve was fit to the equation 

I=[1+exp(-0.03937.z.(V-V1/2)]-1.g.(V-Vr) (I, current amplitude; z, apparent gating charge; V test potential; V 1/2

 

, half 

maximal voltage;  g, factor related to the maximum number of open channels; and Vr, reversal potential). Conductance 

was determined using G=I/(V-Vr). To study the steady-state fast inactivation, cells were held at conditioning pre-pulse 

potentials ranging from −120 mV to +30 mV in 5 mV increments from a holding potential of −120 mV and a test pulse 

at 0 mV for 20 ms.  The peak current amplitudes during the subsequent test pulses were normalised to the peak current 

amplitude during the first test pulse and plotted against the potential of the conditioning pulse.  Recovery from fast 

inactivation was studied by pre-pulsing the cells to 0 mV from a holding potential of −120 mV for 30 ms to fully 

inactivate channels.  The voltage was then returned to the holding potential of −120 mV for variable intervals (every 3 

ms from 0 to 39 ms).  Finally, the voltage was stepped to 0 mV for 30 ms to test channel availability.  The peak current 

amplitude during the test potentials was plotted as fractional recovery against the recovery period by normalising to the 

maximum current during the conditioning potentials.  The recovery currents were plotted against delta time. 

To examine the effects of AEDs, two voltage protocols were used.  In the first, the cells were held at -60 mV and 20 

millisecond test depolarisations were applied in 10 mV increments, from -80 mV to +60 mV.  The cells were then 

exposed to vehicle control (DMSO), followed by 50 µM CBZ and then 10 µM TTX in the continued presence of 50 µM 

CBZ and the voltage protocol utilised for each variable.  In the second set of experiments, cells were held at -60 mV and 

20 millisecond duration test depolarisations applied every 2 seconds in the presence of vehicle.  Data was acquired for 3-

5 min to establish a stable control baseline current, during which time vehicle was continuously applied.  On 

establishment of a stable current, CBZ (50 μM) or PHT (50 μM) was applied to the cells for 5 min.  Following 3-5 min 

washout of AED, 10 μM TTX was applied for 2 min.  Peak currents for individual cells were averaged over 30 s periods 
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directly before application of AED, following establishment of block in the presence of AED and following 

establishment of block by TTX. 

 

RESULTS 

We identified the presence of functional NaV  in primary mouse osteoblasts using RNASeq, immunohistochemistry and 

patch clamp electrophysiology techniques.  RNASeq analysis was used to determine whether voltage-gated sodium 

channels are expressed by primary mouse osteoblast cultures.  Utilizing a threshold of 0.3 FPKM, a number of genes 

encoding voltage-gated sodium channels (including α and β subunits) were found to be expressed (Table 1). Expression 

of the genes Scn2a1 (NaV  1.2), Scn3a (NaV  1.3), Scn7a (also referred to as Scn6a, NaG, NaX , NaVi 2.1, NaV2.1 or 

NaV2.2), Scn1b (NaVβ1) and Scn3b (NaVβ3) was revealed using this method.  Specific immunofluorescence staining for 

NaV

 

 (Pan α) was observed (Fig 1), providing further evidence of sodium channel expression in the primary cultured 

osteoblasts. 

The biophysical properties of endogenous inward sodium currents were analyzed in mouse primary calvarial osteoblasts 

using a high throughput automated planar patch-clamp technology.  Specifically, the voltage-dependence of activation, 

fast-inactivation and recovery from fast inactivation were examined. Eight separate primary calvarial cell digests were 

utilized: data for CBZ are pooled from 3 digests and for PHT from a further 2 digests; the biophysical data are pooled 

from 2 digests. Representative current family traces illustrate the robust voltage-activated inward currents elicited in 

these cells (Fig 2A).  Current-voltage (I/V) curves, normalised to the maximum inward current were calculated and as 

expected for NaV

 

, show a voltage-dependence of activation with the threshold of activation close to -40 mV and the peak 

current close to 0 mV (Fig 2B).  The voltage-dependence of activation and fast-inactivation was examined by converting 

the peak current versus voltage curves into conductance versus voltage (G–V) and fit to a Boltzmann function (Fig 2C).  

The half maximal voltage for activation and inactivation was -7.81 ± 0.47 mV and -42.9 ± 0.72 mV, respectively.  The 

slope of the activation and inactivation curves was 7.71 ± 0.38 and 9.30 ± 0.63 (n = 13), respectively.  Normalised 

current as a function of time following an inactivating voltage step was plotted and the curve was fit with a hyperbola as 

a means to characterise data, for which the recovery constant was 1.59 ± 0.16 (n = 13) (Fig 2D). 

External application of CBZ resulted in significant inhibition of current amplitude and this is reflected in the 

representative raw current traces obtained from a single cell using this voltage protocol (Fig 3A).  In the second set of 

experiments, cells were held at -60 mV and on establishment of a stable baseline current, 50 µM CBZ was applied for 5 

minutes.  The inset is a representative recording from a single cell showing the time course of block by CBZ, its 

subsequent wash-off, followed by almost complete block in the presence of TTX confirming presence of NaV  channels.  

The blocking effect of CBZ was consistent across all cells tested as highlighted by the averaged raw current traces (Fig 

3B) as well as the averaged and normalized I/V plots (Fig 3C).  CBZ caused a significant inhibition of current amplitude 

(31.6 ± 5.9 % inhibition, n = 9, p<0.001) (Fig 3D), which was partially reversed upon washout (see Fig 3A inset), 

whereas its vehicle, DMSO, was without effect (data not shown).  Furthermore, subsequent application of 10 µM TTX, a 
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known sodium channel blocker, resulted in almost complete inhibition of the current (89.96 ± 2.14 % inhibition, n = 9, 

p<0.00001) (Fig 3D).   

 

In the next series of experiments the effect of external application of PHT (50 µM) was examined.  PHT also inhibited 

the TTX sensitive current; however, this effect was not reversed upon washout (see Fig 3E inset).  Representative raw 

current traces from a single cell illustrate the degree of block by PHT and TTX (Fig 3E).  The inset demonstrates the 

time course of block by PHT and TTX in a single cell.  The averaged raw traces and the normalised I/Vs show the degree 

of block by PHT across several cells (Fig 3F-G).  The percent inhibition by PHT was statistically significant (35.5 ± 6.9 

% inhibition, n = 7, p<0.001) (Fig. 3H). 

 

 

DISCUSSION 

This study characterized the molecular and functional expression of NaVs in mouse primary calvarial osteoblasts and 

showed they were inhibited by the commonly prescribed AEDs CBZ and PHT.  To our knowledge, this is the first study 

to report inhibitory effects of AEDs CBZ and PHT on NaV

32

 in osteoblastic cells, providing primary evidence for a direct 

effect on bone cells and, therefore, potentially on bone health. The electrophysiological characteristics of the voltage-

gated sodium current in osteoblasts were found to be similar to those of neuronal sodium currents: the native osteoblastic 

sodium currents here were activated by depolarisations above -40 mV, exhibited steady-state fast  inactivation with a V-

half value around -43 mV, and were blocked by TTX . 

Although it has been demonstrated previously that osteoblasts are able to generate APs 20, the role and significance for 

these APs is not altogether clear. If APs were, for instance, generated during loading or stress detection, or initiate or 

contribute to signaling during bone remodeling, it is possible that AEDs that interfere with AP firing could increase 

fracture risk in patients medicated with certain AEDs. This effect could provide a mechanism by which a diverse group 

of molecules could have a similar, adverse effect on bone.  

The genes identified in RNASeq analysis as being expressed by osteoblast cultures encode both the alpha pore forming 

and beta accessory subunits, indicating that functional NaVs are likely present in mouse osteoblasts.  Both α and β 

subunits have important roles in the structure and function of NaV

33

; the α subunit forms the pore, while associated β 

subunits (which are also tissue specific), can direct trafficking and also modulate α subunit function ; 34.We note that 

cells utilized in the RNASeq were cultured utilizing different media to those utilized in immunocytochemistry and 

electrophysiology experiments, and therefore it remains possible that other NaV  subtype expression under different 

media conditions, or at differing times in culture are also present. Identifying functional expression of NaV and 

investigating electrophysiological responses of NaV  currents to AEDs was our primary aim, rather than specifically 

confirming the subtype which the AEDs examined act upon in this study.  The results of the RNASeq showed that of the 

genes encoding α subunits, the most highly expressed was Scn7a (NaVi

35

2.1), which despite belonging to the family of 

voltage-gated sodium channels is a voltage- and TTX-insensitive sodium channel thought to be involved in sodium 

sensing and contributing to depolarization of the resting membrane potential in neurons . As a channel that is thought to 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 8 

This article is protected by copyright. All rights reserved 

be Na+ permeant at rest it would exert a permanent depolarizing influence on the osteoblasts.  The cellular role and 

effects of AEDs on NaVi
362.1 are not known, partly due to the difficulty in obtaining functional heterologous expression .  

As the currents recorded in this experiment were TTX sensitive (to TTX in the micromolar range) the recordings 

obtained here are not consistent with that of NaVi 2.1 and are therefore more likely attributable to NaV  1.2 and/or NaV

A previous study showed that both PHT and CBZ  inhibited proliferation of human osteoblast-like cells at therapeutic 

concentrations, indicating this decrease in proliferation may impair new bone formation 

 1.3 

TTX sensitive currents.  

7.  However, electrophysiology 

was not performed to investigate specific effects at the ion channel level. Altered membrane potential and reduced 

electrical coupling via gap junctions in the presence of CBZ and PHT 37 have been shown in a previous study of  rat 

primary osteoblasts; however, NaV  were not examined. Further studies are required to examine effects of other AEDs on 

NaV 

These in vitro studies have demonstrated osteoblast ion channels that are sensitive to inhibition by two common AEDs, 

providing a potential mechanism of increased fracture risk in patients via direct effects of AEDs on osteoblast function.   

as well as other ion channels in osteoblasts, osteocytes, osteoclasts, and in human cells to further explore the effects 

of AEDs on bone health. 
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FIGURE LEGENDS  

 

Figure 1. Immunocytochemistry staining of cells from mouse calvarial osteoblast cultures with NaV (Pan-α) 

antibody and DAPI nuclear counterstaining.  (A) NaV

 

 (Pan alpha) antibody stain.  (B) DAPI nuclear counterstain of 

the field shown in A.  (C) No primary antibody control.  (D) DAPI counterstain of the field shown in C 

 

 

 

 

 

 

 

Figure 2. Characterization of sodium currents recorded in mouse primary calvarial osteoblastic cells.  (A) 

Representative current traces obtained from a single cell using a voltage-dependence of activation protocol.  (B) 

Normalized current-voltage relationship curve averaged from 13 cells. Inset shows the voltage protocol.  (C) Voltage-
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dependence of normalised peak conductance () and steady-state inactivation () shown as a function of voltage. 

Currents were normalized to the maximum peak current.  Pulse protocol for steady-state inactivation shown in the inset.  

For both graphs Boltzmann curves were fit to pooled averages (n = 13 cells) and plotted.  (D) Recovery of channel 

availability from fast-inactivation shown as a function of time. A hyperbola was fit to pooled averages and plotted.  

Schematic of pulse protocol is shown in the inset. 

 

 

Figure 3.  Inhibitory effects of carbamazepine and phenytoin on voltage-dependent sodium currents recorded in 

C57BL/6J mouse primary calvarial osteoblasts   (A) Representative current traces obtained from a single cell in the 

presence of vehicle (navy traces), CBZ (50 µM; red traces) or TTX (10 µM; green traces), respectively.  Cells were held 

at -60mV and stepped from -80mV to +60mV for 20 milliseconds every 2 seconds.  Scale bars apply to all traces.  

Representative recording showing peak current plotted against time illustrating the blocking effect of CBZ, washout of 

CBZ and subsequent block by TTX are shown in the inset.  (B) Averaged current traces in the presence of vehicle (navy 

trace), 50 µM CBZ (red trace) or 10 µM TTX (green trace).  Cells were held at -60mV and repeatedly stepped to 0mV 

for 20 milliseconds every 2 seconds (n = 9 cells).  (C) Normalized average current-voltage relationships in the presence 

of vehicle (pale blue ), 50 µM CBZ (red ) and 10 µM TTX (green ).  Currents were normalized to the maximum 

peak current in the presence of vehicle (n = 9 cells).  (D) Average percent inhibition by 50 µM CBZ (red) and 10 µM 

TTX (green) (n = 9 cells).  (E) Representative current traces obtained from a single cell in the presence of vehicle (navy 

traces), PHT (50 µM; blue traces) or TTX (10 µM; green traces).  Scale bars apply to all traces.  Same voltage protocol 

as A.  Representative recording showing peak current plotted against time illustrating the blocking effect of PHT, 

washout of PHT and subsequent block by TTX are shown in the inset.  (F) Averaged current traces in the presence of 

vehicle (navy trace), 50 µM PHT (blue trace) or 10 µM TTX (green trace) (n = 7 cells).  Same voltage protocol as B.  

(G) Normalized average current-voltage relationships in the presence of vehicle (pale blue ), 50 µM PHT (blue ) and 

10 µM TTX (green ).  Currents were normalized to the peak current in the presence of vehicle (n = 7 cells).  (H) 

Average percent inhibition by 50 µM PHT (blue) and 10 µM TTX (green) (n = 7 cells).  For D and H the peak currents 

in the presence of CBZ, PHT or TTX were compared to the peak currents in the presence of vehicle.  **p<0.01, 

**** p<0.0001. 
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Table 1. RNAseq results for genes expressed encoding voltage-gated sodium channels (including alpha and beta 

subunits): FPKM >0.3, and 95% Confidence Intervals.  

 

 

Gene 

symbol  
Gene Name; synonym FPKM 

95% CI 

low 

95% CI 

high 

Scn2a1 sodium channel, voltage gated, type II alpha subunit; NaV1.2 1.4821 0.9256 2.0404 

Scn3a sodium channel, voltage gated, type III alpha subunit; NaV1.3 0.5222 0.2786 0.7631 

Scn7a sodium channel, voltage gated, type VII alpha subunit; NaVi2.1 3.6029 2.4555 4.7530 

Scn1b sodium channel, voltage gated, type I beta subunit 34.8005 22.9675 45.8203 

Scn3b sodium channel, voltage gated, type III beta subunit 2.1051 1.2063 3.0036 

KEY: 

FPKM fragments per kilobase of exon per million fragments mapped 

CI confidence interval 
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