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Abstract 

Fibroblast growth factor homologous factors (FHFs) are noncanonical members 

of the fibroblast growth factor family (FGFs, FGF11-FGF14) that bind directly to voltage 

gated sodium channels (VGSCs), thereby regulating channel activity and consequently 

neuronal excitability. Mutations in FGF14 cause spinocerebellar ataxia while FGF13 is a 

candidate for X-linked mental retardation. Since FGF13 and FGF14 are nearly identical 

within their respective VGSC-interacting domains, those distinct pathological 

consequences have generally been attributed to regional differences in expression. I have 

shown that FGF13 and FGF14 have non-overlapping subcellular distributions and 

biological roles even in hippocampal neurons where both are prominent. While both 

FHFs are abundant in the axon initial segment (AIS), only FGF13 is observed within the 

soma and dendrites. shRNA knockdown and rescue strategies showed that FGF14 

regulates axonal VGSCs, while FGF13 only affects VGSCs in the somatodendritic 

compartment. Thus, FGF13 and FGF14 have nonredundant roles in hippocampal 

neurons, with FGF14 acting as an AIS-dominant positive regulator and FGF13 serving as 

a somatodendritic negative regulator. Both of these FHFs also perform important non-

VGSC regulatory roles. FGF14 is a novel potassium channel regulator, which binds to 

KCNQ2 and regulates both localization and function. FGF14 is also capable of serving as 

a “bridge” between VGSCs and KCNQ2 thus implicating it as a broad organizer of the 
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AIS. FGF13, on the other hand is involved in a new form of neuronal plasticity called 

axon initial segment structural plasticity. Knockdown of FGF13 impairs AIS structural 

plasticity and reduces L-type CaV current through channels known to be important to 

this new form of plasticity. Both of these novel non-VGSC roles are specific to the FHF in 

question because FGF13 does not regulate KCNQ2 whereas FGF14 knockdown does not 

affect AIS position. These data demonstrate varied modes of FHF-mediated neuronal 

regulation that may contribute to differing roles in neural disease.  



 

 

vi

Dedication 

This work is dedicated to my family, friends and colleagues who in various ways 

throughout the years have illuminated the universal intelligibility that makes scientific 

work possible and meaningful. I would also like to dedicate this in a special way to my 

loving wife, Wei and my daughter, Colette. 

 



 

 

vii

Contents 

Abstract ......................................................................................................................................... iv 

List of Figures ............................................................................................................................... ix 

Acknowledgements ...................................................................................................................xvi 

1. Introduction to FHFs ................................................................................................................ 1 

1.1 Background ....................................................................................................................... 1 

1.2 The structure of FHFs ...................................................................................................... 3 

1.3 FHFs regulate voltage-gated sodium channels ............................................................ 7 

1.4 FHFs regulate voltage-gated calcium channels and synaptic transmission .......... 11 

1.5 FHFs have been implicated in novel roles outside channel regulation .................. 13 

1.6 Unexplored questions and future directions .............................................................. 15 

1.7 Summary .......................................................................................................................... 18 

2. Polarized localization of voltage-gated Na+ channels is regulated by concerted FGF13 

and FGF14 action ........................................................................................................................ 20 

2.1 Introduction ..................................................................................................................... 20 

2.2 Results .............................................................................................................................. 23 

2.2.1 FGF13 and FGF14 are differentially localized within hippocampal neurons ... 23 

2.2.2 Endogenous FHFs differentially affect VGSC localization within the AIS ....... 34 

2.2.3 Endogenous FGF13 and FGF14 differentially regulate the levels of functional 

VGSCs .................................................................................................................................. 35 

2.2.4 FGF13 regulates somatodendritic VGSC endocytosis .......................................... 39 

2.2.5 FGF13VY limits VGSC surface expression ............................................................ 42 



 

 

viii

2.2.6 FGF14B promotes VGSC surface expression ......................................................... 44 

2.2.7 FGF13VY-dependent and FGF14B-dependent effects on VGSCs require direct 

binding to VGSCs ............................................................................................................... 45 

2.3 Discussion ........................................................................................................................ 49 

2.4 Materials and Methods .................................................................................................. 56 

3. FGF14 is a novel regulator of KCNQ2 channels ................................................................. 65 

3.1 Introduction ..................................................................................................................... 65 

3.2 Results .............................................................................................................................. 68 

3.3 Discussion ........................................................................................................................ 81 

3.4 Materials and Methods .................................................................................................. 84 

4. FGF13 regulates axon initial segment structural plasticity ............................................... 91 

4.1 Introduction ..................................................................................................................... 91 

4.2 Results .............................................................................................................................. 94 

4.3 Discussion ........................................................................................................................ 99 

4.4 Materials and Methods ................................................................................................ 101 

References .................................................................................................................................. 105 

Biography ................................................................................................................................... 114 

 



 

 

ix

List of Figures 

Figure 1: The organization of FHF domains. All four members of the FHF family share a 

highly similar core region homologous to the canonical FGF β-trefoil core. In addition, 

FHFs have extended N- and C-termini. Each member of the FHF family has isoforms 

that are generated by the alternative splicing of different first exons thus leading to 

proteins that are identical except for their N-termini. FGF11, 12 and 14 have two 

isoforms each while FGF13 has five. .......................................................................................... 6 

Figure 2: The VGSC binding site of FHFs. Crystal structures of FHFs in complex with 

VGSCs show that this interaction depends on FHF “protrusions” that fit into VGSC 

“depressions”. Shown here is a representative ribbon diagram of an FHF (FGF13) 

binding to a space-filling model of a VGSC C-terminus. The Arg57 residue on FHFs is 

highlighted in yellow as mutation of this residue is sufficient to abrogate FHF-VGSC 

binding. ......................................................................................................................................... 11 

Figure 3: The diversity of FHF functions. Shown is a summary of the various FHF 

functions discussed in the text. Functions directly supported by evidence in the 

literature are in black text while functions that have only been speculated at are in violet.

 ....................................................................................................................................................... 19 

Figure 4: FGF13 and FGF14 are present in hippocampal neurons but have distinct 

subcellular localizations. A) Immunocytochemistry of FGF13 in isolated hippocampal 

neurons. FGF13 is localized to axons (arrowheads) and to neuronal soma (dashed lines), 

often, but not always, including the nucleus. Transfection of hippocampal neurons with 

FGF13 shRNA (asterisk) abolishes most of the immunoreactive signal to the FGF13 

antibody. B) Immunoblotting for FGF13 in neurons infected with viruses transducing 

scrambled shRNA (Scr), FGF13 knockdown shRNA (13KD), or FGF14 knockdown 

shRNA (14KD). The FGF13 shRNA, but not scrambled or FGF14 shRNA, eliminates 

virtually all immunoreactivity to the FGF13 antibody. C) Immunohistochemistry of 

FGF13 in hippocampal brain slices shows abundant expression in pyramidal cell axons 

(arrowheads) and soma, often including the nucleus (arrow). D)   The subcellular 

localizations of FGF14 and FGF13 differ in hippocampal neurons. While FGF14 is mostly 

localized to the axon initial segment marked by ankyrin-G, FGF13 is widely distributed 

in both the axon and in the somatodendritic compartment. E) Quantitative PCR of 

FGF13 and FGF14 isoforms in cultured hippocampal neurons. FGF13S and FGF13VY 

were the most abundant FGF13 isoforms while FGF14B was the only FGF14 isoform 

expressed. F) GFP fused reporter constructs of FGF14B, FGF13S and FGF13VY, 

expressed in cultured hippocampal neurons all localized to the axon (white arrowheads) 



 

 

x

as marked by ankyrin-G, While FGF14B was axonally restricted, FGF13S and FGF13VY 

were both abundant in the somatodendritic compartment (Scale bar=10um). .................. 27 

Figure 5: Differential FGF13 and FGF14 localization within the AIS of cultured 

hippocampal pyramidal neurons. A) Immunocytochemistry of endogenous FGF13 and 

FGF14. The boxed area highlights the AIS (identified by ankyrin-G staining; Scale bar=10 

μm). B) Quantification of FGF13 and FGF14 signal intensity within the AIS in 19 

neurons. Pixel values are normalized to maximum pixel values for each data set (red 

and blue lines show average; gray indicates s.e.m.). FGF13 extended further distally than 

FGF14 within the AIS. C) FGF13 immunoreactivity (left) in the axon plotted as pixel 

intensity versus distance from soma for antibody dilutions of 1:50, 1:250, 1:500 and 

1:1000, extends further than FGF14 immunoreactivity (right) in the axon for the same 

range of antibody dilutions. D) Representative super-resolution microscopy images of 

endogenous FGF13 and FGF14 within the AIS membrane delineated by the AIS marker 

ankyrin-G (Scale bar=1 μm). E-F) Colocalization analysis of super-resolution images. E) 

FGF14 and F) FGF13 both showed less colocalization with each other than with ankyrin-

G (*, p<0.05 by Student’s t-test compared to colocalization with ankyrin-G; n=9). ........... 30 

Figure 6: Ankyrin-G is required for the AIS localization of both FGF13 and FGF14. A) 

Neurons transfected with shRNA targeting ankyrin-G (GFP signal, white asterisk) have 

dramatically reduced levels of ankyrin-G and as a consequence lose the localization of 

FGF13 in the AIS compared to neighboring untransfected cells (white arrowheads) 

(Scale bar=10 m). B) Neurons transfected with shRNA targeting ank-G (GFP signal, 

white asterisk) have dramatically reduced levels of ank-G and as a consequence lose the 

localization of FGF14 in the AIS compared to neighboring untransfected cells (white 

arrowheads) (Scale bar=10 um). ................................................................................................ 32 

Figure 7: FGF14 knockdown, but not FGF13 knockdown, reduces axonal VGSCs. A-I) 

Immunocytochemistry for VGSCs and ankyrin-G in cultured hippocampal neurons after 

transfection with a scrambled shRNA (Scr), FGF14 shRNA (14KD), or FGF13 shRNA 

(13KD). VGSCs were visualized using a pan-VGSC antibody (Pan Nav). GFP (green in 

Overlay) identified transfected neurons. J-K) Quantifications of integrated pixel intensity 

along line scans down the ankyrin-G-defined AIS (*, p<0.05 by ANOVA; Scr n=11, 13KD 

n=17, 14KD n=12, 4 coverslips each). Knockdown of FGF14 but not FGF13 reduced the 

levels of VGSCs in the AIS. Ankyrin-G levels remained unchanged (not significant by 

ANOVA, Prob>F=0.26448). ........................................................................................................ 34 

Figure 8: FGF13 and FGF14 knockdown differentially affect VGSC membrane protein 

and current density. A) Immunoblots of total levels of VGSCs or transferrin receptors 



 

 

xi

(TfR) from lysates (Input) or biotinylated surface proteins after streptavidin pulldown 

(Surface) from cultured hippocampal neurons infected with viruses to transduce either 

scrambled shRNA (Scr), FGF13 shRNA (13KD) or FGF14 shRNA (14KD). B) 

Quantification of surface VGSCs (*, p<0.05 by One sample t-test compared to Scr 

mean=100, n=3) revealed a decrease in membrane VGSCs upon FGF14 knockdown while 

FGF13 knockdown increased the amount of VGSCs at the membrane surface. C) 

Exemplar VGSC currents after transfection of either scrambled shRNA (Scr), FGF13 

shRNA (13KD) or FGF14 shRNA (14KD). D) Summarized current-voltage curve (Scr 

n=16, 13KD n=18, 14KD n=15). FGF14 knockdown reduced VGSC current density while 

FGF13 knockdown increased it (maximum current density in pA/pF, Scr= -93.65, 13KD= 

-137.50*, 14KD= -45.52*, * = p<0.05 by ANOVA followed by Fisher’s LSD post-hoc test). 

E) Exemplar current traces without (top) and with (bottom) a prepulse protocol to 

remove axial escape spikes generated by axonal VGSCs thus leaving mostly somatic 

currents. F) Axial currents were decreased by FGF14 knockdown (14KD) but not by 

FGF13 knockdown (13KD) compared to a scrambled control (Scr) (maximum current in 

pA, Scr= 2250.0 ± 381.3; 13KD= 2325.2 ± 614.6, p>0.05; 14KD= 838.7 ± 352.8, p<0.05) (Scr 

n=12, 13KD n=9, 14KD n=11). G) Effects on VGSC current density after inactivation of 

axial currents revealed results similar to total recorded VGSC currents. FGF14 

knockdown reduced VGSC currents while FGF13 knockdown increased. VGSC currents 

(maximum current density in pA/pF, Scr= -66.46 ± 3.78, 13KD= -87.51* ± 6.02, 14KD= -

33.40* ± 3.08, * = p<0.05 by ANOVA). ....................................................................................... 38 

Figure 9: Inhibition of endocytosis is not additive to FGF13 knockdown. A) Dynasore 

treatment increases current density (DMSO n=16, Dynasore n=19; p<0.05 by Student’s t-

test) and membrane protein in Scr neurons when compared to DMSO treated controls. 

B) Dynasore treatment does not increase the current density (DMSO n=9, Dynasore n=7; 

p>0.05 by Student’s t-test) and membrane protein of 13KD neurons. C) Dynasore 

treatment does not increase the current density (DMSO n=10, Dynasore n=9; p>0.05 by 

Student’s t-test) and membrane protein of 14KD neurons. .................................................. 41 

Figure 10: FGF13VY limits VGSC current density. A) Exemplar current traces from 

cultured hippocampal neurons treated with scrambled shRNA (Scr), FGF13 shRNA 

(13KD), FGF13 shRNA plus shRNA resistant FGF13VY (FGF13VY rescue), or FGF13 

shRNA plus shRNA-resistant wild-type FGF13S (FGF13S rescue). B) Current-voltage 

relationships for Scr, 13KD, and FGF13VY rescue (Scr n=16, 13KD n=16, FGF13VY rescue 

n=10). FGF13VY is capable of reversing the increase in current density seen upon 

knockdown of all FGF13 isoforms (maximum current density in pA/pF, Scr= -97.68 ± 

13.35, 13KD= -172.05* ± 18.56, FGF13VY rescue = -74.99 ± 9.56, * = p<0.05 by ANOVA 

followed by Fisher’s LSD post-hoc test; Scr and FGF13VY rescue N.S. by Student’s t-



 

 

xii

test). C) Current-voltage relationships for Scr, 13KD or FGF13S rescue (Scr n=16, 13KD 

n=16, FGF13S rescue n=11). FGF13S did not restore the 13KD-mediated increase in 

current density (maximum current density in pA/pF, Scr= -97.68 ± 13.35, 13KD= -172.05* 

± 18.56, FGF13S rescue = -154.26* ± 20.19, * = p<0.05 by ANOVA followed by Fisher’s 

LSD post-hoc test; 13KD and FGF13S rescue N.S. by Student’s t-test). .............................. 43 

Figure 11: FGF14B increases VGSC current density. A) Exemplar VGSC current traces 

from cultured hippocampal neurons treated with scrambled shRNA (Scr), FGF14 

shRNA (14KD), or FGF14 shRNA plus shRNA-resistant wild-type FGF14 (FGF14BWT 

rescue). B) Current-voltage relationship from cultured hippocampal neurons treated 

with FGF14 shRNA plus shRNA-resistant wild-type FGF14 (FGF14BWT rescue n=15). 

These experiments were conducted in conjunction with those from Figure 8 so the 

scrambled shRNA (Scr) and FGF14 shRNA (14KD) current-voltage relationships from 

Figure 8 are repeated for comparision. The deficit in current density caused by 14KD 

could be rescued by FGF14BWT indicating that FGF14B promotes VGSC surface 

expression (maximum current density in pA/pF, Scr= -93.65 ± 6.17, 14KD= -45.52* ± 3.22, 

FGF14B rescue= -88.12 ± 7.24, * = p<0.05 by ANOVA followed by Fisher’s LSD post-hoc 

test; Scr and FGF14B rescue N.S. by Student’s t-test). ........................................................... 45 

Figure 12: FGF13VY and FGF14B directly bind VGSCs to regulate their surface 

expression. A) Crystal structure of the NaV1.2 C-terminus domain (CTD, blue) bound to 

FGF13 (red). The critical arginine in FGF13 (equivalent to R120 in FGF13VY and R117 in 

FGF14) is indicated in yellow seen in the enlarged image as embedded in a NaV1.2 

pocket. B) Isothermal titration calorimetry with the recombinant CTD of NaV1.5 and 

FGF13 shows robust binding for the wild type FGF13 (left, KD = 123 ± 2 nM), but an 

almost complete elimination of binding for the R A mutant (right, KD cannot be 

determined). C) Co-purification experiments with recombinant NaV1.6 CTD and wild-

type (WT) FGF14 or an R A mutant (RA). Both FGF14 contructs express as seen in the 

supernatant (S) but only the wild-type co-purifies with a His-tagged VGSC CTD upon 

metal affinity purification (P). Thus the single point mutation is sufficient to abrogate 

binding. D) The increase in current density caused by 13KD could not be restored to 

control levels by shRNA resistant FGF13VY R120A (FGF13VYRA rescue n=9) showing 

that FGF13VY requires an interaction with VGSCs in order to regulate their surface 

expression. (maximum current density in pA/pF, FGF13VY rescue = -74.99 ± 9.56, 

FGF13VYR/A rescue = -260.79* ± 15.12, p<0.05 by Student’s t-test). These experiments 

were conducted in conjunction with those from Figure 10 so the scrambled shRNA (Scr) 

and FGF13 shRNA (13KD) current-voltage relationships from Figure 10 are repeated for 

comparision. E) The deficit in current density caused by 14KD could not be rescued by 

shRNA resistant FGF14 R117A (FGF14BRA rescue, n=14) indicating that FGF14 requires 



 

 

xiii

direct binding to VGSCs (maximum current density in pA/pF, FGF14B rescue= -88.12 ± 

7.24, FGF14BRA rescue= -51.76* ± 4.90, p<0.05 by Student’s t-test). These experiments 

were conducted in conjunction with those from Figure 8 so the scrambled shRNA (Scr) 

and FGF14 shRNA (14KD) current-voltage relationships from Figure 8 are repeated for 

comparision. ................................................................................................................................ 48 

Figure 13: Proposed model for FGF13 and FGF14 function in hippocampal neurons. 

FGF13 removes VGSCs from the somatodendritic membrane while FGF14 promotes 

their localization to the AIS, thus leading to the concentration of VGSCs at the AIS. ...... 55 

Figure 14: FGF14 knockdown leads to loss of AIS-localized KCNQ2. A-D) Neurons 

transfected with scrambled control shRNA (GFP reporter, green signal) exhibit 

localization of B) KCNQ2 to the AIS as marked by C) ankyrin-G. Nearby untransfected 

neurons have the same pattern. E-H) Neurons transfected with FGF14-targeted shRNA 

(GFP reporter, green signal) lose more than half of F) KCNQ2 immunoreactivity at the 

G) AIS. Nearby untransfected neurons are unaffected. I-L) Neurons transfected with 

FGF13-targeted shRNA do not exhibit loss of J) KCNQ2 at the K) AIS. M) Quantification 

of KCNQ2 immunoreactivity via integrated pixel intensity reveals that 14KD but not 

13KD significantly reduces KCNQ2 localization as compared to Scr. N) Ankyrin-G is not 

significantly affected across treatments. (*, p<0.05, ANOVA followed by Fisher’s LSD). 70 

Figure 15: FGF14 knockdown leads to a decrease in XE-991 sensitive outward currents. 

A) Currents recorded in the presence of TTX and Cd were elicited via a voltage-step 

protocol in whole-cell voltage clamp. B) KCNQ currents were defined as the component 

of outward potassium current sensitive to 20 um of XE-991. KCNQ currents from 

neurons transfected with FGF-14 targeted shRNA (14KD) but not FGF13-targeted 

shRNA (13KD) neurons were smaller than currents from neurons transfected with a 

scrambled control shRNA (Scr). C) Current-voltage relationships for Scr, 14KD and 

13KD KCNQ2 currents show that current amplitudes for 14KD are significantly smaller -

40 to +40 mV. (*, p<0.05, ANOVA followed by Fisher’s LSD) .............................................. 71 

Figure 16: FGF14 but not FGF13 binds to KCNQ2. A) Coimmunoprecipitation 

experiments with heterologous expression of KCNQ2 and FGF14 show that 

immunoprecipitating FGF14 leads to the coimmunoprecipitation of KCNQ2. This is not 

true when one of these proteins is omitted. KCNQ2 is depleted from input material 

(supernatant) only when FGF14 is present and immunoprecipitated, again indicating 

binding. B) Immunoprecipitation of FGF13 leads to no discernible signal for 

coimmunoprecipitation of KCNQ2. This indicates that FGF13 does not bind to KCNQ2.

 ....................................................................................................................................................... 74 



 

 

xiv

Figure 17: FGF14 binds to KCNQ2 upstream of its C-terminus. A) Copurification 

experiments with a 6XHis-tagged KCNQ2 C-terminus show that calmodulin (CaM) 

binds while FGF14 does not. B) Immunoprecipitation of FGF14 is still capable of 

immunoprecipitating a KCNQ2 construct that lacks a C-terminus. Omission of either 

protein does not yield a significant signal. .............................................................................. 75 

Figure 18: FGF14 binds to KCNQ2 at an interface distinct from NaV binding. 

Immunoprecipitation of wild-type FGF14 coimmunoprecipitates both NaV1.6 and 

KCNQ2. In contrast, immunoprecipitation of a NaV binding-deficient FGF14RA mutant 

does not coimmunoprecipitate NaV1.6 while stil retaining the capability to 

coimmunoprecipitate KCNQ2. ................................................................................................. 77 

Figure 19: FGF14 bridges NaV1.6 and KCNQ2. Immunoprecipitation of KCNQ2 is only 

capable of coimmunoprecipitating NaV1.6 in the presence of FGF14. Omission of any of 

these three components leads to no signal. ............................................................................. 78 

Figure 20: FGF14 knockdown changes action potential shape and intrinsic membrane 

properties. A) The input resistance of 14KD neurons is higher than for Scr neurons. (*, 

p<0.05, Student’s t-test). B) Increasing current injections lead to decreased numbers of 

action potentials generated from 14KD neurons compared to Scr neurons. C) Examples 

of action potential trains generated from 100 pA injections into both Scr and 14KD 

neurons. Fewer action potentials are generated by 14KD neurons and the threshold for 

their generation is increased. D) The threshold for action potentials subsequent to the 

first one is higher in 14KD neurons than it is for Scr control neurons. E) Singly evoked 

action potential waveforms from neurons transfected with scrambled control shRNA 

(Scr) or FGF14-targeted shRNA (14KD). 14KD action potentials are shorter and wider 

than Scr action potentials. F) Phase plots of action potentials from Scr or 14KD neurons. 

The maximum rate of rise for 14KD action potentials is lower than for Scr. ..................... 79 

Figure 21: NaV channels are more proximal to the soma at baseline when FGF13 is 

knocked down. A) Quantification of pixel intensity against distance from soma shows 

that the signal for NaV channels is shifted closer to the soma in neurons transfected with 

FGF13-targeted shRNA (13KD). Neurons transfected with FGF14-targeted shRNA 

(14KD) have an overall decrease in NaV channel immunoreactivity but on average have 

the same position along the axon as neurons transfected with scrambled control shRNA 

(Scr). B) Representative images of transfected (GFP signal, green) neurons. 13KD NaV 

channels are closer to the soma than 14KD or Scr. 14KD neurons have a decreased NaV 

channel signal but are still distally located compared to 13KD. .......................................... 95 



 

 

xv

Figure 22: Ankyrin-G is more proximal to the soma at baseline when FGF13 is knocked 

down. A) Quantification of pixel intensity against distance from soma shows that the 

signal for ankyrin-G (AnkG) is shifted closer to the soma in neurons transfected with 

FGF13-targeted shRNA (13KD) compared to neurons transfected with either FGF14-

targeted shRNA (14KD) or scrambled control shRNA (Scr). Overall levels of ank-G 

remain the same among treatments. B) Representative images of transfected (GFP signal, 

green) neurons. 13KD ank-G is closer to the soma than 14KD or Scr. Overall levels of 

ank-G remain the same among treatments. ............................................................................ 96 

Figure 23: FGF13 knockdown impairs activity dependent AIS structural plasticity. A) 

Depolarization of neurons by raising extracellular K+ levels to 15 mM leads to distally 

shifted ank-G immunoreactivity in relation to the soma. This shift is absent in neurons 

transfected with FGF13-targeted shRNA (13KD). B) Quantification of ank-G position 

with relation to the soma of a population of neurons shows that 13KD in depolarized 

conditions leads to a significantly more proximal AIS than Scr neurons. .......................... 98 

Figure 24: FGF13 knockdown leads to decreased CaV1.x function. Nifedipine sensitive 

Ba2+ currents were measured in the whole-cell voltage clamp configuration in order to 

measure CaV1.x function. Neurons transfected with FGF13-targeted shRNA (13KD) had 

significantly smaller currents than neurons transfected with a scrambled control shRNA 

(Scr). (p<0.05, Student’s t-test) ................................................................................................... 99 

 

 



 

 

xvi

Acknowledgements 

I wish to acknowledge all who made this work possible both personally and 

professionally in particular my advisor Geoffrey S. Pitt and the entire Ion Channel 

Research Unit of Duke University. 



 

 

1

1. Introduction to FHFs 

FHFs (fibroblast growth factor homologous factors) are a family of molecules 

that in the past two decades have been implicated in a variety of neurobiological 

processes. In this chapter I will first discuss new insights into FHF structure and the 

physiological significance of the FHFs in their canonical roles as intracellular voltage-

gated sodium channel (VGSC) modulators. This is followed by a summary of the 

growing body of evidence that these proteins operate in much broader fashion. Finally I 

highlight unknown aspects of FHF function as areas of future interest.  

1.1 Background 

FHFs were first identified as FGF-like cDNAs during a search for novel retinal-

specific genes. The FHFs are composed of four members of the FGF superfamily: FGF11, 

FGF12, FGF13, and FGF14 (aka FHF3, FHF1, FHF2, and FHF4, respectively). Each 

member has at least two distinct isoforms generated by alternative splicing of different 

first exons. FGF13 displays the most extensive isoform diversity with at least five 

different isoforms (Figure 1) (Munoz-Sanjuan et al., 2000; Smallwood et al., 1996). 

Several of the alternatively spliced isoforms have a restricted nuclear localization 

(Smallwood et al., 1996). Their roles within the nucleus have not yet been determined. 

Though similar in overall structure to the FGFs (see Section 1.2), important 

differences render FHFs incapable of activating FGF receptors. First, lacking a signal 
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sequence in their N-termini, they are not secreted extracellularly (Smallwood et al., 1996) 

and thus are unavailable to bind to FGF receptors. Additionally, specific structural 

differences appear to prevent FHFs from being able to activate FGF receptors (Olsen et 

al., 2003).  

The first breakthrough in understanding roles for FHFs as non-growth factors 

came when Waxman and colleagues identified FGF12B (aka FHF1B) while screening for 

proteins that interact with the intracellular C-terminal tail of the voltage-gated sodium 

channel NaV1.9 (Liu et al., 2001). Since then it has become clear that FHFs are critical 

cytoplasmic VGSC regulators that determine the in vivo kinetic parameters of channel 

function and at least in some neurons may also control VGSC subcellular localization 

(discussed in detail in Section 1.3). 

Interestingly, FHFs have been implicated in neurobiological disease. The best 

defined link is for spinocerebellar ataxia 27 (SCA27). SCA27 was mapped to FGF14 in a 

Dutch kindred in whom all affected individuals harbored a heterozygous phenylalanine 

to serine point mutation (corresponding to F145S in FGF14A or F150S in FGF14B) (van 

Swieten et al., 2003). Additional FGF14 mutations have been described in other patients 

with spinocerebellar ataxia (Dalski et al., 2005). Consistent with this disease association, 

mice that lack Fgf14 are ataxic and perform poorly in motor behavioral tasks, 

recapitulating major phenotypes observed in SCA27 patients (Wang et al., 2002). 
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Because heterozygous Fgf14+/– mice displayed no obvious phenotype, it appears that the 

F150S mutation in the Dutch kindred must act as a dominant-negative loss-of-function 

mutation. Beyond SCA27 associated with FGF14,  FGF13 is a locus for neuropsychiatric 

diseases. A family in which there is a disruption in the FGF13 gene, exhibit Genetic 

Epilepsy and Febrile Seizures Plus (Puranam et al., 2015). Mouse models of Fgf13 loss of 

function have altered synaptic transmission and increased susceptibility to seizures 

(Puranam et al., 2015). FGF13 is also located on the chromosomal segment that maps to a 

X-linked spinocerebellar ataxia (SCAX5) (Zanni et al., 2008). Linkage analysis has further 

implicated FGF13 in X-linked mental disorders such as Borjesson-Forssman-Lehmann 

syndrome (Gecz et al., 1999). Possible mechanisms for FHF dysfunction in neural disease 

are discussed further in Section 1.6. 

1.2 The structure of FHFs 

Crystal structures of FGF12B, FGF13S and FGF13U show that the FHFs do not 

only share sequence homology with the FGFs but are structurally similar as well (Goetz 

et al., 2009; Olsen et al., 2003; Wang et al., 2012). FGFs are classically described as 

consisting of 12 antiparallel β strands arranged in a structure with pseudo threefold 

symmetry called a β-trefoil (Zhu et al., 1991). FHFs adopt the same structure in the 

“core” domain most homologous to FGFs while the extended N- and C-termini of FHFs 

are divergent in sequence and conformation (Olsen et al., 2003).    
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In a cell survival assay in which cells expressing different FGF receptors (FGFRs) 

were exposed to FGF1 or the FHFs, FHFs had no effect indicating that they are incapable 

of binding FGFRs and establishing them as distinct from FGFs. Sequence and structural 

analysis indicated two amino acids present in many FGFs (Gly67 and Asn110 in FGF1) but 

changed in the corresponding positions in all FHFs (Arg52 and Val95 instead in FGF12b), 

might be important in explaining why FHFs cannot bind to FGFRs. The Gly�Arg 

substitution could induce a steric clash while the Asn�Val substitution removes 

hydrogen bonds known to be critical for FGF binding to FGFRs. Making these 

substitutions in FGF1 does indeed impair its ability to bind to its receptor although the 

reverse is not true. Thus these amino acids are necessary but not sufficient in ensuring 

FGFs bind to FGFRs and at least part of the reason FHFs cannot do the same is due to 

the presence of different amino acids at these sites (Olsen et al., 2003).    

We now know that FHFs bind to VGSCs intracellularly at the VGSC C-terminus, 

which is a rich site of protein interactions and VGSC modulation (Liu et al., 2001; Liu et 

al., 2003; Olsen et al., 2003). The crystal structure of a ternary complex between an FHF, a 

VGSC and calmodulin has been solved and reveals the nature of the binding interface of 

FHFs and VGSCs (Wang et al., 2012). There are protrusions on the FHF that fit into 

depressions in the VGSC, with the major anchor being FHF Leu56 and Arg57 (numbered 

according to FGF13B) interacting with VGSC His1849 and Asp1852. In fact, mutation of the 
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FHF Arg57 is sufficient to almost completely abrogate interaction with the VGSC (see 

Chapter 2). The structure also addresses at least one component of the sometimes 

perplexing rules governing different FHF-VGSC pairings. FHF Lys14 (Lys9 in FGF12B) 

forms a salt bridge with VGSC Glu1890, an interaction particularly important to FGF12B 

since it has the shortest N terminal extension among the FHFs. In NaV1.1 however the 

corresponding residue is a glutamine (Gln1904) leading to loss of the salt bridge, thus 

explaining why FGF12B regulates NaV1.5 but has no effect on NaV1.1 (Wang et al., 

2011b).  
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Figure 1: The organization of FHF domains. All four members of the FHF 

family share a highly similar core region homologous to the canonical FGF β-trefoil 

core. In addition, FHFs have extended N- and C-termini. Each member of the FHF 

family has isoforms that are generated by the alternative splicing of different first 

exons thus leading to proteins that are identical except for their N-termini. FGF11, 12 

and 14 have two isoforms each while FGF13 has five. 
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1.3 FHFs regulate voltage-gated sodium channels 

By far the most characterized role for FHFs is the regulation of voltage-gated 

sodium channels. Besides directly binding to VGSCs (see Section 1.2), FHFs are found in 

neuronal subdomains where VGSCs are known to concentrate. FGF14 in both the 

hippocampus and the cerebellum localizes to the axon initial segment (AIS), the 

proximal region of the axon where action potentials are initiated and VGSCs are most 

concentrated (Goldfarb et al., 2007; Lou et al., 2005). FGF13U localizes to nodes of 

Ranvier, which also contain VGSCs that propagate action potentials down the length of 

an axon (Wittmack et al., 2004).  

FHFs have profound effects on VGSCs when coexpressed with them in 

heterologous expression systems. Both S and U (A and B) isoforms of FGF13 are capable 

of increasing NaV1.6 currents in the DRG-derived cell line ND7/23. Steady-state 

inactivation occurs at more depolarized voltages when compared to control GFP 

transfected cells. In this system, the two FGF13 isoforms do have different effects on one 

parameter: recovery from inactivation as measured by a two pulse protocol with 

increasing intervals between the two pulses. While FGF13S greatly slows NaV1.6 

recovery from inactivation, FGF13U does not show any appreciable effect on this VGSC 

property (Rush et al., 2006; Wittmack et al., 2004). The fact that different isoforms of the 

same FHF can often have very different effects in any particular measured parameter is 
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a recurring theme within this family of proteins. In heterologous expression systems, 

neuronal sodium channels are differentially regulated by FGF14A and FGF14B. While 

FGF14A does not change the current density through either coexpressed NaV1.2 or 

NaV1.6, FGF14B reduces current densities for both of these VGSCs. The two isoforms of 

FGF14 also regulate the voltage dependence of steady-state inactivation differently. 

FGF14A shifts steady-state inactivation of NaV1.2 to more depolarized voltages while 

FGF14B exhibits no significant effect. In contrast, both isoforms shift the steady-state 

state inactivation of NaV1.6 to more depolarized voltages (Laezza et al., 2009). This result 

illustrates another aspect of the FHF-mediated regulation of VGSCs. The effects of any 

specific FHF isoform also depend on the particular VGSC isoform in question. For 

example, overexpression of FHFs does not always depolarize steady-state inactivation (if 

it shows an effect at all). Cotransfection of FGF12B with NaV1.5 induces a 

hyperpolarizing shift in the voltage dependence of steady-state inactivation (Liu et al., 

2003).  

 The third layer of complexity when dealing with FHF regulation of VGSCs is 

that effects vary depending on the cell-type and preparation used, not simply in 

magnitude but in directionality. While FGF14b overexpression leads to a reduction in 

current density for any VGSC isoform coexpressed in HEK cells (Laezza et al., 2009; Lou 

et al., 2005), the same isoform when transfected into hippocampal neurons actually 
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increases current density. Not all effects are opposite though as VGSC steady-state 

inactivation is consistently depolarized by FGF14B overexpression whether in HEK cells 

or in hippocampal neurons (Lou et al., 2005). Cultured cerebellar granule cells from 

Fgf12-/-Fgf14-/- double knock-out mice do not display any differences in VGSC current 

density compared to wild-type controls, while Fgf12-/-Fgf14-/- cells in slices have 

significantly smaller transient VGSC peaks (Goldfarb et al., 2007).   

Although specific details may vary on these three factors: FHF isoform, VGSC 

isoform, and cell preparation; what is clear is that FHFs are critical in setting VGSC 

kinetic parameters important for normal neuronal physiology. Both Fgf14-/- Purkinje 

neurons and Fgf12-/-Fgf14-/- granule cells are much less excitable and fire fewer 

spontaneous or evoked action potentials when compared to control cells. In Fgf12-/-Fgf14-

/- granule cells this is at least in part because VGSCs inactivate at more negative voltages, 

are quicker to inactivate and slower to recover from inactivation (Goldfarb et al., 2007). 

Knocking down Fgf14 in cerebellar Purkinje neurons also decreases resurgent current, a 

VGSC current that manifests when VGSCs are protected from inactivation by a putative 

“blocking particle” and is important in allowing repetitive firing. This normally allows 

VGSCs to re-open quickly and facilitates Purkinje cells’ ability to fire subsequent closely-

timed action potentials (Yan et al., 2014). FGF14 knockdown biases the VGSC channels 

towards an inactivated state that decreases resurgent current and consequently the rate 
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of firing. Whether this is because Fgf14 knockdown facilitates inactivation thereby 

reducing the population of channels available for resurgent current to pass or whether 

FGF14 itself plays a role in the blocking particle, remains to be determined. While this 

regulation is imparted by the B isoform of FGF14, the A isoforms of the FHFs also 

compete with intrinsic VGSC fast inactivation for a different purpose: to decrease action 

potential firing during a steady excitatory current (Dover et al., 2010; Venkatesan et al., 

2014). FHFs have also been suggested to regulate the trafficking and/or localization of 

VGSCs because a modest decrease in NaV1.1 and NaV1.6 immunofluorescence is 

detected in Fgf14-/- Purkinje neurons (Shakkottai et al., 2009; Xiao et al., 2013) although no 

such decrease has been reported in Fgf12-/-Fgf14-/- cerebellar granule cells. A stronger 

phenotype in this regard is observed when the SCA27 mutant FGF14F150S is expressed in 

hippocampal cells where both VGSC immunofluorescence and current density are 

reduced. Whether this difference in the two studies is due to cell-type differences 

between the cerebellum and the hippocampus, or the possibility that FGF14F150S is not a 

simple a loss-of-function mutation, remains to be elucidated.  
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Figure 2: The VGSC binding site of FHFs. Crystal structures of FHFs in 

complex with VGSCs show that this interaction depends on FHF “protrusions” that 

fit into VGSC “depressions”. Shown here is a representative ribbon diagram of an 

FHF (FGF13) binding to a space-filling model of a VGSC C-terminus. The Arg57 

residue on FHFs is highlighted in yellow as mutation of this residue is sufficient to 

abrogate FHF-VGSC binding. 

 

1.4 FHFs regulate voltage-gated calcium channels and synaptic 
transmission 

Recently it has come to light that FHFs influence a broader range of ion channels 

than previously appreciated. Yan et al. showed that shRNA-mediated knockdown of 

Fgf14 in cerebellar Purkinje neurons leads to a pronounced decrease in the currents 

flowing through voltage gated calcium channels (CaVs). When coexpressed 
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heterologously with CaVs, FGF14 increases current density through CaV2.1 and CaV2.2 

but not through L-type CaV1.2 or R-type CaV2.3, again demonstrating an encoded 

specificity between FHFs and their ion channel targets. FGF14 does not change the 

voltage dependence of activation or inactivation but instead increases the number of 

CaVs present at the cell membrane as evidenced by an increase in gating charge. Since 

CaV2.1 and CaV2.2 constitute the presynaptic Ca2+ channels at the granule cell to Purkinje 

cell synapse, FGF14 knockdown would be expected to be detrimental to proper synaptic 

transmission. Indeed excitatory post-synaptic currents were decreased in the post-

synaptic Purkinje cells and short-term synaptic plasticity was changed. Specifically, the 

paired pulse ratio of two closely spaced stimuli increased, indicating a decrease in 

presynaptic Ca2+ flux (Yan et al., 2013). The exact mechanism by which FGF14 regulates 

the number of CaVs at the synaptic membrane remains unclear. This FHF regulation of 

CaVs is not limited to neurons as FGF13 has been reported to regulate CaV1.2 in 

cardiomyocytes (Hennessey, Wei et al. 2013). 

The finding that FGF14 affects synaptic transmission at the granule cell to 

Purkinje cell synapse fits with the observation that Fgf14-/- mice display impaired 

hippocampal synaptic transmission and plasticity. Electron microscopy revealed that 

there were significantly fewer docked vesicles in the active zones of Fgf14-/- mice as well 

as a reduced synaptic vesicle reserve pool. The frequency of miniature excitatory post-
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synaptic currents decreased, and field excitatory post-synaptic potentials indicated a 

decrease in both the readily releasable as well as reserve vesicle pools. This lent further 

support to the concept that the loss of FGF14 has major consequences for the presynaptic 

terminal. Various stimulation protocols failed to induce maintenance of long-term 

potentiation (LTP) at the Schaffer collateral-CA1 synapses of Fgf14-/- mice (Wozniak, Xiao 

et al. 2007, Xiao, Xu et al. 2007) thus demonstrating important consequences of FGF14 

loss for normal synaptic function. It remains to be tested whether these deficits are also 

due to changes in Ca2+ influx at the presynaptic terminal.  

1.5 FHFs have been implicated in novel roles outside channel 
regulation 

There has always been evidence that FHFs function as more than voltage gated 

ion channel modulators. One early study showed that the regulation of FGF14A is 

correlated with changes in craniofacial morphogenesis during early chick development 

(Munoz-Sanjuan et al., 2001). A yeast two hybrid screen for FGF12 interacting proteins 

yielded islet brain-2 (IB2), which is a MAPK scaffold protein. FGF12 and IB2 

coimmunoprecipitate in cerebellar lysates, showing that this interaction occurs in the 

brain. In HEK293T cells at least, the consequence of this FGF12-IB2 interaction seems to 

be the recruitment of the MAPK p38δ. Whether this holds true in the brain and if so, 

what this signaling module does remain unclear; although it has been speculated that 

there might be a role for this complex in stress-induced responses (Schoorlemmer and 
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Goldfarb, 2001; Schoorlemmer and Goldfarb, 2002). Nevertheless it seems likely that 

FHFs are both targets of and participants in kinase signaling cascades. Two recent 

studies highlight this point. The FGF14-VGSC complex was identified as a target for the 

kinase glycogen synthase 3 (GSK3) although it is unclear why pharmacological 

inhibition of GSK3 has contrasting effects on FGF14-mediated VGSC regulation 

depending on the specific VGSC isoform used. GSK3 inhibition reduces the localization 

of both VGSC and FGF14 at the AIS, indicating that a kinase pathway might be 

important for the assembly of this protein complex in neurons (Shavkunov et al., 2013). 

FGF12B was identified as a novel interactor of NEMO, which is a critical subunit of IKK, 

an enzyme whose activity eventually leads to activation and nuclear translocation of the 

transcriptional factor NF-κB. Overexpression and knockdown experiments showed that 

FGF12B is a negative regulator of NEMO and thus of NF-κB. FGF12B knockdown 

increased neuronal arborisation, neurite lengths and dendritic spine numbers in a 

NEMO-dependent manner.  

FGF12B’s regulation of neuronal morphology is not the only evidence that FHFs 

are participants in shaping the cellular architecture of neurons. Knockdown of FGF13 in 

cultured neurons leads to a large population of nonpolarized neurons wherein all 

neurites maintained dendritic characteristics. The number of dendritic branches 

increased and the cells that did have axons often had axons that were abnormally 
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branched. The failure to form proper axons led to deficits in cortical migration so that 

Ffg13-/Y hemizygous mice displayed disordered cortical layers during development. 

FGF13 was found to interact directly with B-tubulin and stabilize microtubule 

polymerization (Wu et al., 2012). This observation recalls the report of FHF interaction 

with IB2, a protein that associates with microtubules (Schoorlemmer and Goldfarb, 2001; 

Schoorlemmer and Goldfarb, 2002). Thus, FHFs may also play a role in regulating the 

cytoskeleton of neurons whether through signaling pathways that culminate in 

cytoskeletal changes or by directly interacting with components of the cytoskeleton. 

1.6 Unexplored questions and future directions 

As discussed in Section 1.3, one confounding factor in the study of FHFs is that 

their modulatory effects on ion channels in heterologous expression systems are often 

opposite to what would be predicted based on observations from knockdown or 

knockout in vivo models. This begs the question as to what other regulatory or auxiliary 

subunits are critical to FHF function and in what cellular pathways FHFs are involved 

in. In certain preparations, manipulation of FHF levels changes the observed channel 

current density (Laezza et al., 2007; Laezza et al., 2009; Lou et al., 2005; Rush et al., 2006; 

Wittmack et al., 2004; Yan et al., 2013). Although FHFs also typically change certain 

channel kinetic parameters such as the voltage dependence of steady state inactivation, 

this is unlikely to account for all of the changes in current density as many of these 
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protocols elicit currents from holding potentials where inactivation is identical for either 

control cells or cells in which FHFs have been manipulated. Thus this evidence suggests 

that FHFs are factors that determine the number of channels present at the cell 

membrane, a conclusion supported by surface biotinylation assays and gating charge 

protocols (Hennessey et al., 2013b; Wang et al., 2011a; Yan et al., 2013). As membrane 

molecules, ion channels go through the ER-Golgi pathway and are transported to the 

plasma membrane via vesicles (Barry et al., 2014; Kaplan et al., 2001; Xu et al., 2010; 

Zhang et al., 2012). They can also be removed from the membrane via endocytosis 

(Fache et al., 2004). For reviews of neuronal voltage-gated ion channel trafficking see 

(Lai and Jan, 2006; Leterrier et al., 2011; Vacher and Trimmer, 2012). Important questions 

include whether FHFs are involved in either or both anterograde or retrograde 

trafficking, and what cell-type specific molecules are critical for FHFs’ effects on the 

number of membrane channels. FHFs could conceivably act as adaptors anchoring 

channel containing vesicles to motor proteins or as cytoskeleton bound regulators 

orienting traffic towards specific domains within the cell.  

Another unanswered cell biological question regarding FHFs is what exactly the 

nuclear localization signal in the A isoforms is for. Although it has been shown that 

these isoforms indeed localize to the nucleus (Smallwood et al., 1996), it remains unclear 

whether they can influence nuclear processes such as transcription or gene expression.   
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As noted in Section 1.1, SCA27 is a human disease caused by a phenylalanine to 

serine substitution (F145S in FGF14A, F150S in FGF14B) and is inherited in an autosomal 

dominant manner (van Swieten, Brusse et al. 2003). This raises the interesting question 

of why this point mutation in FGF14 is enough to mask an endogenous wild-type 

FGF14. Laezza et al. showed that FGF14F150S in hippocampal neurons is unable to localize 

to the AIS where wild-type FGF14 is typically found and has a much lower affinity for 

NaV1.2. Additionally the mutant form interacts with the wild-type thus evoking a 

“sequestration” model in which mutant FGF14 prevents FGF14 from conducting its 

normal role of regulating VGSCs at the AIS (Laezza et al., 2007). In addition however, 

overexpression of FGF14F150S also reduces Ca2+ currents in cerebellar granule cells (Yan et 

al., 2013). This is significant because motor coordination is typically associated with the 

cerebellum and many ataxias are associated with changes in CaV function (Shakkottai 

and Paulson, 2009). How observations between hippocampal and cerebellar systems 

interact with each other has been largely unexplored and could hold important clues to 

the multimodal nature of FGF14 function and dysregulation in disease.  

Deficiencies in FHF function have been associated with cognitive impairment in 

mouse behavioral models as well as in human patients (Brusse et al., 2006). Independent 

of their motor deficits, Ffg14-/- mice displayed impaired acquisition performance in a 

Morris water maze test as measured by a greater distance traveled to a submerged 
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platform (Wozniak et al., 2007). Interestingly, Ffg13-/Y hemizygous mice exhibit the same 

acquisition deficit as well as a decreased time in the target quadrant. No motor deficits 

were observed for these mice (Wu et al., 2012). These observations and those discussed 

previously in this review imply that FHFs play important roles in establishing normal 

central nervous system circuitry probably through several distinct yet possibly related 

mechanisms: by setting electrophysiological parameters determining excitability, by 

contributing to normal synaptic function and plasticity, or through morphological 

changes in neurite patterning and cortical cell migration. It is likely that different FHF 

family members have varying levels of contribution to these processes but the degree to 

which any two FHFs are redundant remains incompletely understood. FHFs may prove 

important tools in the ongoing endeavor to understand how specific molecular and 

cellular changes influence nervous system circuitry and ultimately behavior. 

1.7 Summary 

FHFs are emerging as an intriguing family of molecules that have broad effects 

on neuronal function, playing critical roles in the development, physiology and disease 

of the mammalian nervous system (Figure 3). Though FHFs have been established as 

intracellular modulators of voltage gated sodium-channels, much is still unknown about 

their specific modes of action and their roles in other neurobiological processes.  
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Answering these questions will not only enlighten specific roles for FHFs, but will also 

reveal novel aspects of neuronal cell biology and yield insight into disease mechanisms. 

 

 

Figure 3: The diversity of FHF functions. Shown is a summary of the various 

FHF functions discussed in the text. Functions directly supported by evidence in the 

literature are in black text while functions that have only been speculated at are in 

violet.
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2. Polarized localization of voltage-gated Na+ channels 
is regulated by concerted FGF13 and FGF14 action 

The clustering of voltage-gated sodium channels (VGSCs) within the axon initial 

segment of most neurons is critical for efficient action potential initiation. Although 

VGSCs are initially inserted into both somatodendritic and axonal membranes, they are 

concentrated within the axon through several mechanisms, including preferential axonal 

targeting and selective somatodendritic endocytosis. It is currently unknown how the 

endocytic machinery specifically targets somatic VGSCs. In this chapter I demonstrate 

via knockdown strategies that in hippocampal neurons the noncanonical fibroblast 

growth factor FGF13 binds directly to VGSCs to limit their somatodendritic surface 

expression while exerting little effect on VGSCs within the axon initial segment (AIS). In 

contrast, the homologous FGF14, which is highly concentrated in the proximal axon, 

binds directly to VGSCs to promote their axonal localization. Both FGF13 and FGF14 

knockdown phenotypes can be rescued by expression of the appropriate shRNA-

resistant isoforms, but not when single point mutations in FGF13 or FGF14 abrogating 

VGSC interaction are introduced. Thus, my data show how the concerted actions of 

FGF13 and FGF14 regulate the polarized localization of VGSCs that supports efficient 

action potential initiation.  

2.1 Introduction 

In most primary neurons efficient action potential initiation results from the 

clustering of VGSCs at the AIS (Baranauskas et al., 2013; Jenkins et al., 2015; Zhou et al., 
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1998). The concentration of VGSCs within the AIS is ~10-80 fold higher than in the 

somatodendritic compartment (Hu et al., 2009; Lorincz and Nusser, 2010) even though 

they are initially inserted into both somatodendritic and axonal membranes (Akin et al., 

2015). Several mechanisms contribute to VGSC concentration in the AIS. First, VGSCs 

that are trafficked to the somatodendritic plasma membrane are endocytosed (Fache et 

al., 2004). Additionally, those trafficked to the AIS are trapped there via association with 

the cortical cytoskeleton (Garrido et al., 2003b; Jenkins et al., 2015). The cytoplasmic II-III 

linker within the pore-forming α subunit of VGSCs contains a binding motif for the 

cytoskeletal scaffolding molecule ankyrin G, and thereby serves as a critical determinant 

for localization within the AIS (Garrido et al., 2003a; Garrido et al., 2003b; Gasser et al., 

2012). Essential details of this mechanism remain unclear, however. For example, why 

are VGSCs but not other somatic membrane proteins (e.g. somatic KV channels) 

selectively endocytosed? What factors facilitate this process? Given the conservation of 

the ankyrin-binding motif across differentially localized VGSC isoforms (Hu et al., 2009; 

Lemaillet et al., 2003), might there be additional regulators for the subcellular 

localization of VGSCs? 

VGSCs are regulated by several auxiliary subunits and the specific complement 

of VGSCs and their regulatory subunits is an important determining factor of a neuron’s 

firing properties (Goldfarb, 2012). Among the intracellular VGSC regulators are the 

fibroblast growth factor homologous factors (FHFs), noncanonical members of the 
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fibroblast growth factor (FGF) superfamily that are neither secreted nor appear to 

function as growth factors (Olsen et al., 2003; Smallwood et al., 1996). Rather, the four 

FHFs (FGF11-FGF14) each contain a VGSC interaction site within a homologous FGF-

like core domain (Wang et al., 2012) and exert variable effects on VGSC functional 

properties. The importance of FHFs is underscored by loss-of-function or dominant 

negative mutations in specific FHFs associated with various neurological disorders, 

which have been attributed at least in part to VGSC dysfunction. Haploinsufficiency for 

FGF14 or the expression of a dominant negative FGF14 mutant cause spinocerebellar 

ataxia (SCA27); and Fgf14-/- mice recapitulate many of the phenotypes observed in 

SCA27 patients, including cognitive impairment as well as ataxia (van Swieten et al., 

2003; Wang et al., 2002; Wozniak et al., 2007; Xiao et al., 2007). In neurons isolated from 

Fgf14-/- mice, VGSC currents and excitability are both reduced. As for FGF13, it has been 

implicated by linkage analysis in disorders such as Borjeson-Forssman-Lehmann 

syndrome, X-linked spinocerebellar ataxia type 5 and epilepsy (Gecz et al., 1999; 

Puranam et al., 2015; Zanni et al., 2008). Given their homology within their core VGSC 

binding domain (79% identity) and in their ascribed functions, it is puzzling why these 

two FHFs differentially contribute to disease. Although discrepancies in expression 

patterns throughout the brain are a likely contributor, other differences must exist to 

explain the differential pathological consequences within regions such as the 

hippocampus in which both are present.  
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In this chapter I demonstrate that direct binding of FGF13 to VGSCs limits VGSC 

cell surface expression specifically in the somatodendritic compartment and direct 

binding of FGF14 to VGSCs affects localization of VGSCs to the AIS. Consistent with 

these roles, FGF14 is concentrated in the AIS, while FGF13 is abundant in the 

somatodendritic compartment. Given the high degree of homology between FGF13 and 

FGF14 particularly within their VGSC binding domains, these differential effects are 

unexpected and reveal previously unappreciated diversity in the FHF family. Thus, the 

FHFs are essential VGSC regulators that not only control channel function but also the 

processes that localize VGSCs to the AIS while limiting their presence within the 

somatodendritic compartment.  

2.2 Results 

2.2.1 FGF13 and FGF14 are differentially localized within hippocampal 
neurons 

In order to gain insight into possible regulatory roles for FGF13 and FGF14, we 

first examined their neuronal localizations. Although the localization of FGF14 to the 

axons of neurons has been well-studied (Goldfarb et al., 2007; Kaphzan et al., 2011; 

Laezza et al., 2007), the localization of FGF13 in the central nervous system has not been 

as extensively detailed. Previous reports have used a custom-made FGF13 antibody and 

FGF13 shRNA to examine FGF13 function in cardiomyocytes (Hennessey et al., 2013b; 

Wang et al., 2011a). Here I validated these tools in hippocampal neurons with 

immunocytochemistry (Figure 4A) and western blotting (Figure 4B). Wild-type neurons 
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exhibited robust immunoreactivity in the somatodendritic compartment (Figure 4A, 

dashed lines) and axon (Figure 4A, arrowheads). The FGF13 signal in the soma could be 

seen in the cytoplasm and often in the nucleus. The nuclear localization of FGF13 is 

consistent with previous reports that one isoform of FGF13 has a nuclear localization 

signal (Smallwood et al., 1996). Neurons transfected with the FGF13 shRNA (Figure 4A, 

asterisks) display very little immunoreactivity to the FGF13 antibody compared to 

neurons on the same coverslips that are untransfected. Having thus validated the 

specificity of the antibody I observed FGF13 localization in the hippocampus in brain 

slices (in collaboration with Matt Presby, Pitt lab, Duke University), wherein the FGF13 

signal is prominent in pyramidal neurons (Figure 4C, left), a cell population in which 

FGF14 is also highly expressed (Kaphzan et al., 2011; Laezza et al., 2007). As in cultured 

hippocampal neurons, FGF13 localized to axons (Figure 4C, middle, arrowheads) and in 

the soma, often displaying a prominent nuclear signal (Figure 4C, middle, arrow). An 

initial clue that these VGSC regulators may have distinct, non-redundant roles came 

from their strikingly dissimilar subcellular distributions within the same neuron. As 

expected by its localization to the axons of cerebellar granule neurons (Goldfarb et al., 

2007) and previous work in hippocampal neurons (Kaphzan et al., 2011; Laezza et al., 

2007), FGF14 was concentrated in the axons of hippocampal neurons (Figure 4D, left). In 

contrast, the FGF13 signal was high in the somatodendritic regions of neurons as well as 

within the axon (Figure 4D, middle). To confirm the observed patterns for FGF13 and 
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FGF14 detected by immunohistochemistry, I analyzed the distribution of GFP-fused 

isoforms of FGF13 and FGF14 expressed in cultured hippocampal neurons. Each FHF 

gene generates several transcripts by use of alternate promoters and alternative splicing 

of a first exon onto exons 2-5 (Munoz-Sanjuan et al., 2000). Therefore, to choose 

appropriate isoforms for this study I first determined by quantitative RT-PCR that 

FGF13S and FGF13VY were the most abundant FGF13 transcripts and FGF14B was the 

most abundant FGF14 transcript in cultured hippocampal neurons (Figure 4E), 

consistent with what we previously observed for whole brain (Wang et al., 2011a). 

Having defined the appropriate transcripts for analysis, I observed that the cellular 

distributions of these three GFP-fused FHFs recapitulated what I observed for the 

endogenous FHFs by immunohistochemistry. All these VGSC binding partners were 

enriched in the axon (Figure 4F, white arrowheads) defined by the AIS-marker ankyrin-

G, but both FGF13S-GFP and FGF13VY-GFP were also abundant in the somatodendritic 

compartments (Figure 4F, dashed lines). FGF13S was highly concentrated in the nucleus, 

consistent with the nuclear localization signal found in this isoform (Munoz-Sanjuan et 

al., 2000) while FGF13VY was abundant in the somatodendritic compartment. This 

contrasted with FGF14B-GFP, for which little signal was in the somatodendritic 

compartment and was instead mostly found in the AIS. While the axon-restricted 

localization of FGF14 is similar to previous observations and consistent with its role in 

VGSC regulation, the somatodendritic subcellular distribution of FGF13 within 
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hippocampal pyramidal neurons suggested roles for FGF13 regulation of VGSCs beyond 

direct modulation of VGSCs in the AIS.  
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Figure 4: FGF13 and FGF14 are present in hippocampal neurons but have 

distinct subcellular localizations. A) Immunocytochemistry of FGF13 in isolated 

hippocampal neurons. FGF13 is localized to axons (arrowheads) and to neuronal soma 

(dashed lines), often, but not always, including the nucleus. Transfection of 

hippocampal neurons with FGF13 shRNA (asterisk) abolishes most of the 

immunoreactive signal to the FGF13 antibody. B) Immunoblotting for FGF13 in 

neurons infected with viruses transducing scrambled shRNA (Scr), FGF13 

knockdown shRNA (13KD), or FGF14 knockdown shRNA (14KD). The FGF13 

shRNA, but not scrambled or FGF14 shRNA, eliminates virtually all 

immunoreactivity to the FGF13 antibody. C) Immunohistochemistry of FGF13 in 

hippocampal brain slices shows abundant expression in pyramidal cell axons 

(arrowheads) and soma, often including the nucleus (arrow). D)   The subcellular 

localizations of FGF14 and FGF13 differ in hippocampal neurons. While FGF14 is 

mostly localized to the axon initial segment marked by ankyrin-G, FGF13 is widely 

distributed in both the axon and in the somatodendritic compartment. E) Quantitative 

PCR of FGF13 and FGF14 isoforms in cultured hippocampal neurons. FGF13S and 

FGF13VY were the most abundant FGF13 isoforms while FGF14B was the only FGF14 

isoform expressed. F) GFP fused reporter constructs of FGF14B, FGF13S and 

FGF13VY, expressed in cultured hippocampal neurons all localized to the axon (white 

arrowheads) as marked by ankyrin-G, While FGF14B was axonally restricted, FGF13S 

and FGF13VY were both abundant in the somatodendritic compartment (Scale 

bar=10um). 

 



 

28 

To obtain more detailed analysis of the distributions of endogenous FGF13 and 

FGF14 within hippocampal neurons, I turned to cultured neurons. The distinct patterns 

of FGF13 and FGF14 subcellular localization were also evident in culture. Specifically, 

FGF13 demonstrated a somatodendritic localization as well as an axonal distribution 

while FGF14 was almost completely restricted to the axon. Using the ankyrin G-positive 

region of the axon to define the AIS, FGF14 was almost entirely localized to the proximal 

AIS (Figure 5A). Within the AIS where both FGF13 and FGF14 were present, I quantified 

the relative difference between the FGF13 and FGF14 signals along the axons with line 

scans in neurons double-labeled for FGF13 and FGF14 and plotted the normalized pixel 

intensity against distance from the soma (Figure 5B). This analysis showed that FGF13 

and FGF14 were both abundant within the first ~ 20 μm of the AIS but there was 

relatively more FGF13 than FGF14 beyond 20 μm. Importantly, although the precise 

locations of FGF13 and FGF14 immunoreactivity differed between neurons, this 

qualitative observation held true for every neuron examined in this data set. Moreover, 

this pattern was consistent when the analysis was performed over a range of antibody 

concentrations (Fig. 5C) suggesting this it was not due to an artifact of antibody dilution. 

Thus, even in the restricted subcellular locale of the AIS where VGSCs are concentrated, 

these two homologous FHFs show distinct patterns. Structured illumination super-

resolution microscopy not only confirmed that FGF13 extended more distally than 

FGF14 within the AIS (Figure 5D), but colocalization  
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Figure 5: Differential FGF13 and FGF14 localization within the AIS of cultured 

hippocampal pyramidal neurons. A) Immunocytochemistry of endogenous FGF13 

and FGF14. The boxed area highlights the AIS (identified by ankyrin-G staining; 

Scale bar=10 μm). B) Quantification of FGF13 and FGF14 signal intensity within the 

AIS in 19 neurons. Pixel values are normalized to maximum pixel values for each data 

set (red and blue lines show average; gray indicates s.e.m.). FGF13 extended further 

distally than FGF14 within the AIS. C) FGF13 immunoreactivity (left) in the axon 

plotted as pixel intensity versus distance from soma for antibody dilutions of 1:50, 

1:250, 1:500 and 1:1000, extends further than FGF14 immunoreactivity (right) in the 

axon for the same range of antibody dilutions. D) Representative super-resolution 

microscopy images of endogenous FGF13 and FGF14 within the AIS membrane 

delineated by the AIS marker ankyrin-G (Scale bar=1 μm). E-F) Colocalization 

analysis of super-resolution images. E) FGF14 and F) FGF13 both showed less 

colocalization with each other than with ankyrin-G (*, p<0.05 by Student’s t-test 

compared to colocalization with ankyrin-G; n=9).   

 

analyses also showed that the FGF13 and FGF14 signals displayed limited overlap 

(Figure 5E-F).  In contrast, both FGF13 and FGF14 displayed a relatively high overlap 

with ankyrin G (Figure 5D-F). These data suggest different targeting sites for FGF13 and 

FGF14 within the AIS, which is remarkable given the degree of sequence similarity 

between these two FHFs, particularly within their FGF-like core domains that contain 

their VGSC binding sites (Goetz et al., 2009; Wang et al., 2012; Wang et al., 2011b). 

Together, the distinct localization patterns of FGF13 and FGF14 suggested different roles 

for these FHFs within hippocampal neurons.  

Since ankyrin-G is a known critical cytoskeletal component of the AIS, I also 

asked whether FGF14 and FGF13 axonal localization depended on ankyrin-G by 

examining the consequences of ankyrin-G knockdown. As shown in Fig. 6 both FHFs 
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required ankyrin-G in order to properly localize to the AIS since the amount of FHF in 

the AIS (white arrowheads) was markedly reduced after ankyrin-G knockdown (white 

asterisks). This is consistent with previous observations that the loss of ankyrin-G results 

in a loss of neuronal polarity and the mislocalization of major AIS proteins such as 

VGSCs, Neurofascin and βIV spectrin (Hedstrom et al., 2008; Hedstrom et al., 2007; 

Jenkins et al., 2015). 
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Figure 6: Ankyrin-G is required for the AIS localization of both FGF13 and 

FGF14. A) Neurons transfected with shRNA targeting ankyrin-G (GFP signal, white 

asterisk) have dramatically reduced levels of ankyrin-G and as a consequence lose the 

localization of FGF13 in the AIS compared to neighboring untransfected cells (white 

arrowheads) (Scale bar=10 m). B) Neurons transfected with shRNA targeting ank-G 

(GFP signal, white asterisk) have dramatically reduced levels of ank-G and as a 

consequence lose the localization of FGF14 in the AIS compared to neighboring 

untransfected cells (white arrowheads) (Scale bar=10 um).   
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Figure 7: FGF14 knockdown, but not FGF13 knockdown, reduces axonal 

VGSCs. A-I) Immunocytochemistry for VGSCs and ankyrin-G in cultured 

hippocampal neurons after transfection with a scrambled shRNA (Scr), FGF14 shRNA 

(14KD), or FGF13 shRNA (13KD). VGSCs were visualized using a pan-VGSC 

antibody (Pan Nav). GFP (green in Overlay) identified transfected neurons. J-K) 

Quantifications of integrated pixel intensity along line scans down the ankyrin-G-

defined AIS (*, p<0.05 by ANOVA; Scr n=11, 13KD n=17, 14KD n=12, 4 coverslips 

each). Knockdown of FGF14 but not FGF13 reduced the levels of VGSCs in the AIS. 

Ankyrin-G levels remained unchanged (not significant by ANOVA, Prob>F=0.26448). 

 

2.2.2 Endogenous FHFs differentially affect VGSC localization within 
the AIS 

Since VGSC modulation is the most established role for FHFs, I asked whether 

FGF13 and FGF14 differed in their effects upon regulation of VGSCs within 

hippocampal pyramidal neurons. I utilized an shRNA-mediated knockdown approach 

and first assessed the consequences of FGF13 (13KD) or FGF14 (14KD) knockdown on 

VGSC localization. With a monoclonal antibody designed to detect all VGSC isoforms 

(Pan Nav) I visualized VGSCs in cultured hippocampal neurons after individual 

knockdown of either FGF13 or FGF14. The VGSC signal within the AIS was significantly 

lower after FGF14 knockdown than after treatment with a scrambled control shRNA 

(Figure 7A-F, J). Ankyrin G localization and intensity was unperturbed, however, 

indicating that FGF14 knockdown affects VGSC localization to the AIS without grossly 

affecting critical structural elements of the AIS (Figure 7F, K). Similar to results with 

FGF14 knockdown, the ankyrin G signal intensity was unchanged after FGF13 

knockdown (Figure 7I, K). In contrast to FGF14 knockdown, however, silencing FGF13 
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did not affect the VGSCs in the AIS (Figure 7H, J), suggesting that any regulation of 

VGSCs by FGF13 must lie outside of the AIS.  

2.2.3 Endogenous FGF13 and FGF14 differentially regulate the levels 
of functional VGSCs  

I quantified the overall effects of FGF13 or FGF14 knockdown on VGSCs 

expression by first measuring the resultant total VGSC protein at the cell surface. Here, I 

performed knockdown by lentiviral infection (providing more efficient expression to 

obtain sufficient material for biochemical analysis) and exposed infected neurons to 

activated biotin before cell lysis to label proteins at the cell surface. Surface VGSCs were 

then detected by immunoblotting and quantified after normalizing to the plasma 

membrane protein transferrin receptor (TfR), which has been previously reported to be 

unaffected by FGF13 knockdown in cardiomyocytes (Hennessey et al., 2013b; Wang et 

al., 2011b). TfR is also unaffected by either FGF13 or FGF14 loss in hippocampal neurons 

(Figure 8A). Actin served as a loading control and its relative absence after avidin pull 

down also provided an indicator of effective separation of surface from cytoplasmic 

proteins (Figure 8A). Under these conditions total VGSC protein remained unchanged 

after either FGF13 or FGF14 knockdown. However, the surface VGSC signal decreased 

by ~50% after FGF14 knockdown while I observed a near-doubling in surface VGSCs 

after silencing FGF13 (Figure 8A, B). VGSC currents recorded in whole-cell voltage-

clamp demonstrated that these opposing changes in VGSC surface levels after FGF13 or 

FGF14 knockdown translated directly into functional changes. Consistent with the ~50% 
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reduction in surface VGSC protein observed after FGF14 knockdown, VGSC current 

density was reduced by half after FGF14 knockdown and unchanged after treatment 

with scrambled shRNA (Figure 8C, D). In contrast, VGSC current density almost 

doubled after FGF13 knockdown (Figure 8C, D). Thus, the effects upon VGSC current 

density after FGF13 or FGF14 knockdown aligned with the observed amounts of VGSC 

protein at the surface membrane (Figure 8B). The lack of change in transferrin receptor 

levels also indicated that FHF-mediated regulation of VGSC surface protein is relatively 

specific.  

The combined effects on VGSCs after FGF13 knockdown (increased overall 

VGSC current density, increased plasma membrane VGSC protein, but no change in AIS 

VGSCs) led to the hypothesis that FGF13, consistent with its prominent somatodendritic 

localization, affects insertion of VGSCs into the somatodendritic membrane selectively 

(Fache et al., 2004). I tested this hypothesis by using a prepulse protocol that selectively 

inactivates the uncontrolled (axial) current that results mostly from VGSCs in the axon 

(Figure 8E) (Milescu et al., 2010). With this protocol (see Methods for details), I could 

isolate the axial component (Figure 8F) and use it as a measure of the levels of VGSCs in 

the axons of neurons. Removal of the axial current from total currents also allowed me 

to obtain a measure of currents flowing through well-clamped and therefore “somatic” 

VGSCs (Figure 8G). I observed that silencing FGF13 increased somatodendritic currents 

(Maximum somatic current density in pA/pF, Scr= -66.46 ± 3.78, 13KD= -87.51*46 ± 6.02, * 
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= p<0.05 by Fisher’s LSD post-hoc test after ANOVA) without affecting axonal VGSC 

currents (Maximum axonal current density in pA/pF, Scr= -49.57 ± 8.03, 13KD= -49.12 ± 

13.44, N.S. by Fisher’s LSD post-hoc test) (Figure 8F, G). FGF14 knockdown, in contrast, 

led to a marked reduction in axonal VGSC current density (Maximum axonal current 

density in pA/pF, Scr= -49.57 ± 8.03, 14KD= -16.61* ± 4.10, * = p<0.05 by Fisher’s LSD 

post-hoc test after ANOVA) (Figure 8F), echoing the loss of VGSCs in the AIS detected 

by immunocytochemistry (Figure 7). FGF14 knockdown also reduced somatic VGSCs 

(Figure 8G) (Maximum somatic current density in pA/pF, Scr= -66.46 ± 3.78, 14KD= -

33.40* ± 3.08, * = p<0.05 by Fisher’s LSD post-hoc test after ANOVA), suggesting that 

FGF14 may also participate in the early steps along the biogenesis pathway from VGSC 

translation to insertion within the AIS (see discussion).  
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Figure 8: FGF13 and FGF14 knockdown differentially affect VGSC membrane 

protein and current density. A) Immunoblots of total levels of VGSCs or transferrin 

receptors (TfR) from lysates (Input) or biotinylated surface proteins after streptavidin 

pulldown (Surface) from cultured hippocampal neurons infected with viruses to 

transduce either scrambled shRNA (Scr), FGF13 shRNA (13KD) or FGF14 shRNA 

(14KD). B) Quantification of surface VGSCs (*, p<0.05 by One sample t-test compared 

to Scr mean=100, n=3) revealed a decrease in membrane VGSCs upon FGF14 

knockdown while FGF13 knockdown increased the amount of VGSCs at the 

membrane surface. C) Exemplar VGSC currents after transfection of either scrambled 

shRNA (Scr), FGF13 shRNA (13KD) or FGF14 shRNA (14KD). D) Summarized 

current-voltage curve (Scr n=16, 13KD n=18, 14KD n=15). FGF14 knockdown reduced 
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VGSC current density while FGF13 knockdown increased it (maximum current 

density in pA/pF, Scr= -93.65, 13KD= -137.50*, 14KD= -45.52*, * = p<0.05 by ANOVA 

followed by Fisher’s LSD post-hoc test). E) Exemplar current traces without (top) and 

with (bottom) a prepulse protocol to remove axial escape spikes generated by axonal 

VGSCs thus leaving mostly somatic currents. F) Axial currents were decreased by 

FGF14 knockdown (14KD) but not by FGF13 knockdown (13KD) compared to a 

scrambled control (Scr) (maximum current in pA, Scr= 2250.0 ± 381.3; 13KD= 2325.2 ± 

614.6, p>0.05; 14KD= 838.7 ± 352.8, p<0.05) (Scr n=12, 13KD n=9, 14KD n=11). G) Effects 

on VGSC current density after inactivation of axial currents revealed results similar to 

total recorded VGSC currents. FGF14 knockdown reduced VGSC currents while 

FGF13 knockdown increased. VGSC currents (maximum current density in pA/pF, 

Scr= -66.46 ± 3.78, 13KD= -87.51* ± 6.02, 14KD= -33.40* ± 3.08, * = p<0.05 by ANOVA). 

 

2.2.4 FGF13 regulates somatodendritic VGSC endocytosis 

 The increase in VGSC surface expression (Figure 8A) and somatic current density 

(Figure 8G) after FGF13 knockdown led me to hypothesize that FGF13 promoted VGSC 

endocytosis from the soma. I tested this idea by analyzing the effects of the dynamin 

inhibitor Dynasore in the context of FGF13 knockdown. As expected after inhibition of 

endocytosis by treatment with Dynasore current density and membrane protein 

increased in Scr control neurons (Figure 9A, top) (maximum current density in pA/pF, 

Scr+DMSO= -70.1 ± 3.6, Scr+Dynasore= -107.1 ± 8.7, p<0.05). After FGF13 knockdown 

however, I did not observe a Dynasore-mediated increase in current density or 

membrane protein (Figure 9B) (maximum current density in pA/pF, 13KD+DMSO= -

168.5 ± 31.9, 13KD+Dynasore= -144.2 ± 18.0, p>0.05), suggesting endocytosis was already 

maximally inhibited by FGF13 knockdown. In 14KD neurons,  Dynasore treatment did 

not increase current density or membrane protein in 14KD neurons, consistent with my 
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hypothesis that FGF14 affects the trafficking of VGSCs to the membrane (Figure 9C) 

(maximum current density in pA/pF, 14KD+DMSO= -69.1 ± 6.1, 13KD+Dynasore= -56.2 ± 

9.4, p>0.05). Knockdown of FGF14 thus deprives the membrane of sodium channels (as 

illustrated in Figures 7, 8) and renders the inhibition of endocytosis mostly ineffective in 

increasing membrane VGSCs.  
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Figure 9: Inhibition of endocytosis is not additive to FGF13 knockdown. A) 

Dynasore treatment increases current density (DMSO n=16, Dynasore n=19; p<0.05 by 

Student’s t-test) and membrane protein in Scr neurons when compared to DMSO 

treated controls. B) Dynasore treatment does not increase the current density (DMSO 

n=9, Dynasore n=7; p>0.05 by Student’s t-test) and membrane protein of 13KD 

neurons. C) Dynasore treatment does not increase the current density (DMSO n=10, 

Dynasore n=9; p>0.05 by Student’s t-test) and membrane protein of 14KD neurons. 
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2.2.5 FGF13VY limits VGSC surface expression  

Having established that FGF13 limits the surface expression of somatodendritic 

VGSCs in hippocampal neurons, I sought to determine which FGF13 isoform(s) 

participated in this process. Because FGF13S and FGF13VY isoforms were the most 

abundant transcripts (Figure 4E), I tested whether expression of an shRNA-resistant 

FGF13S and/or FGF13VY could “rescue” the effects of FGF13 knockdown (of all 

isoforms). Expression of FGF13VY (Max current density in pA/pF, Scr= -97.68 ± 13.35, 

13KD= -172.05* ± 18.56, FGF13VY rescue = -74.99 ± 9.56, * = p<0.05 by ANOVA followed 

by Fisher’s LSD post-hoc test; Scr and FGF13VY rescue N.S. by Student’s t-test), but not 

FGF13S (Max current density in pA/pF, Scr= -97.68 ± 13.35, 13KD= -172.05* ± 18.56, 

FGF13S rescue = -154.26* ± 20.19, * = p<0.05 by ANOVA followed by Fisher’s LSD post-

hoc test; 13KD and FGF13S rescue N.S. by Student’s t-test), in the context of FGF13 

knockdown restored VGSC current density to control levels (Figure 10A-C), suggesting 

that FGF13VY is responsible for the observed FGF13 regulation of the VGSC current 

density and surface protein in hippocampal neurons. I confirmed that the failure of 

FGF13S to rescue the effects of 13KD was not due to an inability to express FGF13S in 

mammalian cells (Figure 4F). The selective rescue of FGF13 knockdown by expression of 

shRNA-resistant FGF13VY also provided evidence that the effects of my FGF13 shRNA 

are on-target. 
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Figure 10: FGF13VY limits VGSC current density. A) Exemplar current traces 

from cultured hippocampal neurons treated with scrambled shRNA (Scr), FGF13 

shRNA (13KD), FGF13 shRNA plus shRNA resistant FGF13VY (FGF13VY rescue), or 

FGF13 shRNA plus shRNA-resistant wild-type FGF13S (FGF13S rescue). B) Current-

voltage relationships for Scr, 13KD, and FGF13VY rescue (Scr n=16, 13KD n=16, 

FGF13VY rescue n=10). FGF13VY is capable of reversing the increase in current 

density seen upon knockdown of all FGF13 isoforms (maximum current density in 

pA/pF, Scr= -97.68 ± 13.35, 13KD= -172.05* ± 18.56, FGF13VY rescue = -74.99 ± 9.56, * = 

p<0.05 by ANOVA followed by Fisher’s LSD post-hoc test; Scr and FGF13VY rescue 

N.S. by Student’s t-test). C) Current-voltage relationships for Scr, 13KD or FGF13S 

rescue (Scr n=16, 13KD n=16, FGF13S rescue n=11). FGF13S did not restore the 13KD-

mediated increase in current density (maximum current density in pA/pF, Scr= -97.68 

± 13.35, 13KD= -172.05* ± 18.56, FGF13S rescue = -154.26* ± 20.19, * = p<0.05 by ANOVA 

followed by Fisher’s LSD post-hoc test; 13KD and FGF13S rescue N.S. by Student’s t-

test). 
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2.2.6 FGF14B promotes VGSC surface expression  

Although Fgf14 encodes two transcripts FGF14A and FGF14B, FGF14A was 

nonexistent in the hippocampus (Figure 4E). Therefore, I tested whether expression of 

an shRNA-insensitive FGF14B provided a rescue of FGF14 knockdown. Indeed, 

expression of FGF14B completely restored the 14KD-induced reduction in VGSC current 

density (Max current density in pA/pF, Scr= -93.65 ± 6.17, 14KD= -45.52* ± 3.22, FGF14B 

rescue= -88.12 ± 7.24, * = p<0.05 by ANOVA followed by Fisher’s LSD post-hoc test; Scr 

and FGF14B rescue rescue N.S. by Student’s t-test) (Figure 11A-B), providing 

conformation that my FGF14 shRNA is on-target.   
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Figure 11: FGF14B increases VGSC current density. A) Exemplar VGSC current 

traces from cultured hippocampal neurons treated with scrambled shRNA (Scr), 

FGF14 shRNA (14KD), or FGF14 shRNA plus shRNA-resistant wild-type FGF14 

(FGF14BWT rescue). B) Current-voltage relationship from cultured hippocampal 

neurons treated with FGF14 shRNA plus shRNA-resistant wild-type FGF14 

(FGF14BWT rescue n=15). These experiments were conducted in conjunction with 

those from Figure 8 so the scrambled shRNA (Scr) and FGF14 shRNA (14KD) current-

voltage relationships from Figure 8 are repeated for comparision. The deficit in 

current density caused by 14KD could be rescued by FGF14BWT indicating that 

FGF14B promotes VGSC surface expression (maximum current density in pA/pF, Scr= 

-93.65 ± 6.17, 14KD= -45.52* ± 3.22, FGF14B rescue= -88.12 ± 7.24, * = p<0.05 by ANOVA 

followed by Fisher’s LSD post-hoc test; Scr and FGF14B rescue N.S. by Student’s t-

test). 

 

2.2.7 FGF13VY-dependent and FGF14B-dependent effects on VGSCs 
require direct binding to VGSCs  

Because it had been shown in a previous study in cerebellar Purkinje neurons 

that a direct interaction between FGF14B and the VGSC C-terminus was required for 

complete FGF14-dependent regulation (Yan et al., 2014), I tested whether a direct 

interaction was also required for FGF13VY and FGF14B-dependent regulation of VGSC 

localization. Based on analysis of a crystal structure of a complex containing a FHF and 

VGSC C-terminal domain (FGF13 and NaV1.2 CTD, respectively), I targeted a highly 
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conserved arginine in FHFs (R120 in FGF13VY, equivalent to R117 in FGF14B) that 

inserts into a conserved depression on the VGSC CTD surface (Figure 12A). It had 

previously been shown through coimmunoprecipitation experiments that mutation of 

this arginine to an alanine abrogates the ability of FGF14B to interact with VGSCs (Yan 

et al., 2014). Here, this interaction was tested directly with purified proteins (in 

collaboration with Chaojian Wang, Pitt lab, Duke University). Isothermal titration 

calorimetry of wild-type FGF13 and a VGSC C-terminal domain (CTD) produces a 

robust binding curve with a KD = 123 ± 2 nM. However mutation of the relevant arginine 

to an alanine leads to a complete loss of binding (Figure 12B). To validate further that 

the R�A mutation removes FGF14 interaction with VGSCs, either wild-type or mutant 

FGF14 was coexpressed with a 6xHis-tagged NaV1.6 CTD in E. coli. Metal-affinity 

chromatography purification of the 6xHis-tagged NaV1.6 CTD yielded co-purification of 

the wild-type FGF14B but not of the R�A mutant (Figure 12C). I then asked whether 

direct interaction with VGSCs was required for rescue of both FGF13VY and FGF14B. 

Mutation of the R120 in FGF13VY to an alanine (FGF13VYRA) rendered FGF13VY 

incapable of restoring 13KD-mediated increase in current density back to control levels 

(Max current density in pA/pF, FGF13VY rescue = -74.99 ± 9.56, FGF13VYR/A rescue = -

260.79* ± 15.12, p<0.05 by Student’s t-test) (Figure 12D). Instead, the recorded currents 

were even larger than 13KD alone, perhaps reflecting a dominant negative effect of the 

non-interacting FGF13VYRA construct. The shRNA-insensitive R117A mutant FGF14B 
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(FGF14BR/A) was also incapable of rescuing the decrease in VGSC current density after 

FGF14 knockdown (Maximum current density in pA/pF, FGF14B rescue= -88.12 ± 7.24, 

FGF14BR/A rescue= -51.76* ± 4.90, p<0.05 by Student’s t-test), in contrast to the successful 

rescue with wild type FGF14B. These experiments show that direct binding of FGF13VY 

and FGF14B are required to reduce (for FGF13VY) or increase (for FGF14B) VGSC 

surface expression. 
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Figure 12: FGF13VY and FGF14B directly bind VGSCs to regulate their surface 

expression. A) Crystal structure of the NaV1.2 C-terminus domain (CTD, blue) bound 

to FGF13 (red). The critical arginine in FGF13 (equivalent to R120 in FGF13VY and 

R117 in FGF14) is indicated in yellow seen in the enlarged image as embedded in a 

NaV1.2 pocket. B) Isothermal titration calorimetry with the recombinant CTD of 

NaV1.5 and FGF13 shows robust binding for the wild type FGF13 (left, KD = 123 ± 2 

nM), but an almost complete elimination of binding for the RA mutant (right, KD 

cannot be determined). C) Co-purification experiments with recombinant NaV1.6 

CTD and wild-type (WT) FGF14 or an RA mutant (RA). Both FGF14 contructs 

express as seen in the supernatant (S) but only the wild-type co-purifies with a His-

tagged VGSC CTD upon metal affinity purification (P). Thus the single point 

mutation is sufficient to abrogate binding. D) The increase in current density caused 

by 13KD could not be restored to control levels by shRNA resistant FGF13VY R120A 

(FGF13VYRA rescue n=9) showing that FGF13VY requires an interaction with VGSCs 

in order to regulate their surface expression. (maximum current density in pA/pF, 
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FGF13VY rescue = -74.99 ± 9.56, FGF13VYR/A rescue = -260.79* ± 15.12, p<0.05 by 

Student’s t-test). These experiments were conducted in conjunction with those from 

Figure 10 so the scrambled shRNA (Scr) and FGF13 shRNA (13KD) current-voltage 

relationships from Figure 10 are repeated for comparision. E) The deficit in current 

density caused by 14KD could not be rescued by shRNA resistant FGF14 R117A 

(FGF14BRA rescue, n=14) indicating that FGF14 requires direct binding to VGSCs 

(maximum current density in pA/pF, FGF14B rescue= -88.12 ± 7.24, FGF14BRA rescue= 

-51.76* ± 4.90, p<0.05 by Student’s t-test). These experiments were conducted in 

conjunction with those from Figure 8 so the scrambled shRNA (Scr) and FGF14 

shRNA (14KD) current-voltage relationships from Figure 8 are repeated for 

comparision. 

 

2.3 Discussion 

VGSC clustering determines the site of efficient action potential initiation 

(Baranauskas et al., 2013). Work with chimeric constructs of CD4 and various VGSC 

intracellular domains led to a hypothesis that VGSCs initially insert into both axonal and 

somatodendritic domains and are then preferentially endocytosed from the 

somatodendritic membrane (Fache et al., 2004; Garrido et al., 2001). Previously, there 

had been no factor identified that could regulate this selective endocytosis. The 

experiments reported here implicate the VGSC-binding protein FGF13 as a novel 

regulator of the process by which VGSCs are selectively endocytosed from the 

somatodendritic compartment thereby fostering the effective concentration of VGSCs 

within the AIS. These data fit also with the observation that a significant fraction of 

FGF13 localizes to the somatodendritic compartment. Additionally, the inability of the 

FGF13VYRA to rescue the increased current phenotype shows that FGF13VY interacts 
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directly with VGSCs in order to effect VGSC internalization (Figure 12D). In other 

neurons in which FGF13 is not expressed (e.g., cerebellar granule neurons), a different 

FHF (e.g., FGF12) may serve a homologous role. In this context, it is interesting that 

knockout of FGF12 caused a markedly different phenotype and had no significant effect 

upon repetitive firing compared to knockout of FGF14 (Goldfarb et al., 2007). 

Moreover, these data provide new details about the molecular mechanisms by 

which VGSCs are subsequently concentrated at the AIS in hippocampal neurons. 

Previous studies have defined specific intracellular domains within VGSCs that bind 

directly with the cytoskeletal adaptor molecule ankyrin G and promote the 

concentration of VGSCs in the AIS (Akin et al., 2015; Garrido et al., 2003b; Gasser et al., 

2012). The localization of ankyrin G is not significantly changed by either knockdown 

treatment (Figure 7F, I, K), suggesting that effects of FHFs are likely affecting VGSC 

targeting to AIS. Among the AIS targeting domains in VGSCs, the II-III linker appears to 

have an especially prominent role (Garrido et al., 2003b; Gasser et al., 2012), yet it alone 

cannot explain how VGSCs are targeted within the AIS. The critical region of the II-III 

linker is conserved among VGSC isoforms even though different VGSCs have distinct 

subcellular distributions (Hu et al., 2009), thus hinting at additional regulatory 

mechanisms. Together, these suggest that FGF13 and FGF14 may be a component of 

these additional mechanisms. One intriguing hypothesis is that the VGSC cytoplasmic 

CTD identified as a key determinant within VGSCs that promotes VGSC targeting to the 
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axon (Garrido et al., 2001), acts through its binding to FGF14. It is reasonable to 

speculate that FGF14 interaction with the CTD could stabilize the interaction between 

the VGSC II-III intracellular linker and ankyrin G. Another possibility is that direct 

binding between FGF14 and VGSCs is required because FGF14 accompanies VGSCs 

throughout some portion of their trafficking to the plasma membrane. Indeed, FGF14 

knockdown decreased somatodendritic VGSC current density as well as exerting 

specific effects within the AIS (Figure 8). 

Changes in the amounts of membrane protein could be results of changes in the 

total amount of cellular protein. Interestingly, even though FGF13 and FGF14 affect the 

amount of VGSC at the membrane, the total amount of cellular VGSC protein is 

unchanged after FGF13 or FGF14 knockdown treatments (Figure 8A). This suggests that 

the changes in functional VGSCs (Figure 8C-D) are not due to a perturbation of VGSC 

gene expression or protein translation.  

Additionally, these observations add to an increasing appreciation for the 

structural plasticity of the AIS. Previous studies have shown that ankyrin G plays a 

critical role in segregation of somatic and axonal contents, by creating a diffusional 

barrier at the membrane through interaction with the underlying cytoskeleton (Brachet 

et al., 2010; Song et al., 2009). Because I observed that FGF14 knockdown at 5 DIV 

produces dramatic changes to VGSCs within the AIS—after the accumulation of the 

putative components of the AIS diffusional barrier—my data are consistent with other 
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observations that the ankyrin G-dependent AIS is capable of activity-dependent 

remodeling (Grubb and Burrone, 2010) and can allow transport of synaptic vesicle 

precursors and mitochondria to the distal axon (Ahmari et al., 2000; Maeder et al., 2014; 

Morris and Hollenbeck, 1993). 

Together, these data provide a mechanism by FGF13 and FGF14, two 

homologous VGSC binding proteins that are 79% identical within their VGSC binding 

domain, operate differently and in separate subcellular compartments to cooperatively 

promote the high concentration of VGSCs within the AIS of hippocampal neurons 

(Figure 13). Their different subcellular distributions (broadly distributed for FGF13; 

axonally-restricted for FGF14) provide some basis for their disparate effects on VGSC 

functions. Yet even in the restricted locale of the AIS, in which both are present in 

overlapping but distinct distributions, my data point to inherent differences in their 

modulatory effects on axonal VGSCs. FGF13 has very limited influence on AIS-localized 

VGSCs, which are almost exclusively modulated by FGF14. It seems unlikely that the 

absence of a clear FGF13-dependent effect upon VGSCs within the AIS will be explained 

by a higher affinity of VGSC CTDs for FGF14 than FGF13. Although there are previously 

demonstrated pairwise differences in affinities between specific VGSC CTDs and 

distinct FHFs (Goetz et al., 2009; Wang et al., 2011b), the measured affinity between 

FGF13 and any specific VGSC CTD is at least as high, if not higher, than between FGF14 
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and any specific VGSC CTD. This however does not rule out differences in local 

concentration that might account for preferential binding.  

Since the underlying reasons for the distinct effects of FGF13 and FGF14 within 

the AIS are unlikely to be explained by differences within their conserved VGSC binding 

sites, the regions that differ markedly between FGF13 and FGF14, or between FGF13 

isoforms, will be likely targets for future studies examining the precise bases for this 

specificity. The FHFs contain a modular architecture in which the core domain is critical 

to docking on a VGSC and thus highly conserved throughout the family, whereas the 

divergent regions may dictate the particular effects that a specific FHF will then exert on 

its target. 

While these experiments suggest that the AIS-localized FGF13 does not regulate 

VGSCs, they do not yet provide insight into alternative FGF13-dependent functions 

within the AIS. Perhaps FGF13 in the AIS serves to regulate other ion channels, 

consistent with the relatively low colocalization between FGF13 and FGF14 (Figure 5) 

and previous observations that FGF13 can affect voltage-gated Ca2+ channels in cardiac 

myocytes (Hennessey et al., 2013b). Another possibility is that the FGF13 within the AIS 

is in transition to developing nodes of Ranvier, as FGF13 has been found concentrated in 

nodes of Ranvier in dorsal root ganglion neurons (Wittmack et al., 2004). Nevertheless, 

the different roles for FGF13 and FGF14 in hippocampal neurons are consistent with the 

importance of cellular context in determining the actions of any specific FHF (Pablo and 
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Pitt, 2014), a phenomenon that is also highlighted by the opposing effects of FGF13 in 

hippocampal neurons compared to the heart. While FGF13 knockdown led to an 

increase in surface VGSCs and in VGSC current density in the hippocampal neuron 

experiments reported here, it has been previously observed that FGF13 knockdown in 

cardiac myocytes leads to a reduction in surface VGSCs and in VGSC current density 

(Hennessey et al., 2013a; Wang et al., 2011b).  

Together, these data add to an increased understanding of the multiple neuronal 

roles of FHFs and provide insight into the molecular mechanisms for how mutations in 

FGF13 or FGF14 contribute to various complex neurological disorders, such as SCA27, 

SCAX5, and Borjeson-Forssman-Lehmann syndrome.  
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Figure 13: Proposed model for FGF13 and FGF14 function in hippocampal 

neurons. FGF13 removes VGSCs from the somatodendritic membrane while FGF14 

promotes their localization to the AIS, thus leading to the concentration of VGSCs at 

the AIS. 
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2.4 Materials and Methods 

Primary hippocampal culture and transfection  

Primary dissociated hippocampal cultures were prepared as described (Wang et 

al. 2007), with minor modifications. Briefly, the hippocampus from P2 male or female 

Sprague-Dawley rat pups was dissected on ice, digested with 0.25% trypsin for 20 min at 

37°C with Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), and dissociated into 

single cells by gentle trituration. The cells were seeded at a density of 2.5-3.0×105 

cells/coverslip (12×12 mm coverslips) in Neurobasal-A (Sigma) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), onto coverslips previously coated with 50 

μg/ml poly-D-lysine (Sigma) overnight at 4°C and 25 μg/ml laminin (Sigma) for 2 h at 

37°C. The cells were maintained in a humidified incubator in 5% CO2 at 37°C. After 24 

h, the medium was replaced with Neurobasal-A supplemented with 2% B27 

(Invitrogen), 1% FBS, 25 M uridine, and 70 M 5-fluorodeoxyuridine. After 5 days in 

vitro (DIV) culture, the neurons were transiently transfected with 0.2 μg plasmid DNA 

per coverslip using Lipofectamine-2000 (Invitrogen) according to the manufacturer’s 

instructions. Experiments were carried out 4-7 days after transfection. The shRNA 

constructs used for either transfections or infections have been extensively validated and 

previously reported (Wang et al. 2011; Hennessey et al. 2013; Yan et al. 2013).  

 

Immunohistochemistry 
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Wild type mice were anesthetized and transcardially perfused with 4% 

paraformaldehyde in 0.1 M phosphate buffered saline (PBS). Brains were post-fixed in 

4% paraformaldehyde/PBS overnight and then equilibrated in 30% sucrose/PBS 

overnight before obtaining 40 m sections on a cryostat. Sections were incubated with 

primary antibodies overnight at 4°C and with fluorescent-conjugated secondary 

antibodies for 1 h at room temperature. Nuclei were labeled with Hoechst dye (Sigma) 

to facilitate anatomical localization of structures. Sections were mounted on coverslips, 

and fluorescent images were captured on a fluorescence microscope. We used a 

validated commercially available FGF14 antibody (Laezza et al., 2007) from NeuroMab 

(1:500) and a custom-made antibody to FGF13 (1:250) that we previously characterized 

extensively (Hennessey et al., 2013b; Wang et al., 2011). 

 

Immunocytochemistry and Quantification 

Cultured hippocampal cells were fixed for 20 min with 2% paraformaldehyde, 

washed 3x with PBS then incubated for 30 minutes in a solution of 5% fish skin gelatin, 

0.1% Triton in PBS. Cells were incubated at room temperature for 2 hours in the primary 

antibody solution and for 45 minutes with the secondary antibody solution. Each 

incubation was followed by 3 washes in PBS for 10 minutes each. Antibodies were 

diluted in 5% fish skin gelatin, 0.1% Triton in PBS. Antibodies used were NeuroMab 

monoclonal anti-FGF14 (1:500), Sigma monoclonal anti-Pan Nav (1:100), polyclonal goat 
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anti-ankyrin G (1:1000), rabbit polyclonal anti-beta spectrin IV (1:100) and rabbit 

polyclonal anti-FGF13 (1:250). Imaging was performed with a Zeiss LSM 510 or 780 

confocal microscope using an oil immersion 40X or 63X objective. All images were 

collected at 1024 × 1024 pixel resolution. For quantification using NIH ImageJ software, 

line scans down the axon defined the region of interest and the pixel intensity was 

extracted. Sliding averages of the pixel values within a 5 μm window were then 

normalized to the maximum value and then plotted versus distance from the soma. 

Axon initial segments were identified as ankyrin G positive processes with clear axon-

like morphology. Super-resolution imaging was conducted on a DeltaVision™ OMX 

microscope (GE Health Sciences). We quantified colocalization as the percent volume 

(images were reconstructed in 3D space using Imaris software) overlap between all 

pairwise combinations of immunoreactive signals from FGF13, FGF14 or ankyrin G. In 

all image analysis, the experimenter was blinded to the identity of the confocal channels. 

Quantification was performed with a range of antibody dilutions for both FGF13 and 

FGF14 with nearly identical results. 

 

Biotinylation and Western blotting  

Cultured hippocampal neurons in 60 mm dishes were infected with lentivirus 

containing shRNA constructs at 5 DIV. After five days, cells were washed twice with 

cold PBS and incubated with 1 mg/ml EZ-Link Sulfo NHS-SS Biotinylation (Pierce) in 
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cold PBS for 30 minutes. The reactions were quenched with 10 mM glycine in PBS for 5 

minutes and cells then lysed. Biotinylated proteins were incubated with NeutrAvidin 

beads (Pierce) overnight, then washed three times with lysis buffer (150 mM NaCl, 50 

mM Tris, 1% sodium deoxycholate and 1% Triton) followed by elution in 2x LDS Sample 

Buffer (Life Technologies) plus 10 mM dithiothreiotol. The biotinylated proteins and 

whole cell lysate were run on 8-16% Tris-glycine SDS page gels and transferred to PVDF 

membranes. Primary antibodies used were rabbit polyclonal Pan Nav (1:200), mouse 

monoclonal anti-transferrin receptor 1:1000 (Life Technologies), mouse monoclonal anti-

β-actin 1:5000 (Sigma) and rabbit polyclonal anti-FGF13 (1:200). Blotting for β-actin 

demonstrated if successful separation between surface and total protein was achieved. 

Transferrin receptor was used as a surface loading control. 

 

Electrophysiological Recordings 

Whole-cell voltage clamp recordings were obtained from cultured hippocampal 

cells using an Axopatch 200B amplifier (Axon Instruments, Inc., Union City, CA), with a 

5 kHz bandwidth filter. Data was stored using a DigiData 1322A (Axon Instruments, 

Inc) digitizer and analyzed with pClamp software, version 10. Patch pipettes with 3-5 

MΩ resistances were filled with internal solution containing (in mM): 100 CsCl, 30 CsF, 

10 NaCl, 0.5 CaCl2, 1 MgCl2, 10 HEPES, 10 EGTA, 4 Mg-ATP and 0.4 Na-GTP, pH 7.3 

with CsOH (290-300 mOsm). The bath solution contained (in mM):115 NaCl, 30 TEA-Cl, 
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5 4-AP, 5 HEPES, 10 glucose, 0.5 CdCl2 and 1 BaCl2, pH 7.3 with NaOH (300-310 mOsm). 

A brief 5 mV depolarizing step was used to monitor series resistance, capacitance, and 

leak current throughout the experiment. Cells were rejected from analysis if the series 

resistance changed by >15%. 

Sodium currents were obtained by 40 ms step depolarizations from a holding 

potential of -90 mV to +40 mV. The current amplitude was normalized to each cell’s 

capacitance to obtain a measure of current density (pA/pF). Current density-to-voltage 

relationships were plotted (I–V relationship). The prepulse protocol to separate axonal 

and somatic currents was performed as described previously (Milescu et al., 2010). A 

prepulse from the holding potential of -90 mV to -45 mV for 4 ms was followed by a 

brief recovery phase at -55 mV for 0.5 ms. The same voltage step depolarization protocol 

(-90 mV to +40 mV) was then applied. The resulting currents were taken as a measure of 

somatic currents and were subtracted from currents obtained without the prepulse in 

order to obtain axonal currents. If the resulting somatic currents were less than 80% of 

currents obtained without the prepulse, this was taken as an indication of insufficient 

separation between somatic and axonal VGSCs, and the cell was excluded from analysis.  

 

Molecular biology 

FGF13 and FGF14 constructs used for rescue experiments were cloned into 

pCDNA3.1 in which a p2A-TdTomato cassette had previously been cloned in order to 
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facilitate the identification of transfected neurons. The shRNA sequences for both 

molecules were cloned into the pLVTHM plasmid (Addgene) and have been described 

previously (Wang et al., 2011b; Yan et al., 2013). For FGF13 the primers used were  

5’ CCACGCGTGCACTTACACTCTGTTTAATTCAAGAGATTAAACAGAGTGTAAGTGCTTTTTTATCGATGG 3’  

5’ CCATCGATAAAAAAGCACTTACACTCTGTTTAATCTCTTGAATTAAACAGAGTGTAAGTGCACGCGTGG 3’.  

For FGF14 the primers used were 

5’ CGCGTGGAGGCAAACCAGTCAACAAGTGCATTCAAGAGATGCACTTGTTGACTGGTTTGCCTCCTTTTTTAT 3’ 

5’ CGATAAAAAAGGAGGCAAACCAGTCAACAAGTGCATCTCTTGAATGCACTTGTTGACTGGTTTGCCTCCA 3’. 

Mutations to confer shRNA resistance were introduced using the QuikChange II XL 

Site-Directed Mutagenesis Kit according to the manufacturer’s instructions. The shRNA 

resistance mutagenesis primers were as follows for FGF13:  

5’ CACCAAAGATGAGGACAGTACCTATACCCTATTCAAT CTCATCCCTGTGGGTCTG 3’ 

5’ CAGACCCACAGGGATGAGATTGAATAGGGTATAGGTACTGTCCTCATCTTTGGTG 3’ 

and for FGF14: 

5’ GCAATAATGAATGGAGGCAAACCAGTCAATAAATGTAAGACCACA 3’ 

5’ TGTGGTCTTACATTTATTGACTGGTTTGCCTCCATTCATTATTGC 3’. 

GFP fusion constructs of the FHFs were generated by cloning the appropriate isoform 

into pEGFP-N3. RNA isolation, cDNA synthesis and quantitative real-time RT-PCR 

(qPCR) were performed as described previously. Total RNA was isolated from cultured 

rat hippocampal neurons. Cells were scraped off dishes and lysed using the RNeasy 

Plus Mini Kit (Qiagen), following manufacturer's instructions. The concentration of total 

RNA for each sample was determined by a Nanodrop ND-1000 Spectrophotometer 
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(Thermo Scientific). Reverse transcription (RT) was performed using the iScript cDNA 

Synthesis Kit (Bio-Rad) for synthesis of cDNA according to the manufacturer's 

instructions. qPCR was performed using the iCycler iQ Real-Time PCR Detection 

System (Bio-Rad). Each sample was run in triplicates. Three controls aimed at detecting 

DNA contamination in the RNA samples or during the RT or qPCR reactions, and the 

specificity of the primer pairs, were always included: an RT mixture without reverse 

transcriptase, an RT mixture including the enzyme reverse transcriptase but no RNA, 

and a water only control (reaction mixture with water instead of the cDNA template). 

The data were collected and analyzed using iCycler Software (Bio-Rad). GAPDH was 

used as an internal control. Relative quantification was performed using the 

comparative threshold (CT) method and FHF isoform abundance is reported relative to 

GAPDH CT values. The primer pairs used were: 

Target 5’ primer 3’ primer 

FGF13-S CGAGAAATCCAATGCCTGC CACCACCCGAAGACCCACAG 

FGF13-U GTTAAGGAAGTCATATTCAGAGC CACCACCCGAAGACCCACAG 

FGF13-V GCTTCTAAGGAGCCTCAGC CACCACCCGAAGACCCACAG 

FGF13-VY GCTTCTAAGGTTCTGGATGAC CACCACCCGAAGACCCACAG 

FGF13-VY/Y CACAGAACCCGAAGAGCCTCAG CACCACCCGAAGACCCACAG 

FGF14-A GAGCAGCCCCAGCAAGAAC GTGGAATTGGTGCTGTCATC 

FGF14-B CCCAAATCAATGTGGTTTC GTGGAATTGGTGCTGTCATC 
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GAPDH TGTCAGCAATGCATCCTGCA CCGTTCAGCTCTGGGATGAC 

 

Recombinant protein expression and co-purification 

Human NaV1.6 C-terminus Domain (amino acids 1766-1926) was cloned into 

pET28 (Novagen). Mouse FGF14B ΔNT (aa 70-252) or FHF14B ΔNT R117A were cloned 

into the MCS2 in pETDuet-1(Novagen). The plasmids were electroporated into BL-21 

(DE3) cells. Protein expression was induced by 1 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) for 64 h at 16°C. The protein was purified by metal affinity 

chromatography as previously described (Wang et al., 2008) with slight changes. Briefly, 

cells were harvested and protein extracted by Avestin homogenizer (Emulsiflex-C5, 

Canada) in buffer with 300 mM NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 7.5 with 

EDTA-free protease inhibitor mixture (Roche). The lysate was spun down at 38,000g for 

30 min at 4°C, and the resultant supernatant passed through a pre-equilibrated cobalt 

affinity column which was then washed extensively. The proteins were eluted by 

300mM imidazole in the above lysis buffer and visualized via SDS-PAGE. 

 

Isothermal Titration Calorimetry 

Experiments were performed with an ITC-200 (MicroCal) at 20°C. 

 

Statistical analyses 
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Results are presented as means ± standard error of the mean; statistical 

significance of differences between more than 2 groups (typically Scr, 13KD and 14KD) 

was assessed using one-way analysis of variance (ANOVA) followed by Fisher’s Least 

Significant Difference as a post-hoc test. Comparisons between two groups were 

assessed using Student’s t-test. The cutoff for statistical significance was set at P < 0.05.



 

65 

3. FGF14 is a novel regulator of KCNQ2 channels 

KCNQ2 (KV7.2) voltage-gated K+ channels are a component of the KCNQ2/3 

complexes that underlie the muscarinic-receptor regulated, non-inactivating M-current. 

KCNQ2 channels are enriched in the axon initial segment (AIS), where they bind to 

ankyrin-G (ank-G) and attenuate subthreshold depolarization by counteracting an 

inward Na+ current through voltage-gated Na+ channels (VGSCs) to regulate the resting 

membrane potential. The molecular mechanisms supporting coordinated regulation of 

KCNQ2 and VGSCs, and the cellular mechanisms governing KCNQ2 trafficking to the 

AIS are incompletely understood. In this chapter I show that FGF14, previously 

described as a VGSC binding protein and regulator, also affects KCNQ2 function and 

localization. FGF14 knockdown leads to a reduction of KCNQ2 in the AIS and a 

reduction in whole cell KCNQ currents. FGF14 binds directly to the KCNQ2 channel at a 

site distinct from the FGF14-VGSC interaction surface. Further, FGF14 is capable of 

bridging NaV1.6 and KCNQ2, thus implicating FGF14 as an organizer of channel 

localization in the AIS and providing insight into the ability of KCNQ2 to offset the 

inward persistent Na+ current and attenuate subthreshold depolarization.  

3.1 Introduction 

Neurons express a wide diversity of ion channels and yet are able to specifically 

target different channels to cellular subcompartments such as the AIS (Lai and Jan, 2006; 

Vacher and Trimmer, 2012). How these processes are coordinated and regulated at the 
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molecular level is poorly understood for most channels. Among the channels specifically 

targeted to the AIS are the VGSCs and KCNQ2/3 (KV7.2/KV7.3) voltage-gated potassium 

channels (Catterall, 1981; Devaux et al., 2004; Zhou et al., 1998). VGSCs are trapped in 

the AIS through binding to ank-G, which anchors transmembrane molecules to the 

spectrin-actin cytoskeleton (Hedstrom et al., 2008; Jenkins et al., 2015; Zhou et al., 1998), 

and as discussed in Chapter 2 this is regulated by additional factors. Localization of 

KCNQ2/3 channels of the KV7 family to the AIS has been proposed to follow the model 

of VGSCS, because they contain the same ankyrin-G binding motifs that trap VGSCs 

there (Pan et al., 2006). However, several other determinants outside of the ankyrin-

binding motif have been described, thus pointing at additional modes of regulation. The 

tight colocalization of KV7 channels with VGSCs has been postulated to confer specific 

regulatory properties within the AIS. In the soma, dendrites, and AIS, KV7 channels 

attenuate subthreshold depolarization by opposing a VGSC persistent current whereas 

in the nodes, KV7 channels stabilize the membrane potential and protect VGSC channels 

from inactivation (Battefeld et al., 2014).  

The molecular mechanisms underlying the coordination between KV7 channels 

and VGSCs are not known, but I hypothesized that fibroblast growth factor homologous 

factors (FHFs), a subfamily (FGF11-14) of fibroblast growth factors that function as 

intracellular modulators of VGSCs (Lou et al., 2005; Smallwood et al., 1996) are 

candidate contributing factors. FHFs have been implicated in neurological diseases 
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characterized by altered excitability, as exemplified by spinocerebellar ataxia 27 (SCA27) 

mutations in FGF14 (Dalski et al., 2005; van Swieten et al., 2003). Because FGF14 interacts 

directly with VGSCs, FGF14 mutations have been postulated to cause disease through 

VGSC dysfunction. Nevertheless, the pathologic mechanisms may be broader, as FGF14 

also regulates presynaptic voltage-gated Ca2+ channels and SCA27 loss-of-function 

mutations in FGF14 decrease influx through those presynaptic voltage-gated Ca2+ 

channels, thereby reducing synaptic vesicle release (Yan et al., 2013). Whether the 

disease process extends beyond dysregulation of VGSCs and voltage-gated Ca2+ 

channels is not known. 

Here, I focused on the neuronally restricted FGF14 because it is highly localized 

to the AIS, it binds directly to VGSCs, and protects them from inactivation (Bosch et al., 

2015; Goldfarb et al., 2007; Laezza et al., 2007; Lou et al., 2005; Wang et al., 2014; Yan et 

al., 2014). I therefore reasoned that FGF14 might coordinate the regulation of KCNQ2/3 

channels and VGSCs in the AIS. In this chapter I report that FGF14 is critical to the 

localization of KCNQ2 channels in hippocampal neurons. FGF14 knockdown leads to a 

loss of KCNQ2 in the AIS and decreases KCNQ2/3 currents. FGF14 regulates KCNQ2 

through direct binding to KCNQ2, using an interface distinct from the well-defined 

VGSC binding site on FHFs. Further, FGF14 forms a “bridge” between VGSCs and 

KCNQ2. These data not only provide a mechanism to explain the apparent coordination 
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between the KCNQ2/3 M-current and VGSCs, but also show that FGF14 serves as a 

broad organizer of AIS ion channels. 

3.2 Results 

Because of the restricted localization of FGF14 to the AIS and recent data that 

FGF14 can regulate multiple ion channels, I first tested whether FGF14 also regulated 

the AIS-enriched KCNQ2 channels. I knocked down FGF14 in neurons by transfection 

with either a scrambled control shRNA exhibiting no homology to any expressed 

sequence in the rodent genome (Scr), or previously validated shRNA targeted to rodent 

FGF14 (14KD) (Yan et al. 2013) and visualized KCNQ2 in the AIS by 

immunocytochemistry. Neurons transfected with shRNA (14KD or Scr) were identified 

by a GFP reporter and the AIS was identified by immunostaining for ank-G. Blinded to 

the shRNA treatment, I obtained images and quantified the abundance of KCNQ2 by 

measuring the integrated pixel intensity within the ank-G-positive AIS. Scr neurons 

displayed robust KCNQ2 immunoreactivity in the AIS, which was indistinguishable 

from the amount of KCNQ2 immunoreactivity in untransfected cells on the same 

coverslip (Figure 14A-D). In marked contrast, KCNQ2 immunoreactivity in 14KD 

neurons was reduced by 57.3 ± 8.6 % in the AIS (Figure 14E-H, M) while KCNQ2 

immunoreactivity in the AIS of untransfected neurons on the same coverslip was not 

different from control neurons. This reduction of KCNQ2 in 14KD neurons was not due 

to disruption of the AIS since ank-G immunoreactivity was unchanged (Figure 14G, N) 
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in accordance with what I reported in Chapter 2 (see Figure 7). Moreover, the reduction 

in KCNQ2 appeared to be specific to knockdown of FGF14 since KCNQ2 

immunoreactivity was unaffected by knockdown of the homologous FGF13 (Figure 14I-

M), which is also abundant in hippocampal neurons and concentrated within the AIS 

(see Figure 4 from Chapter 2). These data suggested that FGF14 knockdown in 

hippocampal neurons led to a specific reduction in the abundance of KCNQ2 within the 

AIS.  

I next tested whether FGF14 knockdown in hippocampal neurons reduced 

KCNQ2 function by recording KCNQ2/3 currents from either Scr or 14KD neurons. I 

blocked voltage-gated Na+ and Ca2+ currents with tetrodotoxin and Cd2+, respectively, 

and identified the KCNQ2/3 contribution to outward K+ currents as the component 

sensitive to KCNQ current inhibitor XE-991 (Figure 15A-B). Indeed, the XE-991 sensitive 

KCNQ2/3 current amplitude was significantly reduced (Figure 15C). In contrast, 

knockdown of FGF13 did not affect the KCNQ2/3 current (Figure 15B-C), consistent 

with the specificity demonstrated by immunocytochemistry (Figure 14).  
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Figure 14: FGF14 knockdown leads to loss of AIS-localized KCNQ2. A-D) 

Neurons transfected with scrambled control shRNA (GFP reporter, green signal) 

exhibit localization of B) KCNQ2 to the AIS as marked by C) ankyrin-G. Nearby 

untransfected neurons have the same pattern. E-H) Neurons transfected with FGF14-

targeted shRNA (GFP reporter, green signal) lose more than half of F) KCNQ2 

immunoreactivity at the G) AIS. Nearby untransfected neurons are unaffected. I-L) 

Neurons transfected with FGF13-targeted shRNA do not exhibit loss of J) KCNQ2 at 

the K) AIS. M) Quantification of KCNQ2 immunoreactivity via integrated pixel 

intensity reveals that 14KD but not 13KD significantly reduces KCNQ2 localization as 

compared to Scr. N) Ankyrin-G is not significantly affected across treatments. (*, 

p<0.05, ANOVA followed by Fisher’s LSD) 
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Figure 15: FGF14 knockdown leads to a decrease in XE-991 sensitive outward 

currents. A) Currents recorded in the presence of TTX and Cd were elicited via a 

voltage-step protocol in whole-cell voltage clamp. B) KCNQ currents were defined as 

the component of outward potassium current sensitive to 20 um of XE-991. KCNQ 

currents from neurons transfected with FGF-14 targeted shRNA (14KD) but not 

FGF13-targeted shRNA (13KD) neurons were smaller than currents from neurons 

transfected with a scrambled control shRNA (Scr). C) Current-voltage relationships 

for Scr, 14KD and 13KD KCNQ2 currents show that current amplitudes for 14KD are 

significantly smaller -40 to +40 mV. (*, p<0.05, ANOVA followed by Fisher’s LSD) 
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I reasoned that these effects might be mediated by a previously unknown FGF14 

interaction with the KCNQ2/3 complex. I tested this hypothesis by immunoprecipitating 

FGF14 from HEK cells transfected with KCNQ2, FGF14, or both. Immunoprecipitation 

of FGF14 co-immunoprecipitated KCNQ2 and the supernatant was depleted of KCNQ2 

only when FGF14 was co-transfected (Figure 16A).  Thus the novel regulation of 

KCNQ2/3 by FGF14 may likely be due to a previously unrecognized interaction between 

FGF14 and KCNQ2. In contrast, the two most abundant isoforms of FGF13 did not 

exhibit an interaction with KCNQ2 (Figure 16B), consistent with the lack of an effect on 

KCNQ2 localization and function after FGF13 knockdown (Figures 14 and 15).  

Having established KCNQ2 as a novel interacting partner of FGF14, I sought to 

delineate the FGF14 binding site on KCNQ2. I initially considered the KCNQ2 

intracellular C-terminus because of parallels with the FHF interaction site on VGSCs 

(Wang et al., 2012; Wang et al., 2011b), the best-characterized FHF binding partners, 

which is adjacent to a calmodulin binding site. The KCNQ2 C-terminus also contains a 

calmodulin binding site that determines surface expression (Cavaretta et al., 2014; 

Chung et al., 2006). I queried for an interaction between FGF14 and the KCNQ2 C-

terminus in two separate ways. First, I tested for direct interaction between FGF14 and a 

KCNQ2 C-terminus construct (aa 316-670) that contains the calmodulin binding site by 

asking whether an untagged recombinant FGF14 (aa 70-252) co-purified with a co-

expressed Hisx6-tagged recombinant KCNQ2 C-terminus construct and recombinant 
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calmodulin. While calmodulin co-purified with the Hisx6-tagged KCNQ2 C-terminus on 

a metal affinity column, FGF14 did not (Figure 17A). Similar results were obtained with 

a different C-terminal construct (aa 638-888) (data not shown). Having eliminated the 

KCNQ2 C-terminus as a FGF14 binding site, I then tested whether FGF14 bound to a 

KCNQ2 construct in which the C-terminus was deleted (KCNQ2∆CT). I expressed both 

FGF14 and KCNQ2∆CT in HEK cells and immunoprecipitated FGF14. The KCNQ2∆CT 

still co-immunoprecipitated (Figure 17B). Thus, the FGF14 binding site with KCNQ2 

does not reside within the C terminus. The N-terminal half of KCNQ2 would therefore 

be a likely location for an FGF14 binding site on the channel (see Discussion). 
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Figure 16: FGF14 but not FGF13 binds to KCNQ2. A) Coimmunoprecipitation 

experiments with heterologous expression of KCNQ2 and FGF14 show that 

immunoprecipitating FGF14 leads to the coimmunoprecipitation of KCNQ2. This is 

not true when one of these proteins is omitted. KCNQ2 is depleted from input 

material (supernatant) only when FGF14 is present and immunoprecipitated, again 

indicating binding. B) Immunoprecipitation of FGF13 leads to no discernible signal 

for coimmunoprecipitation of KCNQ2. This indicates that FGF13 does not bind to 

KCNQ2. 
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Figure 17: FGF14 binds to KCNQ2 upstream of its C-terminus. A) 

Copurification experiments with a 6XHis-tagged KCNQ2 C-terminus show that 

calmodulin (CaM) binds while FGF14 does not. B) Immunoprecipitation of FGF14 is 

still capable of immunoprecipitating a KCNQ2 construct that lacks a C-terminus. 

Omission of either protein does not yield a significant signal.   
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Because KCNQ2 is a novel FGF14 binding partner and sequence analysis of the 

KCNQ2 intracellular domains did not reveal any clear homology to the FHF binding site 

in VGSCs, I hypothesized that the mode of binding between FGF14 and KCNQ2 binding 

was different than for FGF14 and VGSCs. Thus, I expected that the binding determinants 

on FGF14 were distinct for KCNQ2 and VGSCs. Previous structural analysis had 

identified the VGSC binding surface on FGF14 (Wang et al., 2012) and I showed in 

Chapter 2 (Figure 12) that direct interaction between FGF14 and VGSCs can be 

disrupted when an exposed arginine residue in FGF14 (R117 in FGF14B) is mutated to 

an alanine (Yan et al., 2014). I therefore assessed whether an R117A-mutated FGF14 

(FGF14RA) co-immunoprecipitated with KCNQ2. As previously shown, FGF14RA was 

incapable of immunoprecipitating the VGSC. In stark contrast, however, FGF14RA was 

immunoprecipitated with KCNQ2 (Figure 18). This indicated that there are separate 

interaction surfaces on FGF14 involved in binding VGSCs and KCNQ2.   

Distinct interaction surfaces for VGSCs and KCNQ2 on FGF14 implied that 

FGF14 might bind these two ion channels simultaneously. To test this we co-expressed 

KCNQ2 and the VGSC NaV1.6 in the presence or absence of FGF14 and observed 

whether NaV1.6 immunoprecipitated with KCNQ2. Indeed, NaV1.6 co-

immunoprecipitated with KCNQ2 only in the presence of FGF14 (Figure 19). Together, 

these data indicated that FGF14 could “bridge” these two axonal ion channels.  



 

77 

 

Figure 18: FGF14 binds to KCNQ2 at an interface distinct from NaV binding. 

Immunoprecipitation of wild-type FGF14 coimmunoprecipitates both NaV1.6 and 

KCNQ2. In contrast, immunoprecipitation of a NaV binding-deficient FGF14RA 

mutant does not coimmunoprecipitate NaV1.6 while stil retaining the capability to 

coimmunoprecipitate KCNQ2. 
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Figure 19: FGF14 bridges NaV1.6 and KCNQ2. Immunoprecipitation of 

KCNQ2 is only capable of coimmunoprecipitating NaV1.6 in the presence of FGF14. 

Omission of any of these three components leads to no signal. 
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Figure 20: FGF14 knockdown changes action potential shape and intrinsic 

membrane properties. A) The input resistance of 14KD neurons is higher than for Scr 

neurons. (*, p<0.05, Student’s t-test). B) Increasing current injections lead to decreased 

numbers of action potentials generated from 14KD neurons compared to Scr neurons. 

C) Examples of action potential trains generated from 100 pA injections into both Scr 

and 14KD neurons. Fewer action potentials are generated by 14KD neurons and the 
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threshold for their generation is increased. D) The threshold for action potentials 

subsequent to the first one is higher in 14KD neurons than it is for Scr control 

neurons. E) Singly evoked action potential waveforms from neurons transfected with 

scrambled control shRNA (Scr) or FGF14-targeted shRNA (14KD). 14KD action 

potentials are shorter and wider than Scr action potentials. F) Phase plots of action 

potentials from Scr or 14KD neurons. The maximum rate of rise for 14KD action 

potentials is lower than for Scr. 

 

Having demonstrated that FGF14 is a positive regulator of KCNQ2 in the AIS 

and the presence of a macromolecular complex containing KCNQ2, FGF14, and VGSCs, 

I queried the consequences of FGF14 knockdown. Consistent with a reduction in 

KCNQ2/3 K+ currents, and thus a reduction in voltage-gated K+ channels open at the 

resting membrane potential, the input resistance of 14KD neurons was significantly 

higher than Scr neurons (Figure 20A). Further, the resting membrane potential of 14KD 

neurons was also slightly more depolarized than for Scr neurons (Scr= -54.97± 1.11 mV, 

14KD= -51.81± 0.84 mV, p<0.05; Scr n=12, 14KD n=15). I then elicited action potentials 

with current injections. As the amplitude of current injections was increased, fewer 

action potentials were elicited from 14KD neurons than from Scr control neurons (Figure 

20B-C). At higher current injections the threshold for subsequent action potentials also 

increased significantly more for 14KD neurons than for Scr control neurons (Figure 

20D). This is consistent with a progressive inactivation of VGSCs that could be caused 

both directly by FGF14 regulation of VGSCs as well as indirectly by the loss of 

membrane potential regulation by KCNQ (see Discussion). Interestingly single action 
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potentials were also changed by FGF14 knockdown. Exemplar single evoked action 

potentials (APs) and corresponding phase plots are shown in Figure 20E-F. Consistent 

with observations (including Chapter 2) that FGF14 knockdown in hippocampal 

neurons diminishes VGSC function (Laezza et al., 2007), the action potential amplitude 

from 14KD hippocampal neurons was significantly smaller than from Scr neurons 

(height in mV, Scr=101.88±2.05, 14KD=92.01±1.43, p<0.05; Scr n=12, 14KD n=15) and the 

maximum rate of rise was significantly lower (maximum dV/dt, Scr=128.06±8.71, 

14KD=92.36±5.40, p<0.05; Scr n=12, 14KD n=15). Unexpectedly, the APs from 14KD 

hippocampal neurons were markedly wider at half-maximal amplitude (APD50) than 

evoked APs from Scr neurons (APD50 in ms, Scr=1.79±0.12, 14KD=2.58±0.13, p<0.05; Scr 

n=12, 14KD n=15), suggesting a previously unknown role for FGF14 in the action 

potential repolarization phase. 

3.3 Discussion  

This is the first report of voltage gated K+ channel regulation by FHFs. Although 

originally described as VGSC modulators, FHFs have broader regulatory portfolios, 

recently shown to include voltage-gated Ca2+ channels and now K+ channels. This 

multimodal regulation by the FHFs is likely a mechanism for coordinating various ionic 

conductances. The regulation by FGF14 of KCNQ2 within the AIS—where FGF14, 

KCNQ2, and VGSCs are concentrated and where FGF14 also exerts major effects on 

VGSCs—along with the observation that FGF14 bridges KCNQ2 and VGSCs, provides 
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context to recent data showing how KCNQ2/3 channels within the axon coordinate with 

VGSCs to control membrane potential (Battefeld et al., 2014). In that study, inhibition of 

KCNQ currents depolarized resting membrane potential because of loss of a 

counterbalance to the persistent inward current through VGSCs. Interestingly, I 

observed that FGF14 knockdown and the resulting reduction in KCNQ2/3 currents 

caused a slight but significant depolarization in resting membrane potential. It is 

possible that FGF14 knockdown does not lead to a greater depolarization of resting 

membrane potential, despite the dramatic reduction in KCNQ2 localization (Figure 14), 

because VGSCs currents are also reduced (Figure 8), thus diminishing the contribution 

of the opposing persistent VGSC current. Moreover, it has been shown that loss of 

FGF14 in neurons causes increased inactivation of the remaining VGSCs (Bosch et al., 

2015; Yan et al., 2014). Thus, a concurrent reduction in the depolarizing VGSC persistent 

current after FGF14 knockdown (Yan et al., 2014) would, at least in part, counteract the 

loss of KCNQ2.  

In previous studies in which KCNQ was inhibited in central nervous system 

neurons the resulting effects were distinct from FGF14 knockdown (Battefeld et al., 2014; 

Shah et al., 2008). For example, inhibition of the M-current with bath application of XE-

991 produced more spikes with a given current injection and did not change the height 

of the action potential. With FGF14 knockdown, I observed a rise in membrane potential 

consistent with M-current inhibition, but I also observed decreases in spike frequency 
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with current injection as well as changes in action potential waveform (Figure 20). I 

hypothesize that these differences result from FGF14 regulation of VGSCs as well as 

KCNQ2. Interestingly, in central nervous system nodes of Ranvier, VGSCs inactivate at 

more hyperpolarized voltages compared to soma, thus more closely resembling the 

effects of FGF14 knockdown on VGSCs. Selective inhibition of nodal KCNQ currents 

with XE-991 decreased AP amplitude similar to what I observed with singly evoked 

action potentials after FGF14 knockdown (Figure 20E) (Battefeld et al., 2014). Thus, the 

decrease in number of spikes generated, increased threshold for subsequent APs, as well 

as singly evoked AP waveform changes that I observed (Figure 20), likely result from 

the multiple effects of FGF14 knockdown.  

Although I demonstrated that KCNQ2 is a novel FGF14 interactor, the exact 

binding site within KCNQ2 for FGF14 is not yet known. The data in this chapter with 

the FGF14RA mutant suggests that the mode of interaction between FGF14 and KCNQ2 is 

different than between FGF14 and VGSCs. A possible interaction site for FGF14 on 

KCNQ2 may be the channel’s N-terminus, as it is the other major intracellular domain. 

Furthermore, in the related cardiac KCNQ1, the N-terminus regulates KCNQ1 surface 

expression in cardiac myocytes (Dahimene et al., 2006). Although surface expression and 

current amplitude are not always correlated (Choveau and Shapiro, 2012), FGF14 is 

capable of regulating both localization of KCNQ2 to the AIS as well as current 

amplitude through channels composed of KCNQ2 (Figures 14-15). Further, because 
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FGF14 can bridge VGSCs and KCNQ2, it would also be interesting to explore whether 

VGSCs and KCNQ2 are coupled in their trafficking and localization at particular stages 

in neuronal development, and whether FGF14 plays a role in such a process.   

These data also raise the possibility that KCNQ2 dysregulation may result from 

FGF14 mutations associated with SCA27 and thereby contribute to the disease 

mechanism, which remains unclear. Neurons deficient in FGF14 are less excitable, 

previously attributed to loss-of-function of VGSCs. The results here, using acute FGF14 

knockdown that obviates any compensatory changes resultant from an embryonic 

knockout, offer an additional mechanism in that FGF14 deficiency also leads to a loss of 

function in KCNQ2/3 currents. Further, the loss of repolarizing drive could potentially 

increase the susceptibility of VGSCs to voltage dependent inactivation thus 

compounding the excitability phenotype of FGF14 mutations. 

Finally, the absence of an effect on KCNQ2/3 current after knockdown of FGF13, 

although FGF13 is ~79% identical in amino acid sequence to FGF14 in their core regions, 

provides additional evidence for the specificity of the FHFs. The molecular basis 

underlying this difference in localization may provide clues as to the differences in 

regulation of KCNQ2.  

.  

3.4 Materials and Methods   

Primary hippocampal culture and transfection  
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Primary dissociated hippocampal cultures were prepared as described (Wang et 

al. 2007), with minor modifications. Briefly, the hippocampus from P2 male or female 

Sprague-Dawley rat pups was dissected on ice, digested with 0.25% trypsin for 20 min at 

37°C with Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), and dissociated into 

single cells by gentle trituration. The cells were seeded at a density of 2.5-3.0×105 

cells/coverslip (12×12 mm coverslips) in Neurobasal-A (Sigma) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), onto coverslips previously coated with 50 

μg/ml poly-D-lysine (Sigma) overnight at 4°C and 25 μg/ml laminin (Sigma) for 2 h at 

37°C. The cells were maintained in a humidified incubator in 5% CO2 at 37°C. After 24 

h, the medium was replaced with Neurobasal-A supplemented with 2% B27 

(Invitrogen), 1% FBS, 25 M uridine, and 70 M 5-fluorodeoxyuridine. After 5 days in 

vitro (DIV) culture, the neurons were transiently transfected with 0.2 μg plasmid DNA 

per coverslip using Lipofectamine-2000 (Invitrogen) according to the manufacturer’s 

instructions. Experiments were carried out 4-6 days after transfection. The shRNA 

constructs used for either transfections or infections have been extensively validated and 

previously reported (Wang et al. 2011; Hennessey et al. 2013; Yan et al. 2013).  

 

Immunocytochemistry and Quantification 

Cultured hippocampal cells were fixed for 20 min with 2% paraformaldehyde, 

washed 3x with PBS then incubated for 30 minutes in a solution of 5% fish skin gelatin, 
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0.1% Triton in PBS. Cells were incubated at room temperature for 2 hours in the primary 

antibody solution and for 45 minutes with the secondary antibody solution. Each 

incubation was followed by 3 washes in PBS for 10 minutes each. Antibodies were 

diluted in 5% fish skin gelatin, 0.1% Triton in PBS. Antibodies used were Thermo rabbit 

anti-KCNQ2 (1:200) and polyclonal goat anti-ankyrin G (1:1000). Imaging was 

performed with a Zeiss LSM 780 confocal microscope using an oil immersion 40X or 63X 

objective. All images were collected at 1024 × 1024 pixel resolution. For quantification 

using NIH ImageJ software, line scans down the axon defined the region of interest and 

the pixel intensity was extracted. Sliding averages of the pixel values within a 5 μm 

window were then normalized to the maximum value and then plotted versus distance 

from the soma. Axon initial segments were identified as ankyrin-G positive processes 

with clear axon-like morphology. In all image analysis, the experimenter was blinded to 

the identity of the confocal channels. 

 

Western blotting and immunoprecipitaton  

Human embryonic kidney (HEK) cells in 60 mm dishes were transfected with 

Lipofectamine-2000 according to the manufacturer’s instructions. After 2-3 days, cells 

were washed twice with cold PBS and then incubated in lysis buffer (150 mM NaCl, 50 

mM Tris, 1% sodium deoxycholate and 1% Triton) for 30 minutes. Homogenized 

proteins were incubated with primary antibodies overnight, after which Protein A/G 
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beads were added. The immunoprecipitation reactions were then allowed to incubate 

with rocking for 2 hours. The beads were then washed three times with lysis buffer 

followed by elution in 2x LDS Sample Buffer (Life Technologies) plus 10 mM 

dithiothreiotol. The immunoprecipitations and whole cell lysate were run on 8-16% Tris-

glycine SDS page gels and transferred to PVDF membranes. Primary antibodies used 

were rabbit polyclonal Pan Nav 1:200, rabbit polyclonal anti-KCNQ2 1:200 (Thermo), 

mouse monoclonal anti-β-actin 1:5000 (Sigma) and goat polyclonal anti-FGF14  1:200 

(Santa Cruz Biotechnology).  

 

Electrophysiological Recordings 

Whole-cell voltage clamp recordings were obtained from cultured hippocampal 

cells using an Axopatch 200B amplifier (Axon Instruments, Inc., Union City, CA), with a 

5 kHz bandwidth filter. Data was stored using a DigiData 1322A (Axon Instruments, 

Inc) digitizer and analyzed with pClamp software, version 10. Patch pipettes with 3-5 

MΩ resistances were filled with internal solution containing (in mM): 130 K+-gluconate, 

10 KCl, 10 HEPES, 10 Na2-phosphocreatine, 4 Mg-ATP and 0.3 Na-GTP, pH 7.3 with 

KOH (290-300 mOsm). The bath solution contained (in mM):125 NaCl, 3 KCl, 5 4-AP, 5 

HEPES, 25 glucose, 2 CaCl2 and 1 MgCl2, pH 7.3 with NaOH (300-310 mOsm). A brief 5 

mV depolarizing step was used to monitor series resistance, capacitance, and leak 

current throughout the experiment. Cells were rejected from analysis if the series 



 

88 

resistance changed by >15%. Voltage-gated sodium and calcium channels were inhibited 

by bath application of 1 μM tetrodotoxin and 0.5 mM CdCl2 respectively. Additional 

blockers used were 5 mM 4-aminopyridine and 20 μM ZD-7288 to block Kv1 and HCN 

channels. Potassium currents were obtained by 500 ms step depolarizations from a 

holding potential of -90 mV to +40 mV. KCNQ currents were identified as the currents 

inhibited by 20 μM XE991. The current amplitude was normalized to each cell’s 

capacitance to obtain a measure of current density (pA/pF). Current density-to-voltage 

relationships were plotted (I–V relationship).  

For current clamp recordings patch pipettes were filled with (in mM): 130 K-

gluconate, 5 KCl, 1 MgCl2, 0.5 EGTA, 10 HEPES, 10 phosphocreatine, 4 Mg-ATP, and 0.5 

Tris-GTP , pH 7.3 with KOH (290-300 mOsm). The external solution contained (in mM): 

135 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10 glucose, and 5 HEPES, pH 7.3 with NaOH (300-

310 mOsm). The liquid junction potential was not corrected, and cells were discarded if 

series resistance was more than 13 MΩ. 

 

Molecular biology 

The shRNA sequences targeting both FGF14 and FGF13 were cloned into the 

pLVTHM plasmid (Addgene) and have been described previously (Wang et al., 2011; 

Yan et al., 2013). For FGF13 the primers used were  

5’ CCACGCGTGCACTTACACTCTGTTTAATTCAAGAGATTAAACAGAGTGTAAGTGCTTTTTTATCGATGG 3’  

5’ CCATCGATAAAAAAGCACTTACACTCTGTTTAATCTCTTGAATTAAACAGAGTGTAAGTGCACGCGTGG 3’.  
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For FGF14 the primers used were 

5’ CGCGTGGAGGCAAACCAGTCAACAAGTGCATTCAAGAGATGCACTTGTTGACTGGTTTGCCTCCTTTTTTAT 3’ 

5’ CGATAAAAAAGGAGGCAAACCAGTCAACAAGTGCATCTCTTGAATGCACTTGTTGACTGGTTTGCCTCCA 3’. 

Rat KCNQ2 was cloned into pCS2+ for mammalian expression and into pET28 

for bacterial purification experiments. The KCNQ2∆CT truncation construct was created 

by inserting a stop codon at aa 316 using QuikChange mutagenesis, a few amino acids 

into the C-terminus.  

 

Recombinant protein expression and co-purification 

Rat KCNQ2 C-terminus Domain (amino acids 316-670 or 638-888) was cloned 

into pET28 (Novagen). Mouse FGF14B ΔNT (aa 70-252) or FHF14B ΔNT R117A were 

cloned into the MCS2 in pETDuet-1(Novagen). The plasmids were electroporated into 

BL-21 (DE3) cells. Protein expression was induced by 1 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG) for 64 h at 16°C. The protein was purified by metal affinity 

chromatography as previously described (Wang et al., 2008) with slight changes. Briefly, 

cells were harvested and protein extracted by Avestin homogenizer (Emulsiflex-C5, 

Canada) in buffer with 300 mM NaCl, 20 mM Tris-HCl, 5 mM imidazole, pH 7.5 with 

EDTA-free protease inhibitor mixture (Roche). The lysate was spun down at 38,000g for 

30 min at 4°C, and the resultant supernatant passed through a pre-equilibrated cobalt 

affinity column which was then washed extensively. The proteins were eluted by 

300mM imidazole in the above lysis buffer and visualized via SDS-PAGE. 
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Statistical analyses 

Results are presented as means ± standard error of the mean; statistical 

significance of differences between more than 2 groups (typically Scr, 13KD and 14KD) 

was assessed using one-way analysis of variance (ANOVA) followed by Fisher’s Least 

Significant Difference as a post-hoc test. Comparisons between two groups were 

assessed using Student’s t-test. The cutoff for statistical significance was set at P < 0.05.
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4. FGF13 regulates axon initial segment structural 
plasticity  

Axon initial segment (AIS) structural plasticity is a relatively recently described 

from of activity-depedent plasticity in which structural elements of the AIS are found to 

shift distally along an axon in response to neuronal stimulation. Although the 

mechanisms behind AIS plasticity remain a mystery, it is known that influx through 

voltage-gated calcium channels such as L-type CaVs is crucial as is the downstream 

activation of the calcium dependent phosphatase, calcineurin. In this chapter, FGF13 is 

identified as a novel and important component of AIS structural plasticity. AIS proteins 

such as voltage-gated sodium channels (VGSCs) and ankyrin-G (ank-G) are found 

shifted proximal to the cell body at baseline in FGF13 knockdown neurons. FGF13 

knockdown inhibits the distal shift induced by elevated extracellular concentrations of 

K+. A potential mechanism for these effects might be through the regulation of L-type 

CaVs as CaV currents are reduced in the context of FGF13 loss of function.  

4.1 Introduction 

Neurons are the most highly polarized cells in mammalian biology. They can be 

roughly subdivided into two functionally and morphologically distinct compartments. 

The somatodendritic compartment, which consists of the cell body (soma) and the 

dendrites, is specialized for receiving input from other neurons typically through 

synapses. A second axonal compartment, typically consisting of a long cellular process 
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narrower than the dendrites, is specialized to transmit signals in the form of action 

potentials. The region of the axon proximal to the soma is a specialized subcompartment 

known as the axon initial segment (AIS) (Rasband, 2010). The AIS is notable as the 

region in a neuron in which VGSCs are most concentrated (as discussed in Chapter 2) 

and in which KV7.2/3 voltage-gated potassium channels are also highly localized (as 

discussed in Chapter 3). For these two classes of channels, their localization to the AIS is 

attributed to the ank-G binding motifs found in the channels: in the domain II-III linker 

for VGSCs (Garrido et al., 2003b; Lemaillet et al., 2003) and in the C-terminal tail for 

KV7.2/3 (Pan et al., 2006). Ank-G is a large membrane associated scaffolding molecule 

that has been recognized as a major organizer of the AIS. Knock-down or knock-out of 

ank-G leads to a loss of neuronal polarization in which the axon assumes dendrite-like 

characteristics such as the formation of dendritic spines (Hedstrom et al., 2008; 

Hedstrom et al., 2007; Jenkins et al., 2015). Ank-G loss of function also causes proteins 

such as VGSCs and KV7.2/3 to lose their characteristic AIS localization (Jenkins et al., 

2015; Pan et al., 2006; Zhou et al., 1998). Ank-G tethers transmembrane molecules such 

as VGSCs and KV7.2/3 to the cortical cytoskeleton via a direct interaction with the actin 

adaptor molecule βIV-spectrin. This network of interactions not only serves to restrict 

diffusion of the components of the AIS thus retaining its molecular identity (Brachet et 

al., 2010) but also serves as a “fence” that prevents somatodendritic molecules from 

entering the axon (Song et al., 2009). Nevertheless the AIS is a site of active transport as 
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many molecules and organelles are synthesized in the soma and trafficked to and 

through the AIS as far as the axonal boutons (Ahmari et al., 2000; Morris and 

Hollenbeck, 1993). This traffic is mediated in large part by kinesin motors on the 

fasisculated mictrotubular structure running through the axon (Song et al., 2009; Zhang 

et al., 2012). 

 Despite the many trafficking processes operating in the AIS, the dynamic nature 

of this structure was not fully appreciated until the discovery that neuronal 

depolarization can lead to movement of the components of the AIS along the axon. 

Incubation of neurons in elevated concentrations of KCl led to a shift away from the cell 

soma of the immunoreactivity of AIS molecules such as VGSCs, Ank-G, Neurofascin 

and FGF14 (Grubb and Burrone, 2010). This demonstrated previously unknown 

structural plasticity of the AIS and was postulated to be a novel mechanism of neuronal 

homeostasis. Supporting this idea was the finding that auditory deprivation in 

songbirds leads to longer ankyrin-G and VGSC positive segments (Kuba et al., 2010). 

Although the mechanisms that mediate AIS plasticity are still under active investigation, 

it is know that Ca2+ influx through certain CaVs is necessary (Grubb and Burrone, 2010). 

Downstream of this is the activation of the calcium regulated phosphatase, calcineurin 

(Evans et al., 2013).  

As discussed in Chapter 1, fibroblast growth factor homologous factors (FHFs) 

have been recently discovered to be capable of regulating CaV channels (Hennessey et 
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al., 2013b; Yan et al., 2013). In particular, FGF13 in cardiomyocytes is capable of 

regulating CaV1.2, an L-type CaV that is highly abundant in central nervous system 

neurons. Knockdown of FGF13 leads to a proximal shift in axonal components and 

impairs normal depolarization-induced structural plasticity. In addition FGF13 

knockdown decreases L-type current in hippocampal neurons. Thus, FGF13 is a novel 

regulator of AIS structural plasticity possibly through its regulation of neuronal L-type 

CaVs. 

4.2 Results 

During analysis of VGSC immunoreactivity after FGF13 (13KD) or FGF14 (14KD) 

knockdown (see Chapter 2), it became clear that there was a difference at baseline in the 

localization of AIS-components upon FGF13 loss of function. This is illustrated in Figure 

21A, VGSCs are on average located more proximally to the cell soma in 13KD neurons 

than in Scr or 14KD neurons. Consistent with the observations from Chapter 2, VGSC 

immunoreactivity is greatly reduced for 14KD but the average position along the axon 

remains the same. Representative images are shown in Figure 21B. The proximal shift in 

13KD can be better appreciated with ank-G, a protein for which total immunoreactivity 

is unchanged between Scr, 13KD and 14KD (Figure 22A). Ank-G average position is also 

shifted proximal to the cell soma in 13KD neurons relative to Scr and 14KD. 

Representative images are shown in Figure 22B. This implied that FGF13 specifically can 

affect AIS position along the axon.  
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Figure 21: NaV channels are more proximal to the soma at baseline when 

FGF13 is knocked down. A) Quantification of pixel intensity against distance from 

soma shows that the signal for NaV channels is shifted closer to the soma in neurons 

transfected with FGF13-targeted shRNA (13KD). Neurons transfected with FGF14-

targeted shRNA (14KD) have an overall decrease in NaV channel immunoreactivity 

but on average have the same position along the axon as neurons transfected with 

scrambled control shRNA (Scr). B) Representative images of transfected (GFP signal, 

green) neurons. 13KD NaV channels are closer to the soma than 14KD or Scr. 14KD 

neurons have a decreased NaV channel signal but are still distally located compared 

to 13KD. 
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Figure 22: Ankyrin-G is more proximal to the soma at baseline when FGF13 is 

knocked down. A) Quantification of pixel intensity against distance from soma shows 

that the signal for ankyrin-G (AnkG) is shifted closer to the soma in neurons 

transfected with FGF13-targeted shRNA (13KD) compared to neurons transfected 

with either FGF14-targeted shRNA (14KD) or scrambled control shRNA (Scr). Overall 

levels of ank-G remain the same among treatments. B) Representative images of 

transfected (GFP signal, green) neurons. 13KD ank-G is closer to the soma than 14KD 

or Scr. Overall levels of ank-G remain the same among treatments. 
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Next I tested whether there would be any difference between Scr and 13KD in 

the context of depolarization by elevating the extracellular concentration of K+ to 15 mM. 

Depolarization led to a characteristic shift away from the cell soma in Scr but not in 

13KD (Figure 23A). 13KD ank-G staining was significantly proximally shifted in 

depolarized conditions compared to Scr (Figure 23B). Thus knockdown of FGF13 

impairs AIS structural plasticity.  

FGF13 has been shown to regulate CaV1.2 in cardiomyocytes (Hennessey et al., 

2013b). Intriguingly, L-type CaVs such as CaV1.2 have been shown to be important in AIS 

structural plasticity (Grubb and Burrone, 2010). I reasoned that FGF13 could regulate L-

type CaVs in hippocampal neurons as a potential mechanism for the regulation of AIS 

structural plasticity. Whole cell calcium currents were recorded using Ba2+ as a charge 

carrier in order to increase current magnitude and remove Ca2+ dependent inactivation. 

The contribution of L-type CaVs was isolated using nifedipine, an L-type CaV specific 

blocker. Nifedipine sensitive currents are significantly reduced in 13KD neurons 

compared to Scr (Figure 24A-B). Thus FGF13 might be affecting AIS structural plasticity 

through the regulation of L-type CaV activity.  
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Figure 23: FGF13 knockdown impairs activity dependent AIS structural 

plasticity. A) Depolarization of neurons by raising extracellular K+ levels to 15 mM 

leads to distally shifted ank-G immunoreactivity in relation to the soma. This shift is 

absent in neurons transfected with FGF13-targeted shRNA (13KD). B) Quantification 

of ank-G position with relation to the soma of a population of neurons shows that 

13KD in depolarized conditions leads to a significantly more proximal AIS than Scr 

neurons. 
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Figure 24: FGF13 knockdown leads to decreased CaV1.x function. Nifedipine 

sensitive Ba2+ currents were measured in the whole-cell voltage clamp configuration 

in order to measure CaV1.x function. Neurons transfected with FGF13-targeted 

shRNA (13KD) had significantly smaller currents than neurons transfected with a 

scrambled control shRNA (Scr). (p<0.05, Student’s t-test) 

   

4.3 Discussion 

The regulation of AIS structural plasticity is an unexpected new role for FGF13 in 

neurons and constitutes a new dimension in FHF functions. The fact that FGF14 does not 

seem to play  a role in this process also further emphasizes that there is a specificity 

between the different members of the FHF family even though they are highly 

homologous (~79% amino acid identity in the core region). Thus while FGF13 and FGF14 

have contrasting but cooperative roles in polarizing VGSC localization (Chapter 2), and 

FGF14 but not FGF13 is a KCNQ2 regulator (Chapter 3), it is FGF13 but not FGF14 that 

is important in AIS plasticity. Perhaps in this instance, the differences in effects on AIS 
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plasticity can be explained by the finding that FGF14 regulates P/Q and N type but not 

L-type CaVs in cerebellar neurons (Yan et al., 2013). Differences in the N-termini and C-

termini of the FHFs might also be important in the basis for these functional distinctions.     

Although I also showed for the first time that FGF13 is capable of regulating L-

type CaVs in neurons, I cannot conclude whether this is how FGF13 supports AIS 

structural plasticity. Relevant experiments that would address this include the 

overexpression of L-type CaVs to assess whether normal AIS plasticity is restored in 

FGF13 knockdown, or the cognate experiment of overexpressing FGF13 in the context of 

CaV loss of function (given a deficit in AIS structural plasticity with specific 

manipulations of CaVs). Such experiments would have the added advantage of placing 

FGF13 upstream or downstream in the pathway that controls AIS structural plasticity. In 

line with this it would be interesting to explore whether FGF13 regulates or is regulated 

by calcineurin, a known signaling component in AIS structural plasticity (Evans et al., 

2013).  

Fully understanding the role of FGF13 in this process and developing strategies 

to thus specifically manipulate it would be a potential gateway to unravelling the 

physiological relevance of AIS structural plasticity. Although there is a report that 

auditory deprivation leads to longer initial segments in songbirds (Kuba et al., 2010), 

similar studies have not been reported in mammalian systems. It is also unlikely that 

AIS structural plasticity is only involved in auditory processing as it seems to be widely 



 

101 

present in different classes of neurons including dopaminergic interneurons in the 

olfactory circuit (Chand et al., 2015).  

 While FGF14 may be a molecular organizer of the local composition of the AIS 

(Chapter 3), FGF13 may be involved in defining the broad parameter of where in the 

axon these components are located and how they respond to activity. Thus on a more 

complex scale, once again these two FHFs may be playing contrasting but cooperative 

roles in neuronal function (Chapter 2). 

4.4 Materials and Methods   

Primary hippocampal culture and transfection  

Primary dissociated hippocampal cultures were prepared as described (Wang et 

al. 2007), with minor modifications. Briefly, the hippocampus from P2 male or female 

Sprague-Dawley rat pups was dissected on ice, digested with 0.25% trypsin for 20 min at 

37°C with Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma), and dissociated into 

single cells by gentle trituration. The cells were seeded at a density of 2.5-3.0×105 

cells/coverslip (12×12 mm coverslips) in Neurobasal-A (Sigma) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), onto coverslips previously coated with 50 

μg/ml poly-D-lysine (Sigma) overnight at 4°C and 25 μg/ml laminin (Sigma) for 2 h at 

37°C. The cells were maintained in a humidified incubator in 5% CO2 at 37°C. After 24 

h, the medium was replaced with Neurobasal-A supplemented with 2% B27 

(Invitrogen), 1% FBS, 25 M uridine, and 70 M 5-fluorodeoxyuridine. After 5 days in 
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vitro (DIV) culture, the neurons were transiently transfected with 0.2 μg plasmid DNA 

per coverslip using Lipofectamine-2000 (Invitrogen) according to the manufacturer’s 

instructions. Experiments were carried out 4-7 days after transfection. The shRNA 

constructs used for either transfections or infections have been extensively validated and 

previously reported (Wang et al. 2011; Hennessey et al. 2013; Yan et al. 2013).  

 

Depolarization 

Cultured hippocampal cells were depolarized at 10DIV by adding enough NaCl 

or KCl from a 1.5M stock solution to raise the concentration in the culture media by 

10mM. Cells were kept in the incubator for 2 days before immunocytochemistry.  

 

Immunocytochemistry and Quantification 

Cultured hippocampal cells were fixed for 20 min with 2% paraformaldehyde, 

washed 3x with PBS then incubated for 30 minutes in a solution of 5% fish skin gelatin, 

0.1% Triton in PBS. Cells were incubated at room temperature for 2 hours in the primary 

antibody solution and for 45 minutes with the secondary antibody solution. Each 

incubation was followed by 3 washes in PBS for 10 minutes each. Antibodies were 

diluted in 5% fish skin gelatin, 0.1% Triton in PBS. Antibodies used were mouse 

monoclonal anti-PanNav (1:100) and polyclonal goat anti-ankyrin G (1:1000). Imaging 

was performed with a Zeiss LSM 780 confocal microscope using an oil immersion 40X or 
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63X objective. All images were collected at 1024 × 1024 pixel resolution. For 

quantification using NIH ImageJ software, line scans down the axon defined the region 

of interest and the pixel intensity was extracted. Sliding averages of the pixel values 

within a 5 μm window were then normalized to the maximum value and then plotted 

versus distance from the soma. Axon initial segments were identified as ankyrin G 

positive processes with clear axon-like morphology. In all image analysis, the 

experimenter was blinded to the identity of the confocal channels. 

 

Electrophysiological Recordings 

Whole-cell voltage clamp recordings were obtained from cultured hippocampal 

cells using an Axopatch 200B amplifier (Axon Instruments, Inc., Union City, CA), with a 

5 kHz bandwidth filter. Data was stored using a DigiData 1322A (Axon Instruments, 

Inc) digitizer and analyzed with pClamp software, version 10. Patch pipettes with 3-5 

MΩ resistances were filled with internal solution containing (in mM): 100 CsCl, 30 CsF, 

10 NaCl, 0.5 CaCl2, 1 MgCl2, 10 HEPES, 10 EGTA, 4 Mg-ATP and 0.4 Na-GTP, pH 7.3 

with CsOH (290-300 mOsm). The bath solution contained (in mM): 125 NaCl, 3 KCl, 5 4-

AP, 5 HEPES, 25 glucose, 2 CaCl2 and 1 MgCl2, pH 7.3 with NaOH (300-310 mOsm). 

Sodium currents were inhibited by 1 μM tetrodotoxin. A brief 5 mV depolarizing step 

was used to monitor series resistance, capacitance, and leak current throughout the 

experiment. Cells were rejected from analysis if the series resistance changed by >15%. 
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Calcium currents were obtained by 500 ms step depolarizations from a holding 

potential of -90 mV to +40 mV. The current amplitude was normalized to each cell’s 

capacitance to obtain a measure of current density (pA/pF). Current density-to-voltage 

relationships were plotted (I–V relationship).  

 

Statistical analyses 

Results are presented as means ± standard error of the mean; statistical 

significance of differences between more than 2 groups (typically Scr, 13KD and 14KD) 

was assessed using one-way analysis of variance (ANOVA) followed by Fisher’s Least 

Significant Difference as a post-hoc test. Comparisons between two groups were 

assessed using Student’s t-test. The cutoff for statistical significance was set at P < 0.05. 
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