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ABSTRACT (248) 42 

 43 

β-Secretase BACE1 is deemed a major culprit in Alzheimer’s disease, but accumulating evidence 44 

indicates that there is more to the enzyme than driving the amyloidogenic processing of the 45 

amyloid precursor protein. For example, BACE1 has emerged as an important regulator of 46 

neuronal activity through proteolytic and, most unexpectedly, also through non-proteolytic 47 

interactions with several ion channels. Here, we identify and characterize the voltage-gated K+ 48 

channel 3.4 as a new and functionally relevant interaction partner of BACE1. Kv3.4 gives rise to 49 

A-type current with fast activating and inactivating kinetics and serves to repolarize the 50 

presynaptic action potential. We found that BACE1 and Kv3.4 are highly enriched and 51 

remarkably co-localized in hippocampal mossy fibers (MF). In BACE1-/- mice of either sex, Kv3.4 52 

surface expression was significantly reduced in the hippocampus and, in synaptic fractions 53 

thereof, Kv3.4 was specifically diminished, whereas protein levels of other presynaptic K+ 54 

channels such as KCa1.1 and KCa2.3 remained unchanged. The apparent loss of presynaptic Kv3.4 55 

affected the strength of excitatory transmission at the MF-CA3 synapse in hippocampal slices of 56 

BACE1-/- mice, when probed with the Kv3 channel blocker BDS-I. The effect of BACE1 on Kv3.4 57 

expression and function should be bidirectional, as predicted from a heterologous expression 58 

system, where BACE1 co-transfection produced a concomitant up-regulation of Kv3.4 surface 59 

level and current, based on a physical interaction between the two proteins. Our data show 60 

that, by targeting Kv3.4 to presynaptic sites, BACE1 endows the terminal with a powerful means 61 

to regulate the strength of transmitter release.  62 

 63 

  64 
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SIGNIFICANCE STATEMENT 65 

 66 

β-Secretase BACE1 is infamous for its crucial role in the pathogenesis of Alzheimer´s disease, but 67 

its physiological functions in the intact nervous system are only gradually being unveiled. Here, 68 

we extend previous work implicating BACE1 in the expression and function of voltage-gated Na+ 69 

and K+ channels. Specifically, we characterize Kv3.4, a presynaptic K+ channel required for action 70 

potential repolarization, as a novel interaction partner of BACE1 at the mossy fiber-CA3 synapse 71 

of the hippocampus. BACE1 promotes surface expression of Kv3.4 at mossy fiber terminals, 72 

most likely by physically associating with the channel protein in a non-enzymatic fashion. We 73 

advance the BACE1-Kv3.4 interaction as a mechanism to strengthen the temporal control over 74 

transmitter release from mossy fiber terminals. 75 

  76 
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INTRODUCTION 77 

 78 

The β-site APP-cleaving enzyme 1 (BACE1) has garnered an infamous reputation as the enzyme 79 

initiating the amyloidogenic processing of the amyloid precursor protein (APP). Through the 80 

release of neurotoxic amyloid β-peptides, this pathway is widely considered an essential 81 

pathogenic mechanism in Alzheimer´s disease (AD) (Vassar et al., 2014). Notwithstanding the 82 

pivotal role of BACE1 in the insidious cognitive decline of AD patients, studies on BACE1 83 

knockout (KO) mice have revealed a number of physiological functions of BACE1 in the nervous 84 

system (Yan, 2017). BACE1-deficient mice display hyperactivity, seizures, memory deficits, 85 

schizophrenia-like endophenotypes, and, notably, neurodegeneration with age (Vassar et al., 86 

2014). At the cellular level, the enzyme has been implicated in various aspects of brain 87 

development and function, axon guidance, myelination, spine density, and synaptic 88 

transmission (Munro et al., 2016). Adding further complexity to our understanding of its 89 

physiological effects, BACE1 is also capable of regulating neuronal excitability (Kim et al., 2007; 90 

Hitt et al., 2010; Hu et al., 2010). Altered cleavage of auxiliary subunits of voltage-dependent ion 91 

channels has been proposed as an underlying mechanism (Kim et al., 2007; Kim et al., 2011; 92 

Sachse et al., 2013). Recently, our group showed that BACE1 regulates neuronal excitability also 93 

through direct, non-enzymatic interactions with voltage-dependent Na+ channels as well as with 94 

voltage-dependent K+ channels of the KCNQ (Kv7) family as reviewed in Lehnert et al. (2016).  95 

 96 

In general, levels of BACE1 in the brain are high during development and then decline as the 97 

brain matures (Willem et al., 2006). However, there is a remarkable exception to this rule, 98 

namely the mossy fiber pathway in the hippocampus, where BACE1 levels remain elevated into 99 

adulthood (Laird et al., 2005; Kandalepas et al., 2013). The mossy fiber tract is formed by non-100 

myelinated axons of dentate gyrus granule cells projecting to pyramidal cells and interneurons 101 

of the CA3 region (Bischofberger et al., 2006). The mossy fiber synapse is a key connection 102 

within the hippocampal circuit that is thought to play important roles in complex neuronal 103 

computations such as pattern separation and completion during memory formation and recall 104 

(Bischofberger et al., 2006). The presynaptic terminals form large boutons and display 105 

pronounced presynaptic plasticity (Bischofberger et al., 2006). Mossy fiber boutons (MFBs) are 106 
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endowed with a number of unique electrophysiological features that make the synapse a 107 

"conditional detonator", meaning that, with repetitive activation, it becomes strong enough to 108 

elicit action potentials in the CA3 neuron (Bischofberger et al., 2006; Kerr and Jonas, 2008).  109 

 110 

To secure high temporal precision of synaptic transmission at the mossy fiber synapse, the 111 

presynaptic action potential has to be rapidly repolarized to restrict Ca2+ influx and subsequent 112 

glutamate release (Bischofberger et al., 2006). Combined evidence from immunohistochemistry 113 

and from patch-clamp recordings of MFBs advanced Kv3.4 channels as prime candidates to keep 114 

presynaptic action potentials short (Chang et al., 2007; Pruss et al., 2010; Alle et al., 2011).  115 

 116 

In general, Kv3 channels are predominantly located in axons and terminals, where they 117 

generate high-threshold K+ currents with fast activation and deactivation kinetics (Ishikawa et 118 

al., 2003; Goldberg et al., 2005; Alle et al., 2011; Rowan et al., 2016). With these features, Kv3 119 

channels are perfectly tuned to enable rapid action potential repolarization and high-frequency 120 

firing (Rudy and McBain, 2001; Ritter et al., 2015). Unlike Kv3.1 and 3.2, which are specifically 121 

expressed in hippocampal fast-spiking interneurons, Kv3.3 and, more so, Kv3.4 display fast 122 

inactivation suggesting that they are a major constituent of the transient (A-type) K+ currents at 123 

MFBs (Chang et al., 2007; Alle et al., 2011; Kaczmarek and Zhang, 2017). In the mouse 124 

hippocampus, sorting of Kv3.4 channels to mossy fiber axons starts in the second postnatal 125 

week, while Kv3.4 immunoreactivity in granule cell somata ceases at the same postnatal stage 126 

(Pruss et al., 2010).  127 

 128 

In view of the remarkably parallel enrichment of the mature mossy fiber tract in BACE1 and 129 

Kv3.4, we wondered whether BACE1 plays a role in channel expression and function. We report 130 

here that BACE1 enhances surface levels of Kv3.4 and targets them to presynaptic terminals, 131 

thereby strengthening the impact of the channel on signal transmission at the mossy fiber 132 

synapse. Mechanistically, BACE1 was found to augment Kv3.4 currents through a direct, non-133 

enzymatic interaction with the channel protein.   134 
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MATERIALS AND METHODS 135 

 136 

Animals 137 

BACE1 KO mice (BACE1tm1Psa) had been generated by insertion of a neo expression cassette from 138 

pMC1neopA into exon 1 of Bace1 introducing a premature translational stop codon into the 139 

open reading frame (Dominguez et al., 2005). Mice had ad libitum access to food and water. 140 

Housing, feeding, breeding, and handling of the mice were according to federal guidelines with 141 

the approval of the local government. Immunofluorescence, electrophysiological, and trafficking 142 

experiments were performed with mice of either sex of BACE1tm1Psa. A second BACE1 KO strain 143 

(BACE1tm1Pcw) had been generated similarly (Cai et al., 2001) and mice were kindly provided by 144 

the lab of Prof. Mark W. Albers, MassGeneral Institute for Neurodegenerative Disease, 145 

Department of Neurology, Massachusetts General Hospital (MGH), Harvard Medical School 146 

(HMS), Charlestown, MA, USA (Cao et al., 2012). BACE1tm1Pcw were further bred and housed with 147 

ad libitum access to food and water and all animal husbandry and experimental procedures 148 

were approved by the MGH Subcommittee on Animal Research Care and conform to the NIH 149 

guidelines of the care and use of laboratory animals. Hippocampal slice biotinylation and 150 

hippocampal synaptic fractionation experiments were performed with mice of either sex of 151 

BACE1tm1Pcw. Genotyping of both strains was done by PCR amplification at postnatal days 10-21.   152 

 153 

NB-360 BACE inhibitor treatment 154 

One month old male and female C57BL/6 mice (Charles River) were either fed with food pellets 155 

containing the BACE inhibitor NB-360 (0.3 g/kg, Novartis, Neumann et al. (2015)) or fed with 156 

control pellets for four weeks. Phenotypically, oral BACE inhibitor treatment was associated 157 

with fur depigmentation, which can be related to inhibition of BACE in melanocytes (Shimshek 158 

et al., 2016).  159 

 160 

Plasmids 161 

The following cDNA constructs were used in this work: pmCherry-N1 (Clontech); pEGFP-C1 162 

(U55763.1, Clontech); hKv3.4 (BC101769.1, Harvard PlasmID Database) and hKv3.4 fused to 163 

EGFP; hBACE1 (NM_012104.4) and hBACE1 fused to EGFP; and hENaC1α (NM_001038.5, see 164 
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Agsten et al. (2015)) fused to mCherry (from pmCherry-N1). All vectors were based on 165 

pcDNA3.1 (Thermo Fisher Scientific), if not stated otherwise. 166 

 167 

Antibodies 168 

The following antibodies were used in this work: rabbit-anti-Kv3.4 (APC-019, Alomone Labs), 169 

mouse-anti-Kv3.4 (75-112, NeuroMab), rabbit-anti-BACE1 (ab108394, Abcam), goat-anti-BACE1 170 

(ab11028, Abcam), rabbit-anti-BACE (D10E5, 5606, Cell Signaling Technology), rabbit-anti-pan-171 

cadherin (4068, Cell Signaling Technology), rabbit-anti-Na+-K+-ATPase α1 (3010, Cell Signaling 172 

Technology), rabbit-anti-V5 (ab9116, Abcam), goat-anti-HA (ab9134, Abcam), mouse-anti-β-173 

actin-HRP (A3854, Sigma-Aldrich), goat-anti-CNTN2 (AF4439, R and D Systems), mouse-anti-174 

KCa1.1 (ab192759, Abcam), rabbit-anti-KCa2.3 (APC-025, Alomone Labs), rabbit-anti-synapsin-1 175 

XP (D12G5, 5297, Cell Signaling Technology), mouse-anti-PSD-95 (75-028, NeuroMab), mouse-176 

anti-NR2B (73-097/73-101, NeuroMab), rabbit-anti-APP (C66, Bhattacharyya et al. (2013)), goat-177 

anti-rabbit-HRP (ab6721, Abcam), rabbit-anti-goat-HRP (ab6741, Abcam), rabbit-anti-mouse-178 

HRP (ab6728, Abcam), donkey-anti-rabbit-HRP (NA934, GE Healthcare), sheep-anti-mouse-HRP 179 

(NA931, GE Healthcare), donkey-anti-goat-HRP (705-035-147, Jackson Lab), mouse-anti-rabbit-180 

HRP (18-8816-31, TrueBlot, Rockland), IRDye 680RD goat-anti-mouse IgG (P/N 926-68070, LI-181 

COR), IRDye 800CW donkey-anti-rabbit IgG (P/N 926-32213, LI-COR), goat-anti-mouse-Alexa488 182 

(A-11029, Molecular Probes), goat-anti-rabbit-Cy3 (111-165-144, Dianova). 183 

 184 

Cell culture and transient transfection 185 

HEK293T cells (CRL-11268, ATCC; www.atcc.org, kindly provided by Prof. Michael Stürzl, 186 

Molecular and Experimental Surgery, Friedrich-Alexander-Universität Erlangen-Nürnberg, 187 

Erlangen, Germany) were cultured in Dulbecco’s Modified Eagle Medium (1 g/l glucose, L-188 

glutamine, sodium bicarbonate, and phenol red, Sigma-Aldrich), supplemented with 10% fetal 189 

bovine serum (FBS Superior, Merck) and 1% penicillin/streptomycin (Sigma-Aldrich). Cells were 190 

split every 3-4 d using Accutase (Sigma-Aldrich). Cells were transfected using JetPEI (Polyplus-191 

transfection). For electrophysiological recordings, 2.5*105 HEK293T cells were plated on 35 mm 192 

dishes (BD Bioscience) 1 d before transfection and transfected with 75-250 ng cDNA of EGFP, 193 

150 ng Kv3.4, and 500 ng BACE1. For surface biotinylation assay and co-immunoprecipitation 194 
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(co-IP) experiments, 2*106 HEK293T cells were plated on 100 mm dishes (BD Bioscience) and 195 

transfected after 1 d with 375 ng EGFP, 750 ng Kv3.4, and 2500 ng BACE1. For Fluorescence 196 

recovery after photobleaching experiments, HEK293T cells were plated onto 1.5H coverslips 197 

(VWR) and transfected the following day with 450 ng mCherry, 450 ng Kv3.4, or 450 ng ENaC1α-198 

mCherry, and 150 ng BACE1-EGFP. 199 

 200 

Immunofluorescence in hippocampal slices 201 

One month old mice were deeply anesthetized with sevoflurane (AbbVie), intraperitoneally 202 

injected with ketamine (Pfizer)/xylazin (Bayer), and transcardially perfused with 20 ml 0.9% NaCl 203 

(B. Braun) and 20 ml 2-4% paraformaldehyde (Carl Roth). Mice were decapitated, brains were 204 

dissected, and stored in phosphate-buffered saline (PBS, Sigma-Aldrich) for 24 h at 4°C. PBS was 205 

replaced by 30% sucrose (Sigma-Aldrich, in PBS) solution for 24 h at 4°C. Brains were embedded 206 

in Tissue-Tek O.C.T. Compound (Sakura) and rapidly frozen in methylbutane (Carl Roth). 14 μm 207 

coronal hippocampal sections were cut using a Leica cryostat (CM3050 S), mounted on poly-L-208 

lysine-coated slides (R. Langenbrinck), and stored at -20°C. For staining, slices were thawed for 209 

1 h and rehydrated by washing with PBS for 5 min. Slices were blocked and permeabilized for 210 

1 h with 5% normal goat serum (Dianova) in PBT (PBS, 1% bovine serum albumin (BSA, Sigma-211 

Aldrich), 0.5% Triton X-100 (Sigma-Aldrich)). Samples were washed in PBS for 5 min. Primary 212 

antibodies diluted in PBT (rabbit-anti-Kv3.4 1:500, mouse-anti-Kv3.4 1:200, rabbit-anti-BACE1 213 

(Abcam) 1:200) were incubated overnight at room temperature. The next day, samples were 214 

washed three times with PBS for 5 min each with gentle shaking. Secondary antibodies diluted 215 

in PBT (goat-anti-mouse-Alexa488 1:2000, Molecular Probes; goat-anti-rabbit-Cy3 1:1000, 216 

Dianova) were incubated for 1 h at room temperature. Samples were washed three times with 217 

PBS and mounted with Roti-Mount FluorCare DAPI (Carl Roth). Imaging was performed on a 218 

Confocal LSM780 (Zeiss) with an inverse stage Axio Observer.Z1 and an EC Plan-Neofluar 10x/0.30 219 

or Plan-Apochromat 63x/1.40 Oil DIC objective. Alexa488 and Cy3 were exited at 488 nm and 220 

561 nm, respectively. 221 

 222 

 223 

 224 
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Hippocampal slice biotinylation 225 

One month old mice were deeply anesthetized by isoflurane (Butler Schein) and decapitated. 226 

The procedure was carried out as described in Kim and Kovacs (2011) with the following 227 

modifications: Transverse 400 μm hippocampal slices were prepared on a vibratome (DTK-1500E, 228 

Ted Pella Inc). Slices were biotinylated with 0.3 mg/ml biotin (EZ-Link Sulfo-NHS-LC-Biotin, 229 

Pierce) in constantly gassed Earle’s Balanced Salt Solution (EBSS with sodium bicarbonate, 230 

without phenol red, Sigma-Aldrich) on ice for 45 min in the dark. Hippocampi of individual slices 231 

were manually dissected using a scalpel and magnifier glass (6x, Eschenbach) and hippocampal 232 

tissue of all slices of one mouse was pooled, snap frozen on dry ice, and stored at -20°C until 233 

protein extraction. To obtain equal biotinylation conditions, one wild type (WT) and one BACE1 234 

KO mouse were dissected and biotinylated in parallel at the same day and further considered as 235 

experimental pair. Protein extraction was performed in a lysis buffer containing 10 mM Tris-HCl 236 

(pH 6.8, Gentrox), 2 mM EDTA (Sigma-Aldrich), 150 mM NaCl (Thermo Fisher Scientific), 237 

0.2% SDS (American Bioanalytical), 0.5% sodium deoxycholate (Sigma-Aldrich), 1% Triton X-100 238 

(Roche), 1 mM 1-10-phenanthroline (ICN Biochemicals), 1 mM phenylmethylsulfonylfluorid 239 

(Sigma-Aldrich), cOmplete MINI EDTA-free protease inhibitor cocktail (Roche), and phosphatase 240 

inhibitor cocktail (Thermo Fisher Scientific). For biotinylation samples, 200 μg protein (1 μg/μl in 241 

lysis buffer) were captured overnight by 30 μl NeutrAvidin beads (Pierce) that had been washed 242 

in lysis buffer. Proteins were eluted at 95°C for 5 min in 65 μl loading buffer containing MES SDS 243 

running buffer (Thermo Fisher Scientific), LDS sample buffer (Thermo Fisher Scientific), and 2% 244 

β-mercaptoethanol (Sigma-Aldrich). 20 μl of biotinylated protein and 15 μg of total protein were 245 

loaded for SDS-PAGE/Western blot.  246 

 247 

Synaptic fractions 248 

One month old WT and BACE1 KO mice were sacrificed by CO2 inhalation, decapitated, and 249 

hippocampi were dissected. Alternatively, two months old mice that had been treated with 250 

BACE inhibitor NB-360 and control pellets were deeply anesthetized by isoflurane inhalation 251 

(CP-Pharma), decapitated, and hippocampi were dissected. Synaptic fractions were prepared 252 

according to the manufacturer’s protocol (Syn-PER Synaptic Protein Extraction Reagent, Thermo 253 

Fisher Scientific). Protein concentration of all fractions was measured using BCA Protein Assay 254 
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Kit (Pierce). Protein was either prepared in loading buffer containing MES SDS running buffer 255 

(Thermo Fisher Scientific), LDS sample buffer (Thermo Fisher Scientific), and 2% β-256 

mercaptoethanol (Sigma-Aldrich), or in Syn-PER buffer, loading buffer (ProSieve ProTrack Dual 257 

Color Loading Buffer, Lonza), and 100 mM dithiothreitol (DTT, Sigma-Aldrich). 25 μg of protein 258 

for homogenate and synaptic fraction, and 20 μg for cytosolic fraction obtained from WT and 259 

BACE1 KO mice or 10 μg of synaptic and 7 μg of cytosolic protein prepared from BACE inhibitor- 260 

treated mice and controls were used for SDS-PAGE/Western blot. 261 

 262 

Co-immunoprecipitation 263 

Co-IP was conducted at 4°C using ice-cold solutions. 2 d after transfection, cells were pelleted 264 

and three equally transfected 100 mm dishes were pooled for further analysis. Cells were 265 

resuspended in lysis buffer (10 mM Tris-HCl (pH 7.4, Sigma-Aldrich), 30 mM NaCl (Carl Roth), 266 

0.4 mM EDTA (Carl Roth), 1% NP-40 (Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich), and 267 

cOmplete MINI EDTA-free protease inhibitor cocktail (Roche)). Lysates were sonicated for 5 min 268 

using a water bath ultrasonic device (VWR), incubated on ice for 30 min, sonicated for another 269 

5 min, and centrifuged at 6000 g for 10 min. The supernatant was diluted 1:5 in PBS (Sigma-270 

Aldrich) supplemented with protease inhibitor cocktail. Protein concentration was measured 271 

using BCA Protein Assay Kit (Pierce). For total cell lysate samples, protein was prepared in lysis 272 

buffer 1:5 diluted with PBS supplemented with protease inhibitor cocktail (further referred to as 273 

diluted lysis buffer), loading buffer (ProSieve ProTrack Dual Color Loading Buffer, Lonza), and 274 

100 mM dithiothreitol (DTT, Sigma-Aldrich). For immunoprecipitation, 500 μg protein (1 μg/μl in 275 

diluted lysis buffer) was incubated overnight with 1.5 μg antibody (goat-anti-BACE1, rabbit-anti-276 

Kv3.4) in an orbital shaker. For isotype controls, goat-anti-HA or rabbit-anti-V5 antibody was 277 

used. Also, control samples with 500 μg protein but without antibody or samples with antibody 278 

but without protein were prepared. Protein G agarose beads (Pierce) were washed in diluted 279 

lysis buffer and blocked overnight in 1% BSA (Sigma-Aldrich) in an orbital shaker. The next day, 280 

BSA was replaced by diluted lysis buffer. 40 μl Protein G bead solution was added to each 281 

sample and incubated for 1 h at room temperature in an orbital shaker. Samples were washed 282 

three times in diluted lysis buffer. Captured proteins were eluted from the beads by incubating 283 

65 μl of diluted lysis buffer with loading buffer and 100 mM DTT at 95°C for 5 min. 15 μl of 284 
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eluted protein and 10 μg of total protein were loaded for SDS-PAGE/Western blot. To avoid 285 

antibody bands of denatured IP-antibody to interfere with co-IP signal, we used the mouse-anti-286 

rabbit-HRP (18-8816-31, TrueBlot, Rockland) secondary antibody that preferentially detects 287 

native instead of denatured antibody. 288 

 289 

Cell surface biotinylation assay 290 

Cell surface biotinylation experiments were conducted 2 d after transfection as previously 291 

described in Hessler et al. (2015). Selected cells were treated with 5 μM InSolution β-Secretase 292 

Inhibitor IV (Merck) directly after transfection for a total of 2 d. Medium and inhibitor were 293 

exchanged after 1 d. Cells without inhibitor were treated equally with 0.1% DMSO (Sigma-294 

Aldrich). 295 

 296 

SDS-PAGE and Western blot  297 

Samples were heated at 95°C for 5 min. Proteins were separated in 10% TGX stain-free precast 298 

gels (Bio-Rad) or 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and transferred onto 299 

PVDF membranes (Bio-Rad; iBlot 2 Transfer Stacks, Thermo Fisher Scientific) using a wet 300 

(Criterion Blotter, Bio-Rad) or dry blotting system (iBlot 2 Dry Blotting System, Thermo Fisher 301 

Scientific). After blocking in 5% skim milk (Carl Roth, LabScientific) or 4% donkey serum (Sigma-302 

Aldrich) in TBS-T (10 mM Tris-HCl (Sigma-Aldrich), 150 mM NaCl (Carl Roth), 0.1% Tween20 (Carl  303 

Roth) or Boston BioProducts), primary antibodies were incubated overnight at 4°C in TBS-T with 304 

1-4% BSA (Sigma-Aldrich) or 4% donkey serum and 0.1% NaN3 (Sigma-Aldrich). After washing in 305 

TBS-T, membranes were incubated with secondary antibody coupled to horseradish peroxidase 306 

(HRP) or fluorescent dye in 5% milk or 4% donkey serum in TBS-T or blocking buffer (Odyssey LI-307 

COR), respectively, for 1 h at room temperature. The signal was visualized by enhanced 308 

chemiluminescence (ECL) using ECL Western Blotting Substrates (Pierce, Bio-Rad) or by 309 

fluorescence and imaged using the ChemoStar Imager (INTAS) or the Odyssey Imaging System 310 

(LI-COR). Membranes were stripped in 6 M Guanidine-HCl (Carl Roth), 20 mM Tris (Sigma-311 

Aldrich), 0.2% Triton X-100 (Sigma-Aldrich), pH 7.5, and 0.8% β-mercaptoethanol (Carl Roth) for 312 

20 min at room temperature, or in 62.5 mM Tris-HCl (pH 6.8, Gentrox), 0.5% SDS (American 313 

Bioanalytical), 0.75% β-mercaptoethanol (Sigma-Aldrich) for 15 min at 55°C. After blocking, 314 
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blots were re-probed. For densitometric analysis, Fiji software (Schindelin et al., 2012) with Bio-315 

Formats plugin (Linkert et al., 2010) was used. 316 

 317 

Electrophysiological Slice Recordings 318 

22-27 d old mice were deeply anesthetized with sevoflurane (AbbVie), decapitated, and 319 

transverse hippocampal slices (350 μm) were prepared in ice-cold artificial cerebrospinal fluid 320 

(aCSF) containing a high concentration of sucrose (in mM, Sigma-Aldrich): 75 sucrose, 87 NaCl, 321 

2.5 KCl, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 D(+)-glucose. Slices were kept at 322 

room temperature for at least 2 h in aCSF solution containing (in mM): 125 NaCl, 3 KCl, 323 

0.5 CaCl2, 3.5 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 D(+)-glucose. Individual slices were 324 

transferred to a submerged recording chamber (perfused with aCSF containing 2.5 mM CaCl2 325 

and 1.5 mM MgCl2 at 32°C) that was mounted on the stage of an upright microscope. All 326 

solutions were gassed with 95% O2/5% CO2. Recording pipettes were filled with modified aCSF in 327 

which NaHCO3 was replaced with HEPES (12.5 mM HEPES and 12.5 mM Na-HEPES, Sigma-328 

Aldrich). Constant current pulses (width 0.1 ms, applied at 0.1 Hz) were delivered to a bipolar 329 

platinum electrode, carefully positioned in the granule cell layer/hilus, to evoke mossy fiber field 330 

excitatory postsynaptic potentials (mf-fEPSP) in CA3 stratum lucidum. In some experiments, a 331 

new recording pipette containing the potassium channel blockers 4-aminopyridine (4-AP, Sigma-332 

Aldrich) or blood-depressing substance-I (BDS-I, Alomone Labs) in pipette solution was carefully 333 

re-inserted along the previous track. The group II metabotropic glutamate receptor agonist DCG 334 

IV (3 μM, Tocris Bioscience) was applied at the end of some recordings to verify mossy fiber 335 

origin. Field potentials were filtered at 2 kHz and sampled at 20 kHz using a Multiclamp 700B 336 

amplifier in conjunction with a Digidata 1440A interface and pClamp10 software (all from 337 

Molecular Devices). Data analysis was performed off-line with Clampfit software (Molecular 338 

Devices). 339 

 340 

Electrophysiology of transfected cell line cells 341 

HEK293T cells were recorded 40-48 h after transfection and identified by their green 342 

fluorescence using an inverted fluorescence microscope (Axiovert35, Zeiss) equipped with a 10x 343 

objective (Achroplan, 0.03 W, Zeiss) and a 40x objective with Hoffmann modulation contrast 344 
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(HMC40 LWD 0.5NA) with a fiber optic-coupled light source (HXP 120C, Zeiss with high-quality 345 

filter set for GFP, AHF Analysetechnik AG) used to excite EGFP. Whole-cell recordings were 346 

performed at 20 ± 1°C. Borosilicate glass electrodes with filament (BioMedical Instruments) 347 

were pulled on a DMZ-Universal Puller (Zeitz) with a tip resistance in bath solution of 2.2-348 

3.5 M  and attached to a microelectrode holder connected to a preamplifier (Headstage CV-7B 349 

patch-clamp for MultiClamp 700B, Molecular Devices) and Axopatch 700B amplifier in 350 

conjunction with a Digidata 1322A interface and pClamp10 software (all from Molecular 351 

Devices). Series resistance compensation was ≥ 75%. Recordings were sampled at 20 kHz and 352 

filtered at 6 kHz. Experiments were started 2 min after whole-cell access was established. Patch 353 

electrodes were filled with a pipette solution containing (in mM, Sigma-Aldrich): 135 potassium 354 

gluconate, 5 HEPES, 3 MgCl2, 5 EGTA, 2 Na2-ATP, 0.3 Na3-GTP, and 4 NaCl adjusted to pH 7.25 355 

with KOH (Carl Roth). Cells were kept in bath solution containing (in mM, Sigma-Aldrich): 356 

145 NaCl, 4 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES, and 10 D(+)-glucose, adjusted to pH 7.4 with NaOH 357 

(Merck). Data analysis was performed using the pClamp10 software (Molecular Devices). All 358 

currents were leak-corrected off-line. To determine voltage-dependent activation, the 359 

conductance (G) was calculated from steady-state activation protocol by the equation G = I/(V – 360 

EK
+) with I being the average peak current, V the applied voltage, and EK

+ the equilibrium 361 

potential for K+ ions under our experimental conditions. G was fitted by a standard sigmoidal 362 

relation (Boltzmann) of the form G(V)=(A1-A2)/(1+exp((V-V1/2)/dV))+A2 with A1 lower asymptote 363 

corresponding to the minimal conductance, A2 upper asymptote corresponding to the maximal 364 

conductance, V1/2 being the voltage at half maximal conductance, and dV as slope factor in V1/2. 365 

The average peak values were divided by A2 for normalization. For calculating the voltage-366 

dependent inactivation, current amplitudes of each recording from test-pulses, which followed 367 

pre-pulses of -60 mV to +20 mV, recorded with the inactivation protocol, were fitted with a 368 

standard sigmoidal relation (Boltzmann). Peak current values from -120 mV to +20 mV were 369 

normalized to the upper asymptote. Time constants of activation and inactivation were 370 

simultaneously estimated from the activation protocol with use of a bi-exponential function 371 

with the first cursor positioned at 10% of the rising phase and the second cursor positioned at 372 

60% current in the falling phase. Statistical significance of time constants was tested on 373 
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logarithmically transformed data. For illustration, time constant mean ± standard error of the 374 

mean (SEM) were back-transformed to a linear scale.  375 

 376 

Immunofluorescence and trafficking in cultured hippocampal neurons 377 

Hippocampal neuronal cultures were prepared and transfected as previously described in 378 

Welzel et al. (2010). 2-5 d old WT mice were euthanized by decapitation. Hippocampi were 379 

dissected, pooled from two animals, and cut into smaller pieces in Hank’s Balanced Salt Solution 380 

(HBSS, Gibco) supplemented with 20% FBS (Merck). Tissue pieces were digested for 5 min using 381 

5 mg/ml trypsin (Sigma-Aldrich) in digestion solution containing (in mM, Carl Roth): 137 NaCl, 382 

5 KCl, 7 Na2HPO4, and 25 HEPES adjusted to pH 7.2 with NaOH. Cell dissociation was performed 383 

by mechanical trituration in 12 mM MgSO4 (Carl Roth) in HBSS. 50 μl suspension of hippocampal 384 

cells was plated on 18 mm coverslips (Marienfeld-Superior) coated with 2% Growth Factor 385 

Reduced Matrigel (Corning) in 950 μl Minimum Essential Medium (MEM, Gibco) supplemented 386 

with 10% FBS, 5 g/l glucose (Carl Roth), 0.2 g/l NaHCO3 (Carl Roth), 0.1 g/l transferrin (Sigma-387 

Aldrich), 0.025 g/l insulin (Sigma-Aldrich), and 2 mM L-glutamin (Sigma-Aldrich) to attain an 388 

appropriate cell density. The following day, half of the medium was removed and 1 ml of 389 

maintenance MEM supplemented with 5% FBS, 2% B27-Supplement (Gibco), 1x 390 

penicillin/streptomycin (PAA), 5 g/l glucose, 0.2 g/l NaHCO3, 0.1 g/l transferrin, 0.5 mM L-391 

glutamin, and 6 μM cytosine arabinoside (Sigma-Aldrich) was added to the cells. Cells were 392 

cultured in a humid environment. After 3 d in vitro (DIV), a calcium phosphate-mediated 393 

transfection was performed. Each well was transfected with endotoxin free (EndoFree Maxi 394 

Preparations, Qiagen) 1.25 μg Kv3.4-EGFP cDNA, 1.25 μg BACE1 cDNA, or empty vector. The 395 

culture medium was removed, stored, and replaced with Neurobasal A medium (Invitrogen). 396 

DNA was mixed with 250 mM CaCl2 in a total volume of 25 μl. 25 μl transfection buffer 397 

containing (in mM, Sigma-Aldrich): 10 HEPES, 280 NaCl, and 1.5 Na2HPO4 adjusted to pH 7.05 398 

with NaOH was added and incubated for 30 min. 450 μl Neurobasal A medium was applied to 399 

the calcium phosphate/DNA precipitate and incubated for 30 min with the transfection mixture 400 

on the cells. Cultures were washed in HBSS and maintained in the original culture medium. 401 

Immunofluorescence experiments were performed at 6-7 DIV. Cells were washed twice with 402 

PBS (Sigma-Aldrich), incubated with methanol for 10 min at -20°C, and washed again in PBS. 403 
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Cells were permeabilized and blocked at room temperature for 30 min with 5% normal goat 404 

serum (Dianova) in PBT (PBS, 1% BSA (Sigma-Aldrich), 0.5% Triton X-100 (Sigma-Aldrich)). 405 

Primary antibodies diluted in PBT (mouse-anti-Kv3.4 1:200, rabbit-anti-BACE1 (Abcam) 1:200) 406 

were incubated for 2 h at room temperature. Afterwards, samples were washed three times 407 

with PBS for 5 min each with gentle shaking and secondary antibodies diluted in PBT (goat-anti-408 

mouse-Alexa488 1:2000, Molecular Probes; goat-anti-rabbit-Cy3 1:1000, Dianova) were 409 

incubated for 1 h at room temperature. Samples were washed three times with PBS and 410 

mounted with Roti-Mount FluorCare DAPI (Carl Roth). Imaging was performed on a Confocal 411 

LSM780 (Zeiss) with an inverse stage Axio Observer.Z1 and a Plan-Apochromat 63x/1.40 Oil DIC 412 

objective. Alexa488 and Cy3 were exited at 488 nm and 561 nm, respectively. 413 

For trafficking analysis, hippocampal neurons were imaged at 6-8 DIV in HBS adjusted to pH 7.4. 414 

Time-lapse imaging was performed at 37°C with a Yokogawa CSU-X1 5000 spinning disk confocal 415 

device on a Zeiss Axio Observer Z1 inverted microscope equipped with a 63x Plan-Apochromat, 416 

1.4 NA objective. EGFP was excited with a 488 nm laser and fluorescence was collected using a 417 

525/50 emission filter. Images were captured with an Evolve 512 EMCCD camera 418 

(Photometrics). Axons were identified by length and diameter. Time series were sampled every 419 

530 ms with 500 ms exposure time for 700 frames in total. Bleaching was performed for 420 

350 frames with maximum laser power. The cultures were used for imaging no longer than 421 

75 min. Kymographs were generated from time stacks with Fiji software (Schindelin et al., 2012) 422 

using Bio-Formats (Linkert et al., 2010), NeuronJ (Meijering et al., 2004), and MultipleKymograh 423 

(J. Rietdorf and A. Seitz) plugin. Vesicle trajectories were analyzed computer-assisted. Each 424 

trajectory was traced once from its first appearance to change in slope. 425 

 426 

Fluorescence recovery after photobleaching 427 

Fluorescence recovery after photobleaching experiments were performed 1-2 d after 428 

transfection of HEK293T cells as previously described in Agsten et al. (2015). Quantification was 429 

done using the Zen2010 software (Zeiss). Statistical significance of time constants was tested on 430 

logarithmically transformed data. For illustration, time constant mean ± SEM were back-431 

transformed to a linear scale. 432 

 433 
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Experimental Design and Statistical Analysis  434 

Data analysis and statistics were performed using the OriginPro9.0 (OriginLab) and GraphPad 435 

Prism6 (GraphPad) software. Numbers are given as mean ± SEM, if not stated otherwise. 436 

Normal distribution was tested using the Shapiro Wilk test. Numbers and replicates as well as 437 

tests to determine statistical significance are stated in text and figure legends of the respective 438 

experiments. 439 

  440 
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RESULTS 441 

 442 

BACE1 and Kv3.4 co-localize in the mossy fiber pathway of the hippocampus.  443 

Within the hippocampal network of one month old WT and BACE1 KO animals, prominent Kv3.4 444 

immunofluorescence was observed in the hilus of the dentate gyrus and in stratum lucidum of 445 

the CA4-CA3 region (Fig. 1A), consistent with previous reports that Kv3.4 is sorted to mossy fiber 446 

axons (Chang et al., 2007; Pruss et al., 2010). To analyze co-localization of BACE1 and Kv3.4, we 447 

performed double stainings in brain slice preparations of the same age group (Fig. 1B, C). In this 448 

set of experiments, we used a second, mouse-derived Kv3.4 antibody, which produced a very 449 

similar staining pattern for Kv3.4 as the rabbit-derived antibody used in the above experiment 450 

(compare Fig. 1B, C left panel to Fig. 1A). High magnification images (Fig. 1B, C lower panel) 451 

demonstrated strong Kv3.4 signals in the hilus (right) and the CA3 stratum lucidum (left). 452 

Staining with a BACE1 antibody in WT hippocampus yielded the characteristic expression 453 

pattern with prominent immunofluorescence signals being confined to the mossy fiber tract 454 

(Fig. 1B, middle panel) (Laird et al., 2005; Zhao et al., 2007; Kandalepas et al., 2013). No specific 455 

BACE1 signal was detectable in KO littermates (Fig. 1C, middle panel). Superposition of the 456 

images showed the remarkable and site-specific overlap of BACE1 and Kv3.4 in the mossy fiber 457 

pathway of WT hippocampi (Fig. 1B, right panel).  458 

  459 

Kv3.4 surface levels are reduced in the hippocampus of BACE1 KO. 460 

To determine whether BACE1 affects total or surface levels of Kv3.4 protein in hippocampus, we 461 

performed slice biotinylation experiments using one month old WT and BACE1-deficient mice. A 462 

representative Western blot for total and surface proteins of a WT/KO set is depicted in Fig. 2A. 463 

Total proteins were normalized to the corresponding β-actin signal and each KO was normalized 464 

to its respective WT that had been set to 1 (Fig. 2B). The absence or presence of BACE1 had no 465 

significant effect on total Kv3.4 protein (p=0.27) (Fig. 2B). The BACE1 substrate contactin-2 466 

(CNTN2) (Kuhn et al., 2012; Gautam et al., 2014) served as positive control, showing a significant 467 

increase of 58% in full length total protein (p=0.0029) in hippocampi from BACE1 KO mice (Fig. 468 

2B).  469 
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Surface proteins were quantified and determined comparable to total levels with normalization 470 

to the surface marker cadherin or Na+-K+-ATPase (Fig. 2C) (Hessler et al., 2015). While not 471 

affecting total Kv3.4 protein in the hippocampus, BACE1-deficiency was associated with a 472 

significant decrease in the surface expression of the channel (normalized to pan-cadherin 473 

p=0.041, Na+-K+-ATPase p=0.044), which attained 80% of the level detected in WT hippocampus 474 

(Fig. 2C). As expected, surface levels of CNTN2 full length protein were substantially increased in 475 

BACE1-/- hippocampi by 39% when normalized to pan-cadherin (p=0.14) and by 36% with 476 

normalization to Na+-K+-ATPase (p=0.0083) (Fig. 2C).  477 

 478 

BACE1 alters Kv3.4 axonal trafficking in cultured hippocampal neurons. 479 

Given that Kv3.4 is sorted to mossy fiber axons and terminals, we next asked whether BACE1 480 

and Kv3.4 are present in the same vesicles along axons and if BACE1 plays a role in the axonal 481 

trafficking of Kv3.4. BACE1 itself was recently shown to be preferentially targeted to axons and 482 

to be present in large stationary structures representing presynaptic sites (Buggia-Prevot et al., 483 

2014; Das et al., 2016; Ye et al., 2017). Immunofluorescence staining in cultured hippocampal 484 

neurons of BACE1 WT or KO pups, which were transfected with Kv3.4-EGFP and BACE1 after 485 

3 DIV, served to examine the axonal localization of the two proteins. Supporting their co-486 

trafficking, we observed co-localization of Kv3.4-EGFP and BACE1 in punctate vesicular-like 487 

structures in all imaged axons (Fig. 3A). We did not detect any difference in the expression 488 

pattern or protein localization between the two genotypes. Furthermore, with time-lapse 489 

imaging, we analyzed and compared the motion of vesicles containing Kv3.4 in axons of cultured 490 

hippocampal neurons from WT and BACE1 KO mice which were, or were not, co-transfected 491 

with BACE1 3-5 days before. In comparison to published and own data (not shown) on BACE1-492 

EGFP-puncta (Buggia-Prevot et al., 2014; Das et al., 2016), fluorescence intensity of Kv3.4-EGFP 493 

vesicles was relatively weak indicating a low vesicle load. In this regard, kymographs of axonal 494 

Kv3.4-EGFP dynamics rather resemble kymographs of YFP-Kv1.2 movement (Gu and Gu, 2010). 495 

Single axons were imaged and kymographs were generated (Fig. 3B). Changes in fluorescence 496 

intensity along the axon over time indicate axonal vesicular trafficking and the velocity 497 

distributions are illustrated in a cumulative probability plot (Fig. 3C and D). The velocities of 498 

antero- and retrograde transport were in the range of average transport rates reported for fast 499 
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axonal transport (WT: Kv3.4-EGFP: median anterograde 1.5 μm/s; median retrograde 1.4 μm/s) 500 

(Hirokawa et al., 2010). Comparing hippocampal cultures from BACE1 KO and WT revealed that 501 

endogenous BACE1 levels had no significant impact on Kv3.4-EGFP trafficking (KO: Kv3.4-EGFP: 502 

median anterograde 1.4 μm/s; median retrograde: 1.4 μm/s). In contrast, in either preparation 503 

over-expression of BACE1 significantly reduced the number of fast Kv3.4-EGFP-containing 504 

vesicles in both transport directions as indicated by the deviation of the curves beyond 2 μm/s 505 

in the cumulative probability plots (Fig. 3C, KO data not shown). This effect was even more 506 

pronounced, when we bleached the axons before imaging (Fig. 3D). Bleaching shifted analysis 507 

towards the faster vesicular fraction and improved visualization of single vesicles (Gu and Gu, 508 

2010). These results demonstrate that BACE1 is able to modulate Kv3.4 axonal trafficking. 509 

 510 

BACE1-/- mice show reduced Kv3.4 protein in hippocampal synapses. 511 

To evaluate synaptic protein level of Kv3.4, we prepared hippocampal fractions from both lines 512 

of mice, which were, again, one month of age. Figure 4A shows the Western blot of synaptic 513 

fractions, and, for comparison, of total and cytosolic protein, from three WT and three KO 514 

animals. In addition to Kv3.4, the fractions were also stained for the Ca2+-activated K+ channels  515 

KCa2.3 and KCa1.1, which are both present in MFBs (Trimmer, 2015). To assess the purity of the 516 

synaptic fractions, we checked the expression of the following three synaptic markers: 517 

presynaptic protein synapsin-1, postsynaptic density protein 95 (PSD-95), and NMDA-receptor 518 

subunit NR2B. Compared to cytosolic fraction, all three markers were clearly enriched in 519 

synaptic fractions (Fig. 4A). For densitometric analysis, signals from the synaptic fractions were 520 

normalized to β-actin. Consistent with the results from the slice biotinylation assay (Fig. 2), we 521 

observed a significant increase in CNTN2 in BACE1-deficient hippocampi (133%, p=0.0036), 522 

whereas Kv3.4 was decreased to 76% of its synaptic level in WT hippocampi (p=0.048). 523 

Importantly, genetic disruption of Bace1 was not associated with changes in the synaptic levels 524 

of KCa2.3 (p=0.92) and KCa1.1 (p=0.44). Also, we found no significant differences in total K+ 525 

channel levels between the two groups (data not shown).  526 

 527 

 528 
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NB-360 BACE inhibitor-treated mice show no significant decrease in Kv3.4 levels at 529 

hippocampal synapses. 530 

We next asked whether Kv3.4 synaptic protein levels depend on BACE1 enzymatic activity. To 531 

address this issue in a physiological setting, we fed one month old C57BL/6 mice with food 532 

pellets containing the functionally validated BACE inhibitor NB-360 (Neumann et al., 2015; 533 

Keskin et al., 2017; Peters et al., 2018) or with control pellets for four weeks and prepared then 534 

hippocampal fractions as described above (Fig. 4). Figure 5A depicts a representative Western 535 

blot of cytosolic and synaptic protein, which, again, shows an enrichment of the synaptic 536 

markers synapsin-1 and PSD-95 in the respective fraction (Fig. 5A). We did not detect changes in 537 

synaptic proteins between treated animals and controls. Accumulation of full-length protein of 538 

the BACE1 substrates APP (154%, p=0.0075) and CNTN2 (147%, p=1.9*10-5) confirmed potent 539 

inhibition of BACE1 activity in NB-360-treated mice. Interestingly, pharmacological inhibition of 540 

BACE1 produced a stronger increase in CNTN2 (Fig. 5B) than genetic deletion of Bace1 (Fig. 4B). 541 

The apparent small decrease in Kv3.4 levels did not reach significance when compared to 542 

untreated controls (82%, p=0.11, Fig. 5B, C), demonstrating that Kv3.4 deficit at the mossy fiber 543 

synapse in BACE1 KO is not mediated by BACE1 enzymatic activity. The slight reduction in Kv3.4 544 

levels in some NB-360-treated animals might be due to a concomitant decrease in BACE1 545 

expression given the strong correlation between BACE1 and synaptic Kv3.4 expression in these 546 

animals (Fig. 5D, Pearson’s r=0.79). In control animals, the BACE1 levels were homogenous and 547 

did not show such a correlation (Pearson’s r=-0.04).   548 

 549 

Reduced Kv3 current leads to altered synaptic transmission in BACE1 KO. 550 

Since activation of Kv3 currents has been identified as the prevailing mechanism to curtail the 551 

width of presynaptic action potentials (see Introduction), we next asked whether the decrease 552 

of synaptic Kv3.4 protein in BACE1-deficient hippocampi would alter basic properties of this 553 

synapse. To address this question, we stimulated the mossy fiber pathway and recorded mf-554 

fEPSP in stratum lucidum of area CA3 using hippocampal slices from 22 - 27 days old WT and 555 

BACE1-/- mice. We first determined the input-output (I-O) relationship of the mossy fiber 556 

synapse in the two populations. When we plotted mf-fEPSP amplitude as a function of stimulus 557 

intensity, we obtained a significant shift of the I-O curve towards lower amplitudes in mutant 558 
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hippocampi (Fig. 6A). At first, this seemed a perplexing finding, since, if anything, a decrease in 559 

presynaptic Kv3.4 should have enhanced mf-EPSPs. However, when we added the transient K+ 560 

current blocker 4-AP (100 μM) or the specific Kv3 current blocker BDS-I (30 μM) to the pipette 561 

solution, we observed a significantly different effect of the blockers on the I-O curves between 562 

WT and mutant preparations (Fig. 6B-D). Whereas 4-AP and BDS-I both produced a pronounced 563 

upward shift of the I-O curve of the mossy fiber synapse in WT hippocampi, the excitatory effect 564 

of the two blockers was significantly weaker in BACE1-deficient hippocampi (Fig. 6B-D).  At a 565 

stimulation intensity of 150 μA, 4-AP enhanced mf-fEPSPs to 140 ± 7% of control in WT 566 

hippocampi and to 119 ± 2% of control in BACE1-deficient hippocampi (p=0.042). Lending 567 

support to the notion that Kv3 carries most of the repolarizing current (Alle et al., 2011), BDS-I 568 

increased mf-fEPSP to 133 ± 5% of control in WT slices and to 119 ± 3% of control in BACE1-/- 569 

slices (p=0.044). Although BDS-I should selectively suppress presynaptic Kv3 channels in axons 570 

and terminals of mossy fibers, a number of pre- and postsynaptic changes might, in principle, 571 

affect our electrophysiological read-out, i.e. the mf-fEPSP. We therefore also analyzed fiber 572 

volleys, which reflect action potential firing of mossy fiber axons. Recordings without inhibitor 573 

did not reveal differences in fiber volleys indicating that basic axonal excitability is not altered 574 

between the genotypes (Figure 6A, inset). In contrast, at a stimulation intensity of 150 μA, BDS-I 575 

indeed produced a significantly stronger enhancement of the fiber volley in WT hippocampi 576 

(112 ± 2%) compared to BACE1-deficient mice (105 ± 1%, p=0.0040, Fig. 6D). Application of 4-AP 577 

showed the same tendency to preferentially enhance fiber volleys in WT hippocampi but due to 578 

a larger variation, the drug response did not reach significance (p=0.34, Fig. 6D). These data 579 

underscore that the interaction between BACE1 and Kv3.4 should occur at the presynaptic site 580 

and results in functional consequences for basic synaptic transmission. 581 

 582 

A characteristic feature of the mossy fiber - CA3 pyramidal cell synapse is the strong 583 

amplification of EPSPs during repetitive stimulation (Bischofberger et al., 2006). To quantify the 584 

facilitation during a train of five stimuli at 20 Hz, we normalized peak mf-fEPSP amplitudes to 585 

the first response (Fig. 6E, inset). While the mossy fiber synapse in BACE1-deficient 586 

hippocampus showed a depressed I-O relationship when compared to its WT counterpart, 587 

short-term facilitation in the mutant slice exceeded by far that of control (Fig. 6E). To determine 588 
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whether Kv3 current contributes to the regulation of short-term plasticity, we repeated the 589 

experiment with BDS-I (30 μM) in the pipette solution. While the drug diffused out of the 590 

pipette and increased the postsynaptic response, stimulus intensity was adjusted to keep 591 

amplitude of first mf-fEPSP in stimulus train constant. The facilitation curves of Fig. 6F show that 592 

pharmacological suppression of Kv3 current failed to affect short-term plasticity of mf-fEPSPs in 593 

either preparation.  594 

 595 

BACE1 amplifies Kv3.4 current and alters channel kinetics in a heterologous expression 596 

system. 597 

To gain insight into the mechanism underlying the presumed interaction between BACE1 and 598 

Kv3.4 channels, we explored the effects of BACE1 on Kv3.4 channel gating in HEK293T cells 599 

transiently over-expressing Kv3.4 with or without BACE1. In whole-cell voltage-clamp 600 

recordings, Kv3.4 channels showed typical A-type current kinetics with fast activation and 601 

inactivation and a small fraction of non-inactivating current in response to depolarizing voltage 602 

steps (Fig. 7A1). Co-expression of BACE1 produced a massive increase of Kv3.4 currents (Fig. 7A2) 603 

leading to a pronounced upward shift of the I-V relationship (Fig. 7C). The strong enhancement 604 

of Kv3.4 current by co-transfection of BACE1 was reproduced in another expression system 605 

(CHO cells, data not shown). In addition to boosting Kv3.4 currents over the entire voltage range 606 

of activation, BACE1 significantly lowered the activation time constants (Fig. 7F) and increased 607 

the inactivation time constants measured at 0 mV and +10 mV (Fig. 7F). Moreover, BACE1 608 

significantly fastened the recovery time from channel inactivation (Fig. 7G). BACE1 did not shift 609 

the voltage dependence of activation (Fig. 7E, V1/2: Kv3.4 15.0 ± 1.0 mV, +BACE1 12.5 ± 1.3 mV), 610 

nor did it alter the voltage-dependence of steady-state inactivation, which was determined from 611 

the current responses depicted in Fig. 7B1/B2 (Fig. 7E, V1/2: Kv3.4 -17.7 ± 0.7 mV, +BACE1  612 

-15.9 ± 0.7 mV). Steady-state inactivation of Kv3.4 channels showed a steep voltage dependence 613 

between -60 mV and +20 mV, whereas a second inactivation process with a much more shallow 614 

voltage dependence seemed to regulate the availability of Kv3.4 channels at membrane 615 

potentials negative to -70 mV (Fig. 7E). The apparent dichotomy of steady-state inactivation was 616 

supported by the observed plateau reached by the available fraction at around -60 mV in almost 617 

all recordings, which also excluded rundown. This profile was also observed in the steady-state 618 
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inactivation published by Fineberg et al. (2012). Interestingly, co-expression of BACE1 did not 619 

only produce a huge amplification of the transient current, but also enhanced the fraction of 620 

current which did not inactivate during sustained depolarization (Fig. 7B). When quantified at a 621 

test potential of +30 mV, BACE1 almost doubled the non-inactivating component (Fig. 7D,  622 

p=7.5*10-6). We next used an action potential waveform to activate Kv3.4 current in HEK293T 623 

cells (Fig. 7H). Consistent with its important role in action potential repolarization (Riazanski et 624 

al., 2001; Kaczmarek and Zhang, 2017), Kv3.4 current peaked in the repolarizing phase of the 625 

voltage trajectory (Fig. 7H). Over-expression of BACE1 strongly augmented Kv3.4 current during 626 

membrane repolarization (Fig. 7H, I). Again, this finding was reproduced in CHO cells (data not 627 

shown).  628 

 629 

BACE1 directly interacts with Kv3.4. 630 

The results of Fig. 5 argued for a direct, non-proteolytic interaction between BACE1 and Kv3.4. 631 

To determine the physical association between the two proteins in more detail, we performed 632 

co-immunoprecipitation (co-IP) and fluorescence recovery after photobleaching (FRAP) 633 

experiments in transfected HEK293T cells. We were indeed able to co-immunoprecipitate Kv3.4 634 

with BACE1 and vice versa (Fig. 8A, B). Controls with protein and beads but no antibody, and 635 

with antibody and beads but no protein rendered no unspecific signals (data not shown). As 636 

described previously (Agsten et al., 2015), we used FRAP experiments to assess how the co-637 

expression of a putative interaction partner, here Kv3.4, would alter the diffusion characteristics 638 

of BACE1-EGFP in the plasma membrane, compared to the co-expression of proteins such as 639 

mCherry or epithelial Na+ channel (ENaC-mCherry), which do not associate with BACE1. After a 640 

circumscribed region of the membrane was bleached, we monitored the recovery of 641 

fluorescence, reflecting BACE1-EGFP diffusion, over time. The time traces were fitted with a 642 

mono-exponential equation to calculate recovery time constants. Representative traces for the 643 

recovery of BACE1-EGFP + Kv3.4 vs. BACE1-EGFP + mCherry are shown in Fig. 8C. When co-644 

expressed with Kv3.4, BACE1-EGFP exhibited a significantly slower recovery time constant 645 

(10.5 +0.9/-0.8 s) than in the presence of mCherry (7.8 +0.4/-0.4 s, p=0.0024) or ENaC-mCherry 646 

(8.0 +0.3/-0.3 s, p=0.012) (Fig. 8D), suggesting a physical interaction between BACE1 and Kv3.4.  647 

 648 
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Over-expression of BACE1 increases Kv3.4 surface levels. 649 

Given that BACE1-deficiency engenders lower surface levels of Kv3.4 protein (Fig. 2C), we 650 

wondered whether the opposite is also true. In other words, would BACE1 over-expression lead 651 

to more Kv3.4 channels in the cell membrane? Figure 9A shows a representative Western blot 652 

of a surface biotinylation experiment performed in HEK293T cells with and without BACE1 co-653 

transfection. Total and surface proteins were quantified and normalized to the corresponding β-654 

actin or cadherin signal, respectively. The normalized levels determined in the absence of BACE1 655 

were set to 1. Consistent with our findings from the mutant hippocampus, in which the lack of 656 

BACE1 did not change total Kv3.4 protein, over-expression of BACE1 likewise failed to affect this 657 

parameter (Fig. 9B, p=0.51). However, BACE1 produced a roughly fourfold increase in the 658 

surface level of Kv3.4 (Fig. 9C, p=0.0082). Importantly, a virtually identical enhancement of the 659 

Kv3.4 subunit in the cell membrane was achieved when the enzymatic activity of BACE1 was 660 

pharmacologically blocked by Inhibitor IV (Fig. 9C, p=0.011). Together with our results from NB-661 

360-treated mice (Fig. 5), this finding strongly suggests that pharmacological therapies directed 662 

towards the amyloidogenic potency of BACE1 should not interfere with its physiological effect 663 

on Kv3.4 channels.    664 
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DISCUSSION 665 

 666 

In our study, we asked whether the conspicuous co-localization of BACE1 and Kv3.4, which are 667 

both enriched in the mossy fiber pathway (Fig. 1), bears significance for the properties of the 668 

mossy fiber - CA3 synapse. In the hippocampus of BACE1 KO mice, we found indeed a reduced 669 

surface level of Kv3.4 protein (Fig. 2). Furthermore, BACE1-deficiency decreased the amount of 670 

Kv3.4 protein in synaptic fractions, whereas other presynaptic proteins such as the Ca2+-671 

activated K+ channels KCa1.1 and KCa2.3 remained unaffected (Fig. 4), suggesting considerable 672 

specificity in how BACE1 tunes the excitability of MFBs.   673 

 674 

With less Kv3.4 channels in MFBs of BACE1-deficient hippocampi (Fig. 4), we had expected to 675 

see at least partially disinhibited postsynaptic responses upon stimulation of mossy fiber axons, 676 

given that Kv3.4 appears to be the major constituent of the current underlying fast 677 

repolarization of presynaptic action potentials (see below) (Chang et al., 2007; Alle et al., 2011). 678 

However, when we compared mf-fEPSPs between normal and mutant hippocampi, we observed 679 

that the postsynaptic responses in the latter were significantly depressed over the entire range 680 

of stimulus intensities, leading to a downward shift of the I-O relationship (Fig. 6A). Obviously, 681 

genetic disruption of Bace1 must have altered synaptic properties in addition to Kv3.4 activity in 682 

mossy fiber terminals. However, when we used BDS-I, we obtained evidence that the 683 

contribution of Kv3.4 to the control of presynaptic transmitter release was significantly 684 

diminished in BACE1-/- hippocampi (Fig.6C, D). 685 

 686 

In this context, it is worth noting that BDS-I was introduced as a selective, high-affinity blocker 687 

of homomeric Kv3.4 channels in oocyte and mammalian expression systems (Diochot et al., 688 

1998), but was later found to inhibit also Kv3.1- and Kv3.2-mediated currents and, perhaps, 689 

Kv3.3-mediated currents (Yeung et al., 2005; Martina et al., 2007). On pharmacological grounds 690 

alone, we can therefore not unequivocally attribute the BDS-I-mediated enhancement of mf-691 

fEPSPs to a selective suppression of Kv3.4 channels. However, in immunohistological 692 

experiments on mouse hippocampus, expression of both Kv3.3 and Kv3.4 is robust in mossy 693 

fibers, whereas no appreciable staining for Kv3.1b and Kv.3.2 was detected in this pathway 694 
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(Chang et al., 2007). Regarding the contribution of Kv channels other than Kv3, 4-AP, which 695 

blocks Kv3 and Kv1, did not produce a significantly stronger enhancement of mf-fEPSPs than 696 

BDS-I (Fig. 6B, D). Finally, Alle et al. (2011) reported that, in MFBs, action potential waveforms 697 

recruit Kv3 channels four times better than Kv1 channels. From the combined pharmacological, 698 

immunohistological, and electrophysiological evidence presented here and in previous work, it 699 

seems reasonable to conclude that the Kv3 current of MFBs is predominantly generated by 700 

Kv3.4 subunit-containing channels. 701 

 702 

In principle, the depression of synaptic responses at the mossy fiber - CA3 synapse in BACE1-null 703 

hippocampus, which was strong enough to conceal the concomitant decline in Kv3.4-mediated 704 

current, might be presynaptic or postsynaptic in nature, or result from a combination of both. 705 

Pronounced facilitation during repetitive stimulation is a distinguishing feature of this synapse  706 

(Nicoll and Schmitz, 2005) and when we probed this form of short-term plasticity, facilitation 707 

proved stronger in the mutant than in the WT hippocampus, arguing against a postsynaptic 708 

mechanism (Fig. 6E). MFBs are known to exhibit low release probability upon single stimulation 709 

(Nicoll and Schmitz, 2005). Thus, in the absence of BACE1, glutamate release seems to be 710 

further reduced, explaining the depressed I-O curve, which would, in turn, widen the range of 711 

short-term plasticity, explaining enhanced facilitation. Lending support to a presynaptic site of 712 

BACE1 action, a severe presynaptic phenotype of the mossy fiber - CA3 synapse in BACE1 KO 713 

mice has been reported previously including increased paired-pulse ratio and loss of long-term  714 

potentiation (Wang et al., 2008). Although the underlying mechanism awaits further study, the 715 

evidence gathered so far links the electrophysiological phenotype to abnormal presynaptic Ca2+ 716 

handling (Wang et al., 2008; Wang et al., 2010). In our hands, Kv3.4 and its regulation by BACE1 717 

were not involved in short-term plasticity (Fig. 6F), consistent with the notion that the channel 718 

mainly serves to promote temporal fidelity of signal transfer at this synapse by keeping 719 

presynaptic action potentials short.  720 

 721 

In view of the reduced efficiency of basal transmission at the mossy fiber - CA3 synapse in 722 

BACE1-/- hippocampus, the apparent down-regulation of Kv3.4 current in MFBs might represent 723 

a compensatory mechanism to counteract excessive lowering of transmitter release, rather than 724 
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being causally linked to the absence of BACE1 per se. In the native preparation, we cannot 725 

differentiate conclusively between these two alternatives, but our experiments with 726 

heterologously expressed Kv3.4 clearly demonstrated that co-transfection of BACE1 did have 727 

considerable impact on surface levels (Fig. 9) and biophysical properties of the channel (Fig. 7) 728 

and that BACE1 and Kv3.4 are directly associated with each other (Fig. 8).  729 

 730 

The enhancement of a voltage-dependent cation current through close interaction of BACE1 731 

with the channel protein is not without precedent. We have previously reported that BACE1 can 732 

assume the role of an auxiliary channel subunit (β-subunit) which binds to the main (α-) subunit 733 

of voltage-gated Na+ (Huth et al., 2009) and KCNQ (Kv7) channels (Agsten et al., 2015; Hessler et 734 

al., 2015). Through the direct, non-enzymatic interaction with the channel protein, BACE1 gains 735 

considerable control over decisive channel properties, thereby affecting the excitability of 736 

neurons in the brain or possibly myocytes in the heart. With respect to KCNQ, BACE1 strongly 737 

modified their gating properties to boost channel activity, but did not appear to alter channel 738 

density in the cell membrane (Hessler et al., 2015). Here, the effect of BACE1 was the opposite. 739 

While only moderately influencing channel kinetics (Fig. 7), BACE1 amplified Kv3.4 current by 740 

increasing the number of channels in the membrane (Fig. 9). Again, this effect was independent 741 

of the enzymatic activity of BACE1, suggesting that BACE1-Kv3.4 complexes might reach the cell 742 

membrane more easily than the channel alone. The notion of a direct interaction was also 743 

supported by the treatment of C57BL/6 mice with the BACE inhibitor NB-360, which did not 744 

significantly affect synaptic Kv3.4 levels (Fig. 5).  745 

 746 

Our first data on Kv3.4 trafficking also showed that BACE1 should have an impact on axonal 747 

transport of Kv3.4 while being present in the same vesicular structures (Fig. 3). This finding fits 748 

nicely to the notion that the intracellular trafficking route of BACE1 is well suited for its 749 

interaction with various partners (Buggia-Prevot and Thinakaran, 2015). Thus, BACE1 seems to 750 

be especially required to promote Kv3.4 trafficking and surface targeting, unveiling a new aspect 751 

in the regulation of voltage-dependent K+ channels by BACE1. 752 

    753 
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Gene expression profiling of samples of human cerebral cortex at different stages of AD 754 

revealed an early up-regulation of Kv3.4 mRNA, which persisted into late stages of the disease 755 

(Angulo et al., 2004). Notably, up-regulation of Kv3.4 protein in early AD brains occurred before 756 

the appearance of amyloid plaques and neurofibrillary tangles, which led Angulo et al. (2004) to 757 

speculate that soluble Aβ peptide might be responsible for the early increase in Kv3.4. In 758 

cultured neurons, Aβ peptide produced indeed an increase in Kv3.4 expression and current 759 

which was linked to neuronal apoptosis (Pannaccione et al., 2007). Ample evidence indicates 760 

that cellular stress factors such as mitochondrial dysfunction, oxidative stress, and Ca2+ 761 

dysregulation elevate BACE1 levels, giving rise to a vicious cycle in which co-morbidity factors 762 

drive BACE1, thereby enhancing the formation of toxic Aβ-peptides and thus accelerating the 763 

progression of cognitive impairment and dementia in AD (Chami and Checler, 2012). In fact, 764 

BACE1 expression is increased in patients with mild cognitive impairment and in AD (Yang et al., 765 

2003; Tesco et al., 2007; Cheng et al., 2014). While our data suggest that pathologically 766 

increased levels of BACE1 are unlikely to augment formation of new Kv3.4 proteins (Fig. 2B, 4, 767 

9B), BACE1 might be instrumental to facilitate their surface trafficking thereby rendering the 768 

channels functional. 769 

  770 

Does the up-regulation of Kv3.4 promote the progression of AD, as Angulo et al. (2004) and 771 

Pannaccione et al. (2007) proposed, advancing the channel as a new therapeutic target, or can 772 

the increase in Kv3.4 be understood as an effort to compensate for the increasing network 773 

instability in AD (Huang and Mucke, 2012; Sheng et al., 2012; Keskin et al., 2017)? Regarding the 774 

mossy fiber pathway, histological and electrophysiological studies in mouse models of AD 775 

showed that high levels of BACE1 localize to dystrophic presynaptic terminals in CA3 stratum 776 

lucidum (Sadleir et al., 2016) and that the mossy fiber - CA3 synapse is the first to become 777 

dysfunctional (Lee et al., 2012; Wilke et al., 2014). It remains to be determined, whether, under 778 

such rapidly deteriorating conditions, Kv3.4 protein will reach the terminal, and, if so, whether it 779 

will improve or impair the residual functionality of the synapse.  780 

  781 
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FIGURE LEGENDS 962 

 963 

Figure 1: BACE1 and Kv3.4 co-localize in the mossy fiber pathway of the hippocampus. A 964 

Immunofluorescence staining displays prominent Kv3.4 signal in the hilar region and in the 965 

mossy fiber tract. Staining was performed with the rabbit-anti-Kv3.4 antibody and DAPI in 966 

1 month old BACE1 WT (left panel, n=5) and KO (right panel, n=4) mice, scale bar 500 μm. B 967 

Double-staining for Kv3.4 (left panel, mouse-anti-Kv3.4 antibody) and BACE1 (middle panel, 968 

rabbit-anti-BACE1 antibody, Abcam) with superposition of images (right panel) shows a distinct 969 

co-localization in the hippocampus of 1 month old BACE1 WT mice. Higher magnification images 970 

below show the hilar region (right) and the end of the mossy fiber tract (left), n=3, scale bar 971 

50 μm. C depicts double-staining of Kv3.4 and BACE1 with higher magnification images as 972 

described in B for hippocampal slices of age-matched KO mice, n=3, scale bar 50 μm.  973 

 974 

Figure 2: Kv3.4 surface levels are reduced in the hippocampus of BACE1 KO mice. A A 975 

representative Western blot of a hippocampal slice biotinylation for a WT/KO set is shown. B 976 

Total protein levels were densitometrically quantified, normalized to β-actin, and each KO 977 

sample was normalized to the corresponding WT that had been set to 1. Red column shows 978 

total Kv3.4 protein in KO and results for the positive control CNTN2 are illustrated in the gray 979 

column. C Surface proteins were quantified and normalized to the corresponding levels of pan-980 

cadherin or Na+-K+-ATPase and KO samples were normalized to WT according to B. Results of KO 981 

mice reveal a significant decrease in surface level for Kv3.4 (red columns) and a significant 982 

increase for CNTN2 (gray columns). WT/KO n=4 pairs, *p<0.05, **p<0.01, two-tailed one-sample 983 

t-test. 984 

 985 

Figure 3: BACE1 alters Kv3.4 trafficking in cultured hippocampal neurons. A Left panel shows 986 

an immunofluorescence double staining in a hippocampal neuron obtained from WT 987 

transfected with Kv3.4-EGFP and BACE1 (left panel: green, mouse-anti-Kv3.4 antibody; red, 988 

rabbit-anti-BACE1 antibody, Abcam; and DAPI), scale bar 20 μm. Right panel shows higher 989 

magnification images of the indicated region along the axon, scale bar 10 μm, WT n=8, KO n=3 990 

axons. Double staining was performed in transfected hippocampal neurons at 6-7 DIV in three 991 
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independent WT and two KO cultures. B-D Axonal transport of Kv3.4-EGFP in transfected 992 

hippocampal neurons of WT was imaged at 6-8 DIV. Images were sampled every 530 ms for 993 

6 min before and after bleaching the axonal segment. B This frame of an image series shows an 994 

axon (top panel) and a representative part of the corresponding kymographs before (middle 995 

panel) and after bleaching (lower panel). C-D The graphs demonstrate the cumulative 996 

probabilities for velocities of Kv3.4-EGFP vesicles moving in anterograde or retrograde direction 997 

depending on BACE1 co-expression (anterograde: Kv3.4-EGFP n=863, +BACE1 n=788; bleached: 998 

Kv3.4-EGFP n=680, +BACE1 n=565; retrograde: Kv3.4-EGFP n=875, +BACE1 n=810; bleached: 999 

n=378, +BACE1 n=346). Data were obtained from three independent cultures. ***p<0.001, two-1000 

tailed Mann-Whitney-test, applied to all unbinned vesicle velocities. 1001 

 1002 

Figure 4: BACE1-null mice show reduced Kv3.4 level in hippocampal synapses. A 1003 

Representative Western blot of hippocampal fractions showing total, cytosolic, and synaptic 1004 

fraction of 1 month old BACE1 WT and KO mice. B The synaptic level of the indicated proteins 1005 

was quantified and normalized to corresponding β-actin levels. WT (white columns) was set to 1 1006 

for illustration. The red column shows the KO result for Kv3.4, the gray columns for other 1007 

synaptic K+ channels and synaptic markers. n=3 for each genotype, *p<0.05, **p<0.01, two-1008 

tailed two-sample t-test. 1009 

 1010 

Figure 5: Mice treated with BACE inhibitor NB-360 show no significant decrease in Kv3.4 levels 1011 

at hippocampal synapses. A Representative Western blot of hippocampal fractions showing 1012 

cytosolic and synaptic proteins of two months-old C57BL/6 mice, which were fed with food 1013 

pellets containing BACE inhibitor NB-360 or with control pellets for four weeks. B The synaptic 1014 

level of the indicated proteins was quantified and normalized to the corresponding β-actin 1015 

levels. Untreated controls (white columns) were set to 1 for illustration. Red column shows 1016 

Kv3.4 results from treated mice. Gray columns depict results for the BACE1 substrates CNTN2 1017 

and APP, synaptic marker proteins synapsin-1 and PSD-95, and for BACE1 protein in NB-360-fed 1018 

mice. C Scatter plot demonstrates the synaptic protein level of Kv3.4 for each investigated 1019 

animal, bar indicates mean. D Correlation analysis of BACE1 versus Kv3.4 expression, Pearson’s 1020 
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r=0.79. n=8 for treatment and control group, **p<0.01, ***p<0.001, n.s. not significant, two-1021 

tailed two-sample t-test. 1022 

 1023 

Figure 6: Reduced Kv3 current leads to altered synaptic transmission in BACE1 KO. A Mossy 1024 

fibers from BACE1 KO mice manifested a reduced input-output relationship for mf-fEPSP. Peak 1025 

amplitudes were plotted as a function of stimulus intensity. Corresponding fiber volley 1026 

amplitudes are depicted in the inset. WT n=16 slices, KO n=18 slices. B-C Input-output curves 1027 

were determined after 2 min (control) and 30 min with 100 μM 4-AP (B) or 30 μM BDS-I (C) in 1028 

the recording pipette and plotted as described above. The inserts in B depict mf-fEPSP traces 1029 

from BACE1 WT and KO mice showing responses at 150 μA 2 min after pipette insertion (black) 1030 

and after 30 min (blue). WT n=7 slices, KO n=5 slices (B); WT n=5 slices, KO n=7 slices (C) D 1031 

Histograms summarize the magnitude of drug effect on mf-fEPSP and mf-fiber volley at a 1032 

stimulating intensity of 150 μA for WT and KO. E The insert depicts the typical mf-fEPSP in 1033 

response to 5 stimuli at 20 Hz (50 ms inter-spike interval) recorded from WT. The diagram 1034 

shows the normalized mf-fEPSP amplitude relative to that of the first mf-fEPSP, WT n=15 slices, 1035 

KO n=18 slices. F Train stimuli were determined after 5 min (control) and 35 min with 30 μM 1036 

BDS-I in the recording pipette and plotted as in E, WT n=5 slices, KO n=7 slices. *p<0.05, 1037 

**p<0.01, ***p<0.001, two-tailed two-sample-t-test (A, D, E), two-tailed paired-sample t-test (B, 1038 

C, F). 1039 

 1040 

Figure 7: BACE1 amplifies Kv3.4 current and alters channel kinetics in a heterologous 1041 

expression system. A1-A2 show representative currents of a cell expressing Kv3.4 (A1) or Kv3.4 1042 

with BACE1 (A2) recorded with the activation protocol shown in the inset. B1-B2 displays 1043 

representative currents of a Kv3.4- (B1) or Kv3.4 + BACE1-expressing (B2) cell recorded with the 1044 

inactivation protocol shown in the inset. C The I-V was generated from Kv3.4 peak currents 1045 

plotted as function of test potentials from -50 mV to +30 mV, Kv3.4 n=60, +BACE1 n=44. D 1046 

Relative non-inactivating current was calculated as steady-state current divided by peak current. 1047 

Peak current was determined from the test pulse at +30 mV after a pre-pulse at -120 mV (B1-B2, 1048 

pre-pulse duration 500 ms). Steady-state current was obtained from recordings with a pre-pulse 1049 

at +20 mV that activated and inactivated approximately all channels resulting in no peak and 1050 
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only non-inactivating steady-state current at +30 mV. This steady-state current was averaged 1051 

over the last 28 ms of the test-pulse (see arrow B1-B2). Kv3.4 n=49, +BACE1 n=36. E Voltage-1052 

dependent activation (squares) and inactivation (triangles) curves are shown. Activation: 1053 

conductance was generated from mean peak current (C). The graphs present the mean 1054 

conductance fitted with a Boltzmann equation and normalized to the upper asymptote, Kv3.4 1055 

n=60, +BACE1 n=44; inactivation: current amplitudes of individual recordings from test-pulses 1056 

following pre-pulses of -60 mV to +20 mV, recorded with the inactivation protocol (B1), were 1057 

fitted with a Boltzmann equation. Peak current values were normalized to the upper asymptote. 1058 

Kv3.4 n=49, +BACE1 n=36. F Activation and inactivation time constants were estimated from 1059 

recordings with the activation protocol (A1). Rise and decay at 0 mV and +10 mV was fitted using 1060 

a bi-exponential function to determine activation and inactivation kinetics, respectively. 0 mV: 1061 

Kv3.4 n=50, +BACE1 n=38; +10 mV: Kv3.4 n=50, +BACE1 n=39. Statistical significance of time 1062 

constants was tested on logarithmically transformed data. For illustration, time constant 1063 

mean ± SEM were back-transformed to a linear scale. G Time-dependent recovery from channel 1064 

inactivation was recorded with the protocol shown in the inset with varying inter-pulse intervals 1065 

Δt=2i, i = 1-12 [ms]. Graph shows time-dependent recovery of peak current following 1066 

inactivation (IΔt ) normalized to the peak before channel inactivation (I). Kv3.4 n=44, +BACE1 1067 

n=23. H illustrates representative currents of a cell expressing Kv3.4 or Kv3.4 + BACE1 in 1068 

response to ten command protocols of the AP waveform with 1 Hz. I Graphs were generated 1069 

from Kv3.4 peak currents recorded with the command protocol shown in H. Kv3.4 n=50, +BACE1 1070 

n=42. D, E (inactivation), F, G, I: cells with peak currents <2 nA at +80 mV in the activation 1071 

protocol (A1) were excluded from analysis. Statistics: *p<0.05, **p<0.01, ***p<0.001, normally 1072 

distributed data were tested using a two-tailed two-sample t-test (F), data sets showing no 1073 

normal distribution were tested using a two-tailed Mann-Whitney test (C, D, G, I). 1074 

 1075 

Figure 8: BACE1 directly interacts with Kv3.4. A-B A representative Western blot of a Kv3.4-1076 

immunoprecipitation (IP) with BACE1 co-IP (A, n=3) or BACE1-IP with Kv3.4 co-IP (B, n=2) and 1077 

the corresponding isotype controls in transfected HEK293T cells is shown. EGFP served as 1078 

transfection marker. C illustrates fluorescence recovery after photobleaching (FRAP) 1079 

experiments. Example traces of BACE1-EGFP fluorescence upon co-expression of mCherry 1080 
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(black) or Kv3.4 (red) with corresponding fit curves using the equation I(t)= A  e−t/τ + I0 are 1081 

shown. D shows recovery time constants of BACE1-EGFP co-expressed with the constructs as 1082 

indicated below the graph. Statistical significance of time constants was tested on 1083 

logarithmically transformed data, *p<0.05, **p<0.01 one-way ANOVA with post-hoc Tukey test. 1084 

For illustration, time constant mean ± SEM were back-transformed to a linear scale. +mCherry 1085 

n=46, +Kv3.4 n=29, +ENaC-mCherry n=31. 1086 

 1087 

Figure 9: BACE1 increases Kv3.4 surface level independent of its proteolytic activity in 1088 

HEK293T cells. A shows a representative Western blot of a surface biotinylation experiment of 1089 

HEK293T cells. Transfected constructs and treatment with 5 μM BACE1 inhibitor IV are depicted 1090 

above the blot. EGFP served as transfection marker. B The total levels of Kv3.4 were normalized 1091 

to the corresponding total levels of β-actin, with the normalized levels determined in the 1092 

absence of BACE1 set to 1. C Surface levels of Kv3.4 were normalized to the corresponding 1093 

surface levels of pan-cadherin, with the normalized levels determined in the absence of BACE1 1094 

set to 1. n=5, *p<0.05, two-tailed one-sample t-test with Bonferroni correction. 1095 

 1096 
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