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 33 

Abstract 34 

Neuroplasticity forms the basis for neuronal circuit complexity and differences between 35 

otherwise similar circuits. We show that the Microphthalmia-associated transcription factor 36 

(Mitf) plays a central role in intrinsic plasticity of olfactory bulb (OB) projection neurons. 37 

Mitral and tufted (M/T) neurons from Mitf mutant mice are hyperexcitable, have a reduced 38 

Type-A potassium current (IA) and exhibit reduced expression of Kcnd3, which encodes a 39 

potassium voltage-gated channel subunit (Kv4.3) important for generating the IA. 40 

Furthermore, expression of the Mitf and Kcnd3 genes is activity-dependent in OB projection 41 

neurons and the MITF protein activates expression from Kcnd3 regulatory elements. 42 

Moreover, Mitf mutant mice have changes in olfactory habituation and have increased 43 

habitutation for an odourant following long-term exposure, indicating that regulation of 44 

Kcnd3 is pivotal for long-term olfactory adaptation. Our findings show that Mitf acts as a 45 

direct regulator of intrinsic homeostatic feedback and links neuronal activity, transcriptional 46 

changes and neuronal function.  47 

  48 

49 
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Significance statement 50 

These findings broaden the general understanding of transcriptional regulation of intrinsic 51 

plasticity in learning and memory. Regulation of intrinsic plasticity has wide-ranging 52 

implications and fundamental importance for neurological diseases.  53 

 54 

  55 
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 56 

Introduction 57 

Neuronal plasticity is comprised of activity-dependent changes that alter synaptic or intrinsic 58 

excitability of neurons (Sweatt, 2016) thus affecting the neuronal response, the gain control 59 

relationship between input and output. Ultimately it connects neuronal activity with changes 60 

in neuronal behavior (Sweatt, 2016; Yap and Greenberg, 2018). It can also be homeostatic, 61 

i.e. neurons with increased activity becoming less sensitive and neurons with lowered activity 62 

more sensitive (Davis, 2006; Lemasson et al., 1993; Turrigiano, 2011; Turrigiano, 2008).  63 

Synaptic plasticity and intrinsic plasticity are thought to work at different time-scales and to 64 

interact and complement each other (Kourrich et al., 2015; Lisman et al., 2018). Although 65 

synaptic plasticity is fairly well characterized, much less is known about the molecular 66 

mechanisms underlying intrinsic plasticity and its transcriptional regulation (Guzman-67 

Karlsson et al., 2014; Hrvatin et al., 2018).   68 

The olfactory system is an attractive system to study plasticity due to its clear flow of 69 

information, well-defined neuronal subtypes, ease of activation with odourants and well-70 

defined neuronal circuits. The OB is the first relay of peripheral olfactory information within 71 

the CNS. Each olfactory bulb in the mouse contains around 2000 glomeruli, spherical 72 

neuropil structures connecting peripheral olfactory sensory input and cortical structures. In the 73 

OB, two types of projection neurons are designated to each glomerulus. They are activated by 74 

olfactory sensory neurons (OSN) and target other CNS regions. These are the mitral cells 75 

(MC) (Kikuta et al., 2013; Tan et al., 2010) located in the mitral cell layer (MCL) and the 76 

tufted neurons located in the external plexiform layer (EPL). These neurons show remarkable 77 

capacity in normalizing sensory input, by amplifying low signals and reducing high signals 78 

(Roland et al., 2016). Odour exposure also reduces the sensitivity of mitral and tufted cells 79 

(M/T) (Chaudhury et al., 2010; Kato et al., 2012). In addition, it has been shown that there is 80 
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high inter-glomerular functional diversity (Angelo et al., 2012), showing that each glomerulus 81 

is, to a large degree, regulated independently by its activity. The OB therefore shows clear 82 

changes in gain-control and homeostasic plasticity and it has been suggested that intrinsic 83 

changes are fundamental to OB sensory adaptation (Tyler et al., 2007).  84 

The transcription factor MITF, best known as a master regulator of melanocytes (Tachibana et 85 

al., 1996), is specifically expressed in the M/T neurons of the OB (Ohba et al., 2015). As the 86 

M/T neurons are the key output neurons in the OB circuitry, Mitf might play a role in 87 

olfaction (Ohba et al., 2015). Mitf is also expressed in a subset of tufted cells, the external 88 

tufted cells (ETC), which are excitatory and synapse with MC, but do not project out of the 89 

OB (De Saint Jan et al., 2009; Hayar et al., 2004b; Whitesell et al., 2013).  Here we show that 90 

Mitf links neuronal activity and intrinsic activity-dependent changes in the OB by regulating 91 

the expression of the potassium channel subunit Kcnd3, leading to a homeostatic response in 92 

OB´s projection neurons. Therefore, we suggest that Mitf plays a key role in olfactory 93 

adaptation and intrinsic homeostatic plasticity.   94 

  95 
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Materials & Methods 96 

Animals 97 

All animal procedures were approved by the Committee on Experimental Animals, according 98 

to regulation 460/2017 and European Union Directive 2010/63 (license number 2013-03-01). 99 

The mice used in the study (C57BL/6J and C57BL/6J-Mitfmi-vga9/mi-vga9) were maintained at the 100 

mouse facility at the University of Iceland. Unless otherwise specified, mice were housed two 101 

to five per per cage in a temperature-controlled environment (21-22°C). Unless otherwise 102 

specified, mice consumed water and food ad libitum. Mice of P75-P95 of both genders were 103 

used for all experiments.  104 

  105 

Electrophysiology  106 

Primary OB neuronal cultures from P0-P2 mice were obtained as described by (Hilgenberg 107 

and Smith, 2007) with slight modifications. Briefly, mice were decapitated and the head 108 

submerged in ethanol, upon which the head was placed in Ca2+ and Mg2+-free HBSS (Gibco) 109 

containing 1% Penicillin/Streptomycin (Gibco) and 1% Amphoterecin B (Gibco) under a 110 

dissecting microscope. OBs were dissected from the heads, the meninges removed and the 111 

OBs then trypsinized for 7-10 minutes at 37°C.  The cells were washed with 0.05% trypsin-112 

EDTA prior to incubation in the trypsin solution.  The neurons were then gently resuspended 113 

in Neurobasal-A Medium (Gibco) supplemented with 1% GlutaMAX (Gibco), 1% 114 

Penicillin/Streptomycin, 1% Amphoterecin B, 2% 50x serum-free B27 Supplement (Gibco) 115 

and 10% FBS. The cells were diluted to a density of 1x106cells·mL-1 and plated at 116 

1.25x105cells·cm2 on 0.1mg/mL Poly-D-Lysine hydrobromide (Sigma-Aldrich) and 117 

0.075mg·mL-1 PureCol Purfied bovine Collagen Solution, Type 1 (Advanced BioMatrix) pre-118 

coated coverslips in Nunclon Delta Surface 24-well plates (Thermo Scientific). Neurons were 119 
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cultured in Neurobasal-A Medium supplemented with 1% GlutaMAX 1% 120 

Penicillin/Streptomycin, 1% Gibco Amphoterecin B and 2% 50x serum-free B27 Supplement 121 

for 2 days, upon which they were placed in GlutaMAX-free Medium, which was replenished 122 

every 3 days. 123 

The cultured cells were maintained in a solution with NBM-B27, 1% GlutaMAX until DIV = 124 

2, and subsequently in NBM-B27 without GlutaMAX. The medium was replaced every 2-3 125 

days.  The mean age of cultures at the time of analysis was 12 +/- 3 days. The osmolarity of 126 

the solutions was measured with an osmometer and the pipette solution was 319 mOsm, while 127 

the extracellular Krebs solution was adjusted to 312 mOsm. Isolated cells on coverslips were 128 

placed in a recording chamber, and kept at room temperature. The cells were continuously 129 

superfused during recordings with an oxygenated extracellular solution. The extracellular 130 

mammalian Krebs solution contained the following (all in mM): 150 NaCl, 5 KCl, 2.6 CaCl2, 131 

2 MgCl2, 10 HEPES and 5 glucose, at pH 7.3. The solution was filtered with a 0.2 μm filter 132 

prior to use. Pipettes were pulled out of 1.5mm O.D. borosilicate glass capillary tubings 133 

(Science Products GmbH) with a two-stage Narishige PP83 horizontal puller (Narishige Co), 134 

and then fire-polished to about 1 μm tip diameter in a Narishige MF-83 microforge. Pipette 135 

resistances were 2-6MΩ when placed in the Krebs solution while filled with the internal 136 

solution. The Internal solution contained the following (all in mM): 145 KCl, 2 MgCl2, 10 137 

EGTA, 10 HEPES, 0.2 NaATP, pH 7.3. The reference Ag/AgCl electrode was placed in a 138 

compartment separated from the recording chamber, and electrically linked to the superfused 139 

compartment containing the cells with a glass tube bridge filled with 2M KCl/Agar solution. 140 

Recordings were made using the whole-cell configuration of the patch-clamp technique 141 

(Hamill, et al., 1981) on M/T cells with large nuclei, with an Axopatch 1D patch clamp 142 

amplifier (Axon Instruments Inc) in voltage or current clamp mode. The mean membrane 143 

resistance of wild-type M/T neurons was 104±20.3 MOhm, and 98±17 MOhm (t(25)= 0.234, 144 
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p=0.82, two-tailed test) in Mitf mutant neurons. The mean series resistance of wild-type M/T 145 

neurons was 13±2.3 MOhm and 17±1.6 MOhm (t(25)= -1.415, p=0.17, two-tailed test) in Mitf 146 

mutant neurons. The mean cell capacitance of wild-type neurons was 46±7.3 pF and that of 147 

Mitf mutant neurons was 56±11 pF (t(25)= -0.7308, p=0.47, two-tailed t-test). The mean 148 

resting membrane potentials of wild-type M/T neurons were -58±2 mV and of Mitf mutant 149 

neurons-57±2 mV, which is not signficantly different (t(11)=-0.102, p=0.92, two-tailed t-test).  150 

The measured values of all these biophysical parameters of the cultured cells are comparable 151 

to previously published values measured from cultured mouse olfactory bulb M/T cells 152 

(Desmaisons et al., 1999; Fadool et al., 2004). The output of the amplifier was low-pass 153 

filtered at 2KHz and digitized at 10KHz with a Digidata 1440A (Molecular Devices) 16-bit 154 

A/D-D/A converter. Acquisition of recordings and generation of voltage or current pulses 155 

were performed with the pClamp 10.0 software (Molecular Devices) in conjunction with the 156 

Axopatch 1D amplifier. No corrections were made for liquid junction potentials or leak 157 

currents.  After a break-in under voltage clamp, the cell was clamped at a holding potential of 158 

-70 mV, and then a 5 mV hyperpolarizing voltage step of 50 msec in duration was applied to 159 

evoke capacitance transients in the whole-cell current, to estimate the series resistance (Rs), 160 

input resistance (Ri), membrane resistance (Rm) and capacitance (Cm) of the cell.  161 

Subsequently, the cultured cells were then first voltage clamped at a holding potential of -162 

70mV, and then stepped to -90mV for 80msec.  Whole-cell outward currents were then 163 

evoked by a protocol using successive depolarizing voltage pulses from -90mV, 300msec in 164 

duration at +5 mV steps.   To separate the A-type current from other outward currents another 165 

protocol with a series of voltage pulses 300 msec in duration was then applied to the cell, 166 

except that before the depolarizing pulses were delivered, the cell was held at -40mV for 167 

80msec, after having been kept hyperpolarized for 55msec at -90mV. In order to isolate the 168 

A-type current from the total outward current, the current traces evoked by the second 169 
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protocol, which primarily involves delayed rectifier K+ currents, were subtracted from the 170 

corresponding traces evoked by the first protocol. The resting membrane potential was 171 

recorded immediately after break in and turning to whole-cell current clamp mode with 172 

current at zero. Spontaneous membrane potential fluctuations and spiking activity of 173 

projection neurons were measured in whole-cell current clamp mode, while holding the cell 174 

near the resting potential (-65±5mV). A depolarizing shift in membrane potential larger than 175 

25 mV was defined in the analysis software as a spike, whilst a shift of 5 mV but less than 25 176 

mV was defined as a spontaneous EPSP. The time period for analysis of spontaneous spike 177 

frequency in each cell was set as 50 seconds.  178 

 179 

Immunofluorescence  180 

Mice were transcardially perfused (Experimental license number 2014-07-02) with 1x 181 

Phosphate buffer solution (PBS; Dulbecco) followed by 4% paraformaldehyde (PFA; Sigma 182 

Aldrich) in 1xPBS. Following dissection, the brain was post-fixed for 2 hours in 4% PFA at 183 

room temperature. The OBs were sectioned at -20°C, in 20μm thin sections and kept at 4°C 184 

until used for immunofluorescence. Sections were placed in a blocking buffer of 0.1% Triton 185 

X-114 (Sigma Aldrich) and 5% Normal Goat Serum (NGS; Gibco) in PBS for 1 hour at room 186 

temperature. Blocking was followed by incubation with primary antibody (diluted 1:500) in 187 

blocking buffer overnight at 4°C. The antibodies used were TBR2/Eomes (Abcam, Ab23345, 188 

RRID: AB_778267) and Tyrosine hydroxylase (Millipore, MAB318, RRID: AB_2313764). 189 

Sections were subsequently incubated for 1 hour at room temperature in blocking buffer 190 

containing the Alexa Fluor goat anti-mouse 488 or Alexa Fluor goat anti-rabbit 546 (Life 191 

Technologies) secondary antibodies (each at 1:1000 dilution) and DAPI (1:1000; Sigma 192 

Aldrich). The sections were then washed and subsequently kept at 4°C until imaging at 20x 193 

magnification using an Olympus FV10-MCPSU confocal microscope; 2-5 images were 194 
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obtained from the medial OB of each sample. Cells were counted manually. Quantification of 195 

the samples was performed under blind condition. The average of cells per sample was 196 

calculated and plotted using GraphPad Prism 7.  197 

 198 

TUNEL 199 

Fixed frozen sections were obtained as described above. For TUNEL staining of the fixed 200 

frozen sections, In Situ Cell Death Detection Kit, Fluorescin Version 17 (Roche) was used. 201 

Images were obtained at 20x magnification using Z-stack 3D images. From each sample, 2-3 202 

images were obtained from the medial OB. Using the Fiji software, images were stacked and 203 

positively stained cells were counted manually. The average number of positive cells per 204 

image was calculated using GraphPad Prism 7.  205 

 206 

Histological analysis 207 

Mice were sacrificed by cervical dislocation and the brain was post-fixed for 24 hours in 4% 208 

Formaldehyde (Sigma Aldrich). Following fixation, the OB was embedded in paraffin and 209 

sectioned in 4μm thin sections. The sections were stained for hematoxylin and eosin (H&E).  210 

 211 

Plasmids  212 

The MITF-M cDNA was cloned into the p3xFlag-CMV14 vector using EcoRI and BamHI 213 

restriction sites. The 4 arginines in the basic domain were mutated to alanines by in situ 214 

mutagenesis in order to generate the construct MITF-B4RA (Fock et al., 2018). The human 215 

TYR promoter in pGL3 Basic Luciferase Reporter vector was used for co-transfection assays. 216 
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MITF binding sites in the intronic region of KCND3 were identified using the ChIPseq data 217 

from Laurette et al., (2015; GSM1517751) and Strub et al. (2011; GSE64137). The data were 218 

imported into IGV Tools and binding peaks near KCND3 identified. Similarly, ChIPseq data 219 

for H3K4me1 (GSM2476344) and H3K27ac modifications in melanoma cells (GSM2476350) 220 

was analyzed (Fontanals-Cirera et al., 2017). Two MITF peaks termed A and B were 221 

identified. In order to clone the KCND3_B region, a 655bp fragment was amplified from 222 

genomic DNA of the human 501mel melanoma cells using forward primer 5‘-223 

TTGTGAGAGTAGCAGAGTGCTTTGC-3‘ and reverse primer 5‘-224 

GAGCAGATTCAGAGATCAGAAATCAATGG-3‘; the primers also contained restriction 225 

sites for KpnI and XhoI. In order to clone the KCND3-A region, a 469bp fragment was 226 

amplified from genomic DNA of 501mel melanoma cells using forward primer 5‘-227 

GCTTCTGGAAGGTGAGAGAAGGA-3‘ and reverse primer 5‘-228 

AGTGTCCTGATAGCCACATTAGGTC-3‘; the primers also contained restriction sites for 229 

NheI and XhoI. Both fragments were subsequently cloned into the pGL3 Promoter reporter 230 

vector. 231 

 232 

Cell culture 233 

HEK293T and N2A neuronal cells were obtained from the Leibniz Institute DSMZ-Deutsche 234 

Sammlung von Mikroorganism und Zellkulturen GmbH. HEK293T cells were cultured in 235 

DMEM-Glutamax media (Gibco) supplemented with 10% Fetal bovine serum (FBS; Gibco), 236 

N2A cells were cultured in DMEM-Glutamax media supplemented with 10% FBS and 1% 237 

Non-Essential Amino Acids (Gibco). Cells were cultured in 75cm2 Nunc EasYflask with 238 

Nunclon Delta surface (Thermo Scientific) in a HERAcell 240i incubator (Thermo Scientific) 239 

at 37°C and 5% CO2. HEK293T were passaged when 90% confluency was reached by gently 240 
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trypsinizing the cells, resuspending them in media and diluting the cells 1:10 and replating 241 

them. N2A cells were passaged when 70% confluency was reached by gently trypsinizing the 242 

cells, resuspending them in media and diluting the cells 1:5 and replating them. 243 

 244 

Co-transfection assay 245 

N2A and HEK293T cells were plated in Falcon 96-well cell culture plates at 13.800 and 246 

20.000 cells per well respectively. After 24 hours, the N2A and HEK293T cells were 247 

transfected with 0.1 μg of DNA mixed with Fugene at 7:1 and 2.8:1 Fugene HD to DNA 248 

ratios, respectively. This mixture contained equal amounts of the luciferase reporter plasmid, 249 

renilla reporter plasmid and MITF-FlagpCMV, MITF-B4RAFlagpCMV, or FlagpCMV. Each 250 

combination was plated and transfected in triplicate. Cells were harvested after 24 hours of 251 

incubation using Dual-Glo Luciferase Assay System (Promega Corporation) as described and 252 

the luciferase and renilla luminescence measured separately using a MODULUS II TURNER 253 

instrument (Biosystems). To quantify the normalized luminescence, the luciferase values were 254 

devided by the renilla luminescence values recorded for each well. Subsequently an average 255 

was obtained for the triplicate. These values were then plotted using GraphPad Prism 7.  256 

 257 

Odour exposure 258 

Mice were placed in empty cages, devoid of bedding, food and water for one hour in an odour 259 

free room. After one hour, mice were moved to a different room where an open eppendorf 260 

tube containing 60μL of amyl acetate (Sigma-Aldrich) was taped inside their cage at nose-261 

level. After 30 minutes, the mice were placed in a new cage without amyl acetate and moved 262 

back to the odour free room. The mice were sacrificed by cervical dislocation at different 263 

intervals: before amyl acetate exposure, immediately after exposure and 30, 90, and 210 264 
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minutes after exposure to amyl acetate. The OBs were either flash frozen in liquid nitrogen 265 

for quantitative real time PCR or placed in OCT medium (Sakura) in a 15x15x15mm Tissue-266 

Tek Cryomold (Sakura) and subsequently flash frozen for sectioning and RNA in situ 267 

hybridization.  268 

 269 

RNA mFISH  270 

Mice were sacrificed by cervical dislocation. The OB was dissected out and placed in OCT 271 

compound in a 15x15x15mm Tissue-Tek Cryomold and flash frozen with liquid nitrogen. The 272 

caudal OB was sequentially sectioned unto slides, with 2 sections per slide, at a thickness of 273 

20μm. The slides were stored in a -80°C freezer in an airtight bag until use. The samples were 274 

pre-treated using the protocol “RNAscope Sample Preparation and Pretreatment Guide for 275 

Fresh Frozen Tissue (Manual RNAScope assay)” (Advanced Cell Diagnostics).  mFISH was 276 

subsequently performed according to the manufacturer’s instruction for the RNAscope 277 

Fluorescent Multiplex Kit (Advanced Cell Diagnostics) with probes 422501 (Mitf), 429641-278 

C2 (Tbr2/Eomes), 452598-C3 (Kcnd3) and 316921-C2 (c-Fos). Sections were kept at 4°C 279 

until imaging using Z-stack 3D images with the Olympus FluoView FV10 confocal 280 

microscope at 30x magnification. Two images were obtained from the medial OB per sample 281 

- one image of the glomerular region of the OB and a separate image of the mitral and granule 282 

cell layer. Using the Fiji software, fluorescent dots per cell were counted, by encircling the 283 

cloud of Tbr2 dots and using this area to count the fluorescent dots of interest. Tbr2+ cells 284 

located directly below the glomeruli were considered external tufted cells. Similarly, Tbr2+ 285 

cells located in the mitral cell layer, and not in the external plexiform layer, were considered 286 

as mitral cells. In the cases where Tbr2 coexpression was not determined, Mitf expression, 287 

localization and nuclear morphology were used to determine cell type. Average dots per cell 288 

was calculated for each sample and plotted using GraphPad Prism 7.  289 
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 290 

Quantitative PCR 291 

Mice were sacrificed by cervical dislocation and OBs flash frozen in liquid nitrogen. The 292 

samples were kept at -80°C until RNA was isolated using NucleoSpin RNA (Machery Nagel). 293 

In order to generate cDNA, the SuperScript II Reverse Transcriptase kit (Invitrogen) was 294 

used, using 1 ug of RNA and oligo(T) primers. Mouse specific exon-spanning primers were 295 

designed using Primer-blast. The primers-pairs used were the following: Gapdh forward 5‘-296 

ATGACATCAAGAAGGTGGTG-3‘, reverse 5‘-CATACCAGGAAATGAGCTTG-3‘; Actin 297 

forward 5‘-CACTGTCGAGTCGCGTCC-3‘, reverse 5‘-TCATCCATGGCGAACTGGTG-3‘; 298 

Mitf forward 5‘-AGCAAGAGCATTGGCTAAAGA-3‘, reverse 5‘-299 

GCATGTCTGGATCATTTGACT-3‘and c-Fos forward 5‘-300 

TTTCAACGCCGACTACGAGG-3‘, reverse 5‘-TCTGCGCAAAAGTCCTGTGT-3‘. 301 

Quantitative qPCR was performed using Power SYBR Green PCR Master Mix 302 

(ThermoFisher Scientific). The 2-ΔΔCt method was used to normalize expression to 303 

C57BL/6J, relative to Gapdh and Actin as described previously (Livak and Schmittgen, 304 

2001).   305 

 306 

Behavior  307 

Prior to performing any behavior experiments, individual mice were placed in separate cages 308 

for at least 24 hours. Mice were used for a maximum of two behavioral experiments but only 309 

once for the same behavioral test. Each mouse was only used once for each 310 

habituation/dishabituation experiment. All behavior experiments were performed at 9pm, 1 311 

hour after the lights were turned off. All behavior was filmed, and the behavior of interest 312 

measured as a function of time and plotted using GraphPad Prism 7.  313 
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 314 

Hidden food assay 315 

The food pellets were replaced by sweetened cereal – Cocoa Puffs (Nesquik General Mills) 316 

for 12 hours. After 12 hours, all Cocoa Puffs pellets were removed from the food section of 317 

the cage and one Cocoa Puffs pellet was placed into the cage. Following overnight starvation 318 

(license number 2016-05-01), a cage was filled with 4cm of bedding and a Cocoa Puffs pellet 319 

was hidden in one corner, under the bedding. The mouse was placed in the posterior section 320 

of the cage, opposite to the pellet, and the time it took the mouse to find the pellet was 321 

determined. Mice which showed obvious distress (tremors, unsteady gait or unwillingness to 322 

explore) and could not find the pellet in under 180 seconds were removed from the 323 

experiment. 324 

Avoidance assay 325 

A 41.5 x 24 x 18.5cm cage was sectioned into three equal sections numbered 1-3 and the 326 

bottom covered with 0.5cm of bedding. Prior to the experiment, 30μL of water were placed 327 

onto a 5 x 5 cm piece of Whatman paper which was then taped onto section 1, at nose height.  328 

The mouse was gently placed in section 3 and allowed to roam for 120 seconds in the cage. 329 

After 120 seconds, the mouse was removed from the cage and the 5 x 5cm Whatman paper 330 

containing 30μL of water was replaced with a 5 x 5cm paper of Whatman paper containing 331 

30μL of propionic acid (Sigma Aldrich).  The mouse was gently placed in section 3 and 332 

allowed to roam for 120 seconds in the cage. After 120 seconds, the mouse was removed from 333 

the cage.  The time the mouse spent in each of the 3 sections, using the nose as the reference 334 

point, was measured for both conditions.  335 

Habituation-Dishabituation 336 
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In order to perform the habituation-dishabituation experiment, we used the protocol of 337 

Lehmkuhl and associates (Lehmkuhl et al., 2014). Mice were kept in individual cages for 24 338 

hours. Food and water were subsequently removed, and the mice were kept in an odour free 339 

room for 1 hour prior to the experiment. The mice were habituated for 30 seconds every 5 340 

minutes by placing 5μL of a particular odour in the cage, a total of 6 times, and subsequently 341 

exposed to 5μL of another odour for 30 seconds. Time spent sniffing the object, or in the 342 

direction of the object was determined. Odourants used were almond, lime (brand name Dr 343 

Oetker) and vanilla extracts (brand name Katla). For long-term exposure to odour, the mice 344 

were exposed to vanilla odourant for 2 hours prior to habituation-dishabituation with almond-345 

vanilla odour pairs.  346 

Statistical analysis 347 

No statistical methods were used to predetermine sample size. Grouped analyses were used 348 

for the in vivo experiments as at least three mice per genotype were used. Quantitative results 349 

were analysed by one- or two-way analyses of variance (ANOVA), and two-sided unpaired or 350 

paired Student’s t-tests and Chi-square tests using GraphPad Prism 7. To obtain p-values, 351 

multiple comaparisons for ANOVA tests were performed with Livak’s correction or 352 

Dunnett’s correction in cases where there was a comparison to a control time point. All 353 

numerical results are presented as mean and SEM unless stated otherwise. Degrees of 354 

freedom are indicated between brackets.  355 

 356 

  357 
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Results 358 

Mitf mutant mice have increased numbers of excititatory neurons. 359 

In order to characterize Mitf expression in the OB, we used multiplex fluorescent RNA in situ 360 

hybridization (mFISH) which generates a single fluorescent dot per transcript detected (Wang 361 

et al., 2012), allowing for single-cell analysis of gene expression. Consistent with previous 362 

observations (Ohba et al., 2015), this showed that in wild type mice Mitf is expressed in M/T 363 

neurons, including in external tufted cells (ETC) located in the external plexiform layer 364 

(Figure 1a, b) and at low levels in the granule cell layer (GCL) (Figure 1a, arrowheads). 365 

Interestingly, there is significantly more Mitf expressed in the ETCs compared to MCs 366 

(F(1,15)=8.94, p=0.0092, two-way ANOVA). Mice homozygous for the Mitfmi-vga9 mutation 367 

are white and microphthalmic due to a transgene insertion mutation that affects expression of 368 

Mitf (Hodgkinson et al., 1993). As expected, Mitf expression was decreased in the ETCs 369 

(t(14)=7.923, p<0.0001, Sidak multiple comparison test) and MCs (t(14)=2.969, p=0.0202, 370 

Sidak multiple comparison) in OBs of Mitf mutant mice (Figure 1 b,c).  371 

Histological analysis showed no detectable defects in the cellular architecture of OBs from 372 

P75-P95 Mitf mutant mice (Figure 2). Expression of tyrosine hydroxylase (TH) is reduced 373 

upon loss of activity in the OB (Liu et al., 1999) but was not affected in the OBs of Mitf 374 

mutant mice (Figure 2 b, c). This also suggests normal OB function. Importantly, Tbr2, a 375 

marker for M/T cells (Imamura and Greer, 2013; Mizuguchi et al., 2012), is expressed in Mitf 376 

mutant OBs (Figure 1a) showing normal OB ontogeny. Interestingly, cell counts showed an 377 

increase of glomerular Tbr2+ neurons (t(20)=2.914, p=0.0171, Sidak multiple comparison) in 378 

the glomeruli of Mitf mutant mice (Figure 1d,e). An increase in M/T neurons has been shown 379 

to occur with increased activity (Johnson et al., 2013; Liu et al., 2016). Additionally, analysis 380 

of apoptosis showed a twofold increase in cell death in periglomerular cells of Mitf mutant 381 
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mice (Figure 3; t(16)=2.724, p=0.015, two-tailed t-test) suggesting increased glomerular 382 

neuronal turnover in the mutant mice. 383 

 384 

Mitf mutant mice have reduced IA and a concomittant increase in mitral cell activity. 385 

To examine whether the loss of Mitf resulted in altered M/T neuronal function, we performed 386 

whole-cell patch clamp analysis on cultured primary M/T neurons from wild-type and Mitf 387 

mutant mice, both under voltage clamp and current clamp conditions, bypassing possible 388 

secondary effects due to cortical feedback mechanisms or other compensatory mechanisms 389 

within the OB. To establish the identity of the cells in culture, several biophysical properties 390 

were determined (see methods). The likelihood of an action potential is decided by the 391 

balance between sodium influx and potassium efflux. The initial potassium efflux activated 392 

near the spiking threshold is termed the A-type potassium current (IA) and is a major 393 

determinant of the likelihood of an action potential. Patch clamp recordings under voltage 394 

clamp showed a reduction in the IA K+-current in M/T neurons from Mitf mutant mice. (Figure 395 

4 a-d; t(50)=2.313, p=0.0491, Sidak multiple comparison). No significant reduction was 396 

observed in the IDR current (Figure 4d). There was no significant correlation between the 397 

membrane resistance of the M/T neurons and the maximum recorded IA K+-current or the IDR 398 

current from either wild type or Mitf mutant mice. The I/V relationship denotes the 399 

relationship between the IA K+-current density (pA/pF) across the membrane and the 400 

membrane potential, and thus takes size of the cells into account based on their measured 401 

membrane capacitance. The I/V curves show that the mutant neurons have an altered voltage 402 

dependence of activation of the IA currents evoked (Figure 4e), with multiple comparisons 403 

between the means revealing that the current density is significantly reduced at depolarized 404 

membrane potentials, at -5 mV and higher (p>0.05). However, the channel kinetics, i.e. 405 

activation and inactivation of the channels mediating the isolated IA, remained the same in 406 
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cells from wild-type and mutant mice (Figure 5). Reduction in the IA leads to increased 407 

likelihood of action potentials and hyperexcitability (Fransen and Tigerholm, 2010; Kim et 408 

al., 2007; Yuan et al., 2005). Accordingly, increased spiking was observed in the mutant 409 

neurons (Figure 4f), under current clamp configuration of the whole-cell patch clamp. The 410 

mean firing frequency of spikes in wild-type M/T neurons was 0.79±0.17 Hz, while it was 411 

1.75±0.15 Hz in mutant M/T neurons (t(11)=1.61, p=0.007, two-tailed t-test). The mean 412 

amplitude of action potentials was similar, or 62±4 mV in wild-type M/T neurons and 54±2.6 413 

mV in mutant M/T neurons (t(11)=1.06, p=0.31, two-tailed t-test). In addition to spikes, 414 

spontaneous excitatory postsynaptic potentials (EPSP) could be observed in the current clamp 415 

recordings. Additionally, expression of c-Fos, an activity-dependent gene frequently used to 416 

monitor neuronal acivity, was increased in the Mitf mutant MCs (Figure 4g, h; t(9)=3.093, 417 

p=0.0386, Sidak multiple comparison), indicating increased neuronal activity in vivo.  A 418 

second, unidentified cell population in the GCL also showed clear increase in expression of c-419 

Fos in the mutant (Figure 4g, arrowheads).  420 

Expression of Kcnd3 and Mitf is activity-dependent in the OB.  421 

Increased neuronal activity due to the loss of IA led us to examine the expression of key 422 

potassium channel subunits in the OB. As displayed in Table 1, many potassium channel 423 

subunits (Gutman et al., 2005) are known to be expressed in the OB. We focused our analysis 424 

on the IA-current regulating Kv4.3/Kcnd3 potassium channel subunit(Kollo et al., 2008; Wang 425 

et al., 2015), as according to ChIPseq data, MITF binds to its regulatory region (Table 1) 426 

(Calero-Nieto et al., 2014; Laurette et al., 2015; Strub et al., 2011).  RNA in situ analysis 427 

showed reduced expression of Kcnd3 in ETCs (t(12)=3.297, p=0.0190, Sidak multiple 428 

comparison) and MCs (t(12)=3.249, p=0.0208, Sidak multiple comparison) of Mitf mutant 429 

OBs, whereas the levels remained similar in cells of the GCL (Figure 6a, b). Thus, the effects 430 

of Mitf on Kcnd3 expression are cell autonomous, consistent with the possibility of Mitf 431 
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regulating Kcnd3 in M/T neurons.  Although the ChIPseq data does not show MITF to bind to 432 

the regulatory region of the gene encoding the IA-regulating potassium channel subunit Kcnd2 433 

(Table 1), its expression was increased in ETC in OB from the Mitf mutant mouse 434 

(t(6)=5.051, p=0.0047, Sidak multiple comparison), possibly as a compensatory mechanism 435 

for the reduction in Kcnd3 (Figure 7). This increase in the expression of Kcnd2 underlines the 436 

tight regulation of neuronal activity. Without this change, the effects on the A-current would 437 

likely be larger, especially in the ETC. 438 

 439 

Neuronal activity leads to generation of cAMP, activation of the MAPK pathway kinases and 440 

the cAMP responsive element binding protein (CREB) protein. These are established 441 

regulators of Mitf transcription and MITF signaling (Shoag et al., 2013).  We therefore 442 

explored the effects of OSN activity on the expression of Mitf and Kcnd3 in the OB. Amyl-443 

acetate is known to activate a multitude of glomeruli (Bepari et al., 2012). Amyl acetate 444 

treatment of the wild type mice (Figure 6c) resulted in an immediate increase in the global 445 

transcription of c-Fos (Figure 8, Figure 7e; q(40)=4.875, p<0.0001, Dunnett’s multiple 446 

comparison) as expected. Similarly, RNA in situ hybridization showed significant cell-447 

specific increase of c-Fos in the ETCs (q(57)=2.687, p=0.0241, Dunnett’s multiple 448 

comparison) and granule cells (q(57)=3.359, p=0.0036, Dunnett’s multiple comparison) upon 449 

treatment. An increase was also observed in c-Fos expression in MCs, but this was not 450 

significant (q(57)=2.365, p=0.0561). Note, however that not all glomeruli are affected by 451 

amyl acetate (Bepari et al., 2012). The increase in c-Fos expression was followed by an 452 

increase in Mitf expression 30 minutes after exposure to amyl acetate both in the ETCs 453 

(Figure 6f, Figure 8) (q(45)=3.325, p=0.005, Dunnett’s multiple comparison) and the MCs 454 

(q(45)=5.031, p=0.0001, Dunnett’s multiple comparison). Expression of Kcnd3 also increased 455 

30 minutes after exposure, but only in the MCs (Figure 9, Figure 6g; q(30)=3.271, p=0.0075, 456 
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Dunnet’s multiple comparison) and not in the ETCs. This showed that expression of both Mitf 457 

and Kcnd3 is activity-dependent in the MC projection neurons of the OB. The large increase 458 

observed for Mitf expression after 90 minutes (Figure 7d), suggests that Mitf is also activity 459 

dependent in the granule cell layer, but the granule cells greatly outnumber M/T neurons. 460 

Activity-dependent increase in Kcnd3 expression requires MITF enhancer activity. 461 

Induction of large-scale OB activity with amyl acetate was also performed on Mitf mutant 462 

mice. The increase observed in Kcnd3 expression upon inducing neuronal activity in wild 463 

type OBs was not observed in Mitf mutant OBs (Figure 10a, b). Hence, Mitf and Kcnd3 are 464 

both regulated in an activity-dependent manner in the MC and the expression of Kcnd3 465 

depends on Mitf in both MC and ETC. Analysis of two MITF ChIPseq data sets (Laurette et 466 

al., 2015; Strub et al., 2011) showed that MITF binds to intronic regions of KCND3 in 501mel 467 

melanoma cells. The MITF ChIPseq datasets show the same overlapping binding peak B 468 

(Figure 10c, orange). A second MITF binding peak, peak A, was observed only in the 469 

Laurette dataset and overlaps with H3K27ac and H3K4me1 ChIPseq peaks in 501mel 470 

melanoma cells (Fontanals-Cirera et al., 2017) indicative of an active enhancer (Figure 10c, 471 

yellow). Transcription activation analysis showed that MITF activates expression from a 472 

fragment containing peak B in both HEK293T cells (Figure 10e; MITF-pCMV vs pCMV: 473 

q(12)=22.58, p=0.0001; MITF-pCMV vs MITFB4RA-pCMV: q(12)=20.78, p=0.0001, 474 

Dunnett’s multiple comparison) and N2A cells (Figure 10f; MITF-pCMV vs pCMV: 475 

q(12)=15.39, p=0.0001; MITF-pCMV vs MITFB4RA-pCMV: q(12)=15.18, p=0.0001, 476 

Dunnett’s multiple comparison), whereas transcriptionally inactive MITF does not (Figure 10 477 

e,f). Tyr was used as a positive control and was significantly activated in both cell types. No 478 

activation was observed in either cell type from a fragment containing peak A. As the region 479 

around peak B has active enhancer marks, we conclude that MITF signaling is induced by 480 

activity and regulates an enhancer region in an intron of Kcnd3 leading to an activity-481 
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dependent increase in Kcnd3 expression in projection neurons of the OB. In accordance with 482 

this, stimulus dependent enhancer activity has previously been described in neurons 483 

(Guzman-Karlsson et al., 2014; Kim et al., 2010; Malik et al., 2014; Vierbuchen et al., 2017; 484 

Walke et al., 1996). 485 

Loss of Mitf affects long term adaptation. 486 

Hyperactive MCs are likely to affect olfaction. Changes in the olfactory neuronal circuits 487 

frequently lead to reduced ability to detect odorants or to differentiate between them. Both are 488 

critical functions of the olfactory system. Olfactory testing, however, showed no difference in 489 

the ability of Mitf mutant and wild-type mice to detect or avoid odours (Figure 11a, b, Table 490 

1). Next, we tested the ability of Mitf mutant mice to differentiate between odourants. 491 

Repeated introduction of the same odourant leads to reduced interest (habituation) and when 492 

followed by a novel odourant, renewed interest (dishabituation) (Figure 11c) - an established 493 

measurement of reduced olfactory discriminatory ability (Yang and Crawley, 2009). In this 494 

assay, the Mitf mutant mice showed increased dishabituation when exposed to the chemically 495 

similar odourant pair vanilla-almond (Figure 11d; t(84)=5.223, p<0.0001, Dunnett’s multiple 496 

comparison). This was also observed when the odourants were introduced in the reverse order 497 

(Figure 11e; t(126)=5.838, p=0.0001, Dunnett’s multiple comparison) and when the less 498 

chemically similar odourant pair lemon-vanilla was used (Figure 11f; t(147)=2.708, 499 

p=0.0144, Dunnett’s multiple comparison). This can be interpreted as increased olfactory 500 

discriminatory ability or increased olfactory sensitivity. It is also possible that the mutant 501 

mice are more interested in the novel, second odorant. Importantly, Mitfmi-vga9/+ heterozygotes, 502 

which are phenotypically similar to wild-type mice, show an intermediate phenotype (Figure 503 

11d-f). This demonstrates that the changes in olfaction in the Mitf homozygotes are not due to 504 

larger cortical area devoted to olfactory processing caused by their blindness and deafness. 505 

Odour exposure reduces sensitivity of M/T neurons (Kato et al., 2012) and the appropriate 506 
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long-term adaptation to sensory input is fundamental to olfaction. Our results suggest that the 507 

mutant mice might not adapt well on a longer timescale, as Mitf dependent transcription 508 

would be required.  We therefore tested the effects of a long-term exposure of an odourant on 509 

olfactory ability, also termed odour fatigue. Under normal circumstances this leads to a 510 

reduction in ability to detect the odorant (habituation), followed by recovery once the odorant 511 

is removed. However, in the mutant mice, there was a stark reduction in the ability to detect 512 

the odourant as 6 out of 8 mutant mice tested did not detect the initial odor when reintroduced 513 

(Figure 11g; t(84)=3, p=0.0246, Sidak’s multiple comparison). As this odorant is novel when 514 

reintroduced, this makes it unlikely that the Mitf mutant mice are only more interested in new 515 

odors. Both assays thus indicate clear differences in olfactory mechanisms between wild type 516 

and mutant mice.  517 

 518 

We propose a hypothesis for a functional role of Mitf in projection neurons of the olfactory 519 

bulb, where it regulates the intrinsic excitability of the neurons following activity induction, 520 

by reducing the neuronal firing rate of neurons through its regulation of Kcnd3 expression. In 521 

this model, the activity of OSNs leads to an increase in Mitf expression, and an Mitf-522 

dependent increase in the transcription of Kcnd3 in the output neurons of the OB. It is 523 

possible that the presence of MITF, rather than its level or postranslational state, guides the 524 

expression of Kcnd3 following activity. An increased IA-current, decreases the likelihood of 525 

the generation of action potential and reduces activity leading to decreased sensitivity of the 526 

glomeruli in question (Figure 12). Conversely, lack of activity in a glomerulus could lead to 527 

the opposite mechanism and increased sensitivity (Tyler et al., 2007).  528 

529 
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Discussion 530 

 531 

The transcription factor Mitf is expressed distinctly in the excitatory neurons (M/T) of the 532 

mouse OB (Ohba et al., 2015). M/T neurons are generated in the Mitf mutant mouse and 533 

express the appropriate neuronal markers suggesting that loss of Mitf does not affect their 534 

development. However, electrophysiological analysis of M/T cells in vitro showed that these 535 

cells are hyperactive and show loss of the potassium IA-current. This is further supported by 536 

reduced gene expression of Kcnd3, a potassium channel subunit required for the IA-current.  537 

Expression of the activity dependent c-Fos gene showed that there is an increase in neuronal 538 

activity in Mitf mutant mice in vivo. However, this was not observed in all M/T cells.  539 

External tufted cells (ETC), a subclass of tufted cells, which drive olfactory output (Hayar et 540 

al., 2004a) and link OSN with M/T neurons (Gire et al., 2012), do not show increased 541 

expression of c-Fos under baseline conditions in the mutant.  On the other hand, mitral cells 542 

(MC), the key projection neurons of the OB, showed increased expression of c-Fos in Mitf 543 

mutant OBs. Interestingly, by inducing olfactory activity in wild type mice using a strong 544 

odorant known to activate many glomeruli, we observed an increase in both Mitf and Kcnd3 545 

expression in the MCs. The expression of both c-Fos and Mitf, but not Kcnd3, was increased 546 

upon activity in the ETC. This demonstrates that the MCs and ETCs, which have different 547 

functions in the olfactory neuronal circuit, also have a different intrinsic response to activity. 548 

One possible interpretation is that the transcription of Kcnd3 is not regulated by Mitf in the 549 

ETCs during activity as the adaptive response is more efficient or faster when it occurs only 550 

in the key output neurons, rather than also in neurons which drive their activity. It is also 551 

noteworthy that ETC show increased expression of Kcnd2 in the mutant (Figure 7), which 552 

would dampen the effect of reduced Kcnd3 and thus explain reduced effect on ETC´s activity.  553 

 554 
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The increased activity of projection neurons has wide-ranging consequences for OB function. 555 

The Mitf mutant mice show increased olfactory dishabituation, which might mean increased 556 

ability to discriminate between odours or increased olfactory sensitivity.  This is a rarely 557 

reported characteristic of mutant mice (Fadool et al., 2004), and the expectation is that 558 

olfaction works at maximum discriminatory power, since this is most beneficial for the 559 

organism. As we detect no changes in mobility, motivation nor interest in novelty in other 560 

assays (Figure 11a,b,g), we conclude that this phenotype is inherent to the OB, also due to the 561 

fact that the heterozygote shows an intermediate phenotype.  One explanation, for this 562 

difference in dishabituation is the increased number of glomerular excitatory neurons of the 563 

OB. The nature of the olfactory phenotype in the Mitf  mutant mouse is also likely due to 564 

increased levels of lateral inhibition due to increased activity (Nunes and Kuner, 2015; 565 

Nunez-Parra et al., 2013) and/or more glomeruli being activated by each odourant due to 566 

lower threshold of firing, leading to reduced cross-habituation (Mombaerts et al., 1996). 567 

Further studies will determine this. Importantly, while the Mitf mutant mouse has increased 568 

dihabituation, long-term odour exposure leads to a reduction in the ability to detect that 569 

odorant i.e. increased habituation. This shows that Mitf is required for normal long-term 570 

adaptation in the OB and that the increase in olfactory sensitivity observed in the mutant mice 571 

comes at a cost. Likely functional explanations are either that projection neurons are 572 

overwhelmed with activity or that high activity of projection neurons in the mutant leads to 573 

stronger adaptation in the olfactory cortex. Both cases show how important Mitf is for 574 

olfactory adaptation. 575 

Neuronal activity sculpts the nervous system and is required for adaptive changes in neuronal 576 

function. To do so, neuronal activity must functionally change the neuron, by impacting its 577 

firing frequency or the strength of individual synapses. However, neurons also need to tightly 578 

regulate their own activity: too much neuronal activity is costly and can lead to excitotoxicity 579 
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or uncontrolled firing, whereas the loss of neuronal activity leads to loss of information and 580 

neurodegeneration. To avoid this, mechanisms are in place to maintain neuronal activity 581 

within a set window, and the ability of a neuron to be plastic has to be within the confines of 582 

such neuronal homeostasis (Pozo and Goda, 2010; Titley et al., 2017; Turrigiano, 2008). Our 583 

results show how sensory activity can affect firing rate of the olfactory bulb projection 584 

neurons in an Mitf dependent manner through effects on A-type currents via Kcnd3 585 

expression. This mechanism can maintain neuronal homeostasis or determine the sensitivity 586 

or neuronal gain-control of the projection neurons on a longer time scale, i.e. it is based on 587 

transcriptional changes.  Importantly, electrophysiological analysis in primary neurons shows 588 

that changes in potassium currents are cell-autonomous and not due to changes in OB circuits.  589 

Detailed analysis of the electrophysiology of M/T neurons in OB slices and in vivo is needed 590 

to further dissect the consequences for olfaction.   591 

 592 

Sensory systems focus on detecting novelty or change. In olfaction, this translates into the 593 

ability to quickly distinguish rare but important odours from background odours (Kato et al., 594 

2012; Tyler et al., 2007). In the OB, Mitf is pivotal to the adaptation of individual glomeruli 595 

through regulating intrinsic homeostatic plasticity in an activity-dependent manner. Most 596 

glomeruli are activated rarely by odourants. However, they can play important roles in 597 

detecting rare threats or food sources, both of high survival value. Keeping these glomeruli 598 

sensitive is therefore of high adaptive value and our model provides a mechanism through 599 

which this can occur. Thus, regulation of intrinsic plasticity, as described here, provides a 600 

mechanism through which olfaction can be insensitive to background odours but sensitive to 601 

rare odours.  602 

 603 
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Figure legends 758 

Figure 1: Mitf mutant mice have an increase in Tbr+ neurons in the glomerular layer. a. 759 

RNA in situ hybridization of Mitf (red) and Tbr2 (green) in glomeruli and MC/GCL of wild-760 

type and Mitfmi-vga9/mi-vga9 mice. Scale bars are 50μm. b. Mitf count per Tbr2-positive cells 761 

below glomeruli and MCL. N=9 per genotype. c. Mitf mRNA expression, determined by RT-762 

qPCR. N=6 per genotype. d. Immunofluorescent staining of Tbr2/Eomes (Tbr2+) neurons 763 

(green) in the OBs of wild-type, Mitfmi-vga9/+ and Mitfmi-vga9/mi-vga9 mice. e. Cell count of 764 

Tbr2/Eomes (Tbr2+) cells in the glomeruli and MCL of wild-type, Mitfmi-vga9/+ and Mitfmi-765 

vga9/mi-vga9 mice. N=6 per genotype. The values on the graphs are mean ± SEM. DAPI nuclear 766 

staining is shown in blue. Scale bars are 100μm. P-values were calculated using two-way 767 

ANOVA (b,e) or two-tailed unpaired student’s t-test (c). *= P<0.05, ***P<0.001. MC= mitral 768 

cells, MCL=mitral cell layer, EPL= external plexiform layer.  769 

Figure 2: Mitfmi-vga9/mi-vga9 mice have normal olfactory bulbs. a. Representative images of 770 

the H&E histological analysis of coronal sections of the medial olfactory bulbs of the 771 

indicated genotypes. b. Immunofluorescent staining of Tyrosine hydroxylase (TH) showing 772 

the localization of TH in the glomeruli of the indicated genotypes. c. Cell count of TH+ cells 773 

of the OB of wild-type, Mitfmi-vga9/+ and Mitfmi-vga9/mi-vga9 mice. N=6 per genotype. The values 774 

on the graphs are mean ± SEM. DAPI nuclear staining is shown in blue. Scale bar indicates 775 

100μm. P-values were calculated using one-way ANOVA (c). 776 

 777 

Figure 3: Increase in apoptosis in OBs of Mitfmi-vga9/mi-vga9 mice. a. TUNEL staining of 778 

sections of OBs of the indicated genotypes, showing localization of apoptotic cells. b. The 779 

number of apoptotic cells of OB of wild-type and Mitfmi-vga9/mi-vga9 mice. N=9 per genotype. 780 

The values on the graphs are mean ± SEM. DAPI nuclear staining is shown in blue.  Scale 781 

bars are 50μm. P-values were calculated using two-tailed unpaired student’s t-test.  *P<0.05.  782 
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 783 

 784 

Figure 4: Mitf mutant mice have a decrease in IA and a concomittant increase in mitral 785 

cell activity. a. Representative images of voltage clamp recordings. b. Representative images 786 

of voltage clamp recordings, where the IA was inactivated by a -40mV pre-pulse. c. The 787 

isolated IA recorded from wild-type and Mitfmi-vga9/mi-vga9 M/T neurons. d. IA max and IDR max in 788 

wild-type and Mitfmi-vga9/mi-vga9. N=12 per genotype.  e. The relation between current density 789 

(pA/pF) of isolated IA currents and membrane voltage (mV) of wild-type and Mitfmi-vga9/mi-vga9 790 

M/T neurons. N=12 per genotype. f. Representative recordings of spontaneous action 791 

potentials observed in wild-type (N=5) and Mitfmi-vga9/mi-vga9 M/T neurons (N=3) by current 792 

clamp with examples from both recorded traces enlarged on the right. g. RNA in situ 793 

hybridization of c-Fos (green) and Mitf (red) in wild-type and Mitfmi-vga9/mi-vga9 OBs. h. c-Fos 794 

dots per cell in the ETC, MC and GC. N=4 per genotype. The values on the graphs are mean 795 

± SEM. DAPI nuclear staining is shown in blue.  Scale bars are 50μm. P-values were 796 

calculated using two-tailed unpaired student’s t-test (d), non-linear regression and one-way 797 

ANOVA (f) and two-way ANOVA (h) and. *P<0.05. ETC= external tufted cells, MC= mitral 798 

cells, GC= granule cells. 799 

Figure 5: Gating kinetics of the A-type current (IA). a. Representative recordings obtained 800 

to assess the gating kinetics of the IA current mediating channels.  The projection neurons 801 

were first voltage clamped at -30mV and subsequently depolarized to 20mV utilizing a pre-802 

hyperpolarizing pulse in between to recover the IA current from inactivation. This was done 803 

by increasing the time, ∆t, spent in the hyperpolarized state, as indicated by the voltage trace 804 

on the left. To gauge its activation kinetics, the neurons were held at -90mV, as shown in the 805 

voltage trace on the right, and subsequently depolarized to 20mV, with a pre-depolarization 806 

pulse to -30mV applied in between. The A-type current gets inactivated by increasing the 807 
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duration of the pre-pulse, ∆t. b. Normalized mean currents (±SEM) plotted separately during 808 

recovery of the IA current from inactivation and during deactivation, in cells from WILD-809 

TYPE and Mitfmi-vga9/mi-vga9 mice.  The functions fitted to the data yield half-activation and 810 

half-recovery times of 15.2±4.7msec and 42.6±7.2msec for the wild-type (N=5, P=0.53) and 811 

18.2±1.5msec and 51.3±9.3msec for the Mitfmi-vga9/mi-vga9 (N=6, P=0.49) M/T.  812 

 813 

Figure 6: Kcnd3 and Mitf expression are activity-dependent in the OB. a. RNA in situ 814 

hybridization of Tbr2 (green), Mitf (red) and Kcnd3 (magenta) performed on wild-type and 815 

Mitfmi-vga9/mi-vga9 OBs. b. Kcnd3 count per cell. N=5 per genotype. c. Schematic representation 816 

of the amyl acetate (AA) experiment where mice were habituated to an odourless cage for 60 817 

minutes. Upon exposure to AA for 30 minutes (red block), they were sacrificed at different 818 

time points (black vertical lines) d. Mitf and c-Fos mRNA expression in wild-type OB 819 

following AA, determined by RT-qPCR. N=6 per time point. e. c-Fos dots per cell in wild-820 

type OB mice following AA. N=6 per time point. f. Mitf dots per cell in wild-type OB 821 

following AA. N=6 per time point. g. Kcnd3 dots per cell in wild-type OB following AA. 822 

N=6 per time point.  The values on the graphs are mean ± SEM. DAPI nuclear staining is 823 

shown in blue. Scale bars are 50μm.  P-values were calculated using two-way ANOVA 824 

(b,d,f,g,i). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. PG= periglomerular.  825 

Figure 7: Kcnd2 expression is increased in the Mitf mutant olfactory bulb. a. RNA in situ 826 

hybridization of Tbr2 (green), Mitf (red) and Kcnd2 (magenta) performed on wild-type and 827 

Mitfmi-vga9/mi-vga9 OBs. b. Kcnd3 count per cell. N=4 per genotype. The values on the graphs are 828 

mean ± SEM. DAPI nuclear staining is shown in blue. Scale bars are 50μm.  P-values were 829 

calculated using two-way ANOVA (b) *P<0.05.  830 

 831 
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 832 

Figure 8: c-Fos and Mitf expression is increased upon activity induction in the olfactory 833 

bulb.  RNA in situ hybridization of c-Fos (red) and Mitf (green) performed on wild-type OBs 834 

following AA. DAPI nuclear staining is shown in blue. Scale bars are 50μm. 835 

Figure 9: Kcnd3 expression is increased upon activity induction in the olfactory bulb. 836 

RNA in situ hybridization of Mitf (red) and Kcnd3 (green) performed on wild-type OBs 837 

following AA.  DAPI nuclear staining is shown in blue. Scale bars are 50μm. 838 

 839 

Figure 10: Activity-dependent increase in Kcnd3 expression requires MITF enhancer 840 

activity. a. RNA in situ hybridization of c-Fos (red) and Kcnd3 (green) performed on Mitfmi-841 

vga9/mi-vga9 OB following AA. b. Kcnd3 dots per cell in Mitfmi-vga9/mi-vga9 OB   following AA. 842 

N=3-5 per time point. c.  ChIPseq peaks of MITF, H3K27ac and H3K4me1 on KCND3 gene 843 

in 501mel cells. The MITF peaks are labeled A (orange) and B (yellow). Yellow shows 844 

overlapping peak of MITF binding in Strub and Laurette datasets (B) whereas Orange 845 

indicates MITF peaks that overlap with H3K27ac and H3K4me1 peaks (A). d. Sequence of 846 

the basic region of wild-type (MITF-M) and transcriptionally inactive MITF with four 847 

argenines mutated to alanines (MITF-M B4RA). e. Transcription activation assays performed 848 

in HEK293T cells co-transfected with constructs containing the hTYR, hKCND3_pA, and 849 

hKCND3_pB regulatory regions fused to luciferase, together with empty vector or wild-type 850 

or transcriptionally inactive (B4RA) MITF constructs. N=3. f. Transcription activation assays 851 

performed in N2A cells co-transfected with constructs containing the hTYR, hKCND3_pA, 852 

and hKCND3_pB regulatory regions fused to luciferase, together with empty vector or wild-853 

type or transcriptionally inactive (B4RA) MITF constructs. N=3. The values on the graphs are 854 
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mean ± SEM. DAPI nuclear staining is shown in blue. Scale bars are 50μm.  P-values were 855 

calculated using two-way ANOVA (b, e, f) *P<0.05, ****P<0.0001.  856 

 857 

Figure 11: Mitf regulates olfactory discriminatory ability and odor fatigue recovery. a. 858 

Quantification of the results of the hidden cereal odour detection-assay. N=8 per genotype b. 859 

Avoidance assay where a cage was sectioned in 3 equal areas and mice were exposed to water 860 

or propionic acid (PA) in section 1. Quantification shows time spent in each section, Table 2. 861 

N=6-8 per genotype. c. Schematic overview of the dishabituation-habituation assay, where 862 

mice are exposed to odour A (blue) for 30 seconds 6 times with 5-minute intervals, after 863 

which they are exposed to odour B (red) for 30 seconds. d Dishabituation-habituation, mice 864 

were exposed to vanilla as odour A and almond as odour B. N=8 per genotype. e. 865 

Dishabituation-habituation, where mice were exposed to almond as odour A and vanilla as 866 

odour B. N=6-8 per genotype. f. Dishabituation-habituation, mice were exposed to almond as 867 

odour A and lime as odour B. N=8 per genotype. g. Dishabituation-habituation assay where 868 

the mice were exposed to vanilla for two hours, followed by almond as odour A and vanilla as 869 

odour B. N=15 per genotype.  The values on the graphs are mean ± SEM. P-values were 870 

calculated using one-way ANOVA (a) or two-way ANOVA (b, d-g). *P<0.05, 871 

**P<0.01****P<0.0001. 872 

 873 

Figure 12: Model of MITF as a regulator of homeostatic intrinsic plasticity. Upon 874 

neuronal activity in the OB, MITF is required for an increase in Kcnd3 expression. More 875 

Kv4.3 protein results in an increase in the IA potassium current and reduced likelihood of 876 

action potentials, subsequently leading to decreased activity of M/T cells. 877 
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Tables 962 

 963 

Table 1: Potassium channel subunits in the OB.  964 

Gene K+- 

channel 

subunit 

ChIPseq peak1 ABA 

expression 

in OB2 

Current3 

Gutman 

2005 

Strub4 

2011 

Laurette5 

2015 

Young6 

2014 

Calero-

Nieto7 

2014 

Kcna1 Kv1.1 No No No No Low 

expression 

in GCL 

IDR 

Kcna2 Kv1.2 Yes Yes No No Expressed 

in MCL 

and ETC 

IDR 

Kcna3 Kv1.3 No Yes No No Expressed 

in MCL 

and ETC 

IDR 

Kcna4 Kv1.4 No No No No Expressed 

in MCL, 

ETC and 

GCL 

IA 

Kcna5 Kv1.5 No No No No Low 

expression 

in ETC  

IA with 

β-

subunit 
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 965 

 966 

 967 

 968 

 969 

 970 

 971 

 972 

 973 

 974 

 975 

 976 

 977 

 978 

 979 

 980 

 981 

 982 

 983 

 984 

 985 

Avail986 
able 987 

ChIPs988 
eq 989 

data, 990 
Allen 991 
Brain 992 
Atlas 993 
expre994 
ssion 995 

of 996 
potassium channel subunits in the olfactory bulb (OB) and published data on the type of 997 
current these subunits are regulating.  998 

KvB3 

Kcnc1 Kv3.1 No No No No Expressed 

in MCL 

and ETC 

IDR 

Kcnc2 Kv3.2 No No No No Expressed 

in PGC, 

ETC, 

MCL 

IDR 

Kcnc3 Kv3.3 No No No No Expressed 

in MCL 

and ETC 

IA 

Kcnc4 Kv3.4 No No No No Low 

expression 

in MCL 

IA 

Kcnd1 Kv4.1 No No No No Expressed 

throughout 

the OB 

IA 

Kcnd2 Kv4.2 No No No No Expressed 

in MCL 

and GCL 

IA 

Kcnd3 Kv4.3 Yes Yes No No Expressed 

throughout 

the OB 

IA 
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1“No” indicates that no peak observed was higher than negative control, whereas “yes” 999 
indicates that the peak observed was higher than the negative control. Region screened 1000 
encompassed whole intronic regions and approximately 2kbp up and downstream of 1001 
transcription start site.  1002 
2GCL= granule cell layer, MCL= mitral cell layer, ETC= external tufted cells, PGC= 1003 
periglomerular cells 1004 
3IDR = delayed rectifying current, IA= A-type current. 1005 
4 GEO Accession number GSE64137 1006 
5 GEO Accession number GSM1517751 1007 
6 GEO Accession number GSM1567047 1008 
7 GEO Accession number GSM1167584 1009 

 1010 

Table 2: Two-tailed paired student’s t-test performed on avoidance behavior.  1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

Two-tailed paired student’s t-test performed on the time mice spent in each section, 1021 
comparing water and propionic acid conditions. *P<0.05. N=6-8.  1022 

 1023 

 1024 

 C57Bl/6J Mitfmi-vga9/+ Mitfmi-vga9/mi-vga9 

Section 1 0.0016* 0.0009* 0.0004* 

Section 2 0.6943 0.9325 0.3859 

Section 3 0.0408* 0.0138* 0.0267* 




