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ABSTRACT 27 

 Motor learning depends on synaptic plasticity between corticostriatal projections and 28 

striatal medium spiny neurons. Retrograde tracing from the dorsolateral striatum reveals 29 

that both layer II/III and layer V neurons in the motor cortex express Brain-derived 30 

neurotrophic factor (BDNF) as a potential regulator of plasticity in corticostriatal projections 31 

in male and female mice. The number of these BDNF expressing cortical neurons and levels 32 

of BDNF protein are highest in juvenile mice when adult motor patterns are shaped, while 33 

BDNF levels in the adult are low. When mice are trained by physical exercise in the adult, 34 

BDNF expression in motor cortex is re-induced especially in layer II/III projection neurons. 35 

Reduced expression of cortical BDNF in 3-month-old mice results in impaired motor learning 36 

while space memory is preserved. These findings suggest that activity regulates BDNF 37 

expression differentially in layer II/III and V striatal afferents from motor cortex and that 38 

cortical BDNF is essential for motor learning. 39 

 40 

Impact Statement 41 

Motor learning in mice depends on corticostriatal BDNF supply, and regulation of BDNF 42 

expression during motor learning is highest in corticostriatal projection neurons in cortical 43 

layer II/III. 44 

 45 

Keywords: BDNF / motor cortex / synaptic plasticity / motor learning / corticostriatal 46 

projection 47 

  48 
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INTRODUCTION 49 

 Adaptive modulation of network activity by synaptic plasticity is a central aspect of 50 

learning and memory in the mammalian CNS (Martin et al., 2000). Brain derived 51 

neurotrophic factor (BDNF) (Barde et al., 1982) plays a central role in different aspects of 52 

neural plasticity and modulation of neuronal network activity (Patterson et al., 1996; Korte 53 

et al., 1998; Chen et al., 1999; Minichiello et al., 1999; Schuman, 1999; Messaoudi et al., 54 

2002; Ying et al., 2002; Lu et al., 2014; Edelmann et al., 2015). Plasticity within the 55 

corticostriatal network is crucial for learning, adapting and modulating motor functions and 56 

limb movement coordination (West et al., 1990; Fritsch et al., 2010; Chen et al., 2019). In 57 

order to regulate this form of plasticity, BDNF is thought to be provided via cortical afferents 58 

to striatal neurons (Altar et al., 1997; Conner et al., 1997; Yan et al., 1997; Gorski et al., 2003; 59 

Kalivas, 2009; Li et al., 2012; Park et al., 2014). Lack of BDNF supply by conditional postnatal 60 

depletion in total brain causes dramatic neurodegenerative changes in the striatum 61 

(Rauskolb et al., 2010). The motor cortex is a major source for neocortical input to the 62 

striatum. Terminals of these afferents densely innervate the dorso-lateral striatum, a region 63 

involved in the control of voluntary limb movement (Webster, 1961; Kunzle, 1975; Cospito 64 

and Kultas-Ilinsky, 1981; Alexander et al., 1986; Donoghue and Herkenham, 1986; McGeorge 65 

and Faull, 1989; West et al., 1990; Kimura et al., 1993; Yin and Knowlton, 2006). Growing 66 

evidence proposes an essential function of the motor cortex in learning of motor programs 67 

(Grillner, 2015; Kawai et al., 2015). This also implicates a role of cortical BDNF in modulating 68 

corticostriatal network activity (Sheng et al., 2019) and motor skill acquisition (Fritsch et al., 69 

2010; Chen et al., 2019). Efficiency in acquiring motor skills is higher in young compared to 70 

older individuals in a variety of motor tasks (Voelcker-Rehage and Alberts, 2007; Fraser et al., 71 

2009; King et al., 2013). Interestingly, this correlates with decreasing BDNF levels during 72 
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aging (Lommatzsch et al., 2005; Erickson et al., 2010). Cortical BDNF expression was initially 73 

identified in layers II/III, V and VI (Altar et al., 1997; Conner et al., 1997; Yan et al., 1997; 74 

Gorski et al., 2003; Kalivas, 2009; Li et al., 2012; Park et al., 2014) and appears directly linked 75 

to neuronal activity, i.e. through physical activity (Neeper et al., 1995; Neeper et al., 1996; 76 

Griesbach et al., 2004; Rasmussen et al., 2009; Chen et al., 2019).  77 

 Not much is known about the identity of BDNF-expressing corticostriatal neurons and 78 

the relation of motor activity, motor skill learning, and BDNF expression in different layers of 79 

the motor cortex. We investigated which types of corticostriatal projection neurons express 80 

BDNF, how this expression is altered during postnatal development, and whether physical 81 

activity modulates BDNF expression in these neurons. Using refined immunohistochemistry 82 

methods, we found that postnatal BDNF protein levels in anterior cortex and motor cortex 83 

peak around P21 and then decrease during adulthood. Cortical BDNF expression increases 84 

after motor exercising in a running wheel, especially in layers II/III of the motor cortex. This 85 

effect was not observed in corticothalamic neurons. Cortical BDNF depletion results in 86 

deficits in motor skill acquisition. These findings point to a role of BDNF expression in Layer 87 

II/III and V of the motor cortex in modulation of corticostriatal networks for motor learning. 88 
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MATERIALS AND METHODS 89 

Mouse lines 90 

Brain tissue was dissected from P21, P56, and P84 male mice for IHC and ELISA analyses 91 

from WT (C57Bl6/J, RRID:IMSR_JAX:000664), Bdnf-Myc (Matsumoto et al., 2008) and either 92 

NF-L-Crewt/tg / BDNFfl/wt or NF-L-Crewt/tg / BDNFfl/k.o. mice. Conditional BDNF k.o. mice were 93 

generated by crossing mice expressing cyclic recombinase (CRE) under control of the 94 

Neurofilament-Light-Chain promoter (NF-L) (Schweizer et al., 2002) with mice carrying a 95 

BDNF Exon V, flanked by two loxP sites, on one allele and a neomycin cassette in the 5' 96 

coding region of Exon V on the second allele (Rauskolb et al., 2010). All experiments were 97 

approved by a license for animal testing (RUF-55.2.2-2532-2-728-21) and performed in 98 

accordance with the supervision through local veterinary authority (Veterinaeramt der Stadt 99 

Wuerzburg) and Committee on the Ethics of Animal Experiments, i.e., Regierung von 100 

Unterfranken, Wuerzburg. 101 

 102 

Stereotaxic surgery and neuronal tracing 103 

Male C57Bl-6/J mice (P21 & P84) were anesthetized with isoflurane (2% induction, 1.2-1.5% 104 

maintenance in 95% oxygen) and placed in a stereotactic apparatus (Kopf 992, Neurostar). 105 

Craniotomies were performed, using an electric drill (200-400μm) at the position of the 106 

desired target region (dorsolateral striatum AP: 0,6mm; ML: 1,7mm; DV: 3mm from 107 

bregma). Calibrated glass pipettes (5 μL microcapillary tube; Sigma-Aldrich) that were cut 108 

with a pulled-glass capillary (PC-100; Narishige) and connected to a pressure ejection system 109 

(PDES-02XD; NPI) were inserted into the target region at a speed of 0.8 mm/min. Flow rate 110 
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of injection was kept at 0.33nl/min. Fluorescent latex tracer beads were injected at a total 111 

volume of <1μl into the dorsolateral striatum of the right hemisphere. The pipette was then 112 

removed stepwise at 0.8 mm/min. The wound was closed and treated with Cutasept (self-113 

made). After surgery, mice were given Meloxicam (12 mg/kg, s.c.) and were allowed to 114 

recover for at least 24h before offering a running wheel for voluntary exercise for 72h before 115 

transcardial perfusion for IHC. Mice were weighed daily to monitor their recovery.  116 
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Voluntary physical exercise 117 

Male C57Bl6/J mice (P21 & P84) were allowed voluntary access to a running wheel for 72h, 118 

connected to a digital counting device. The rotations were documented for each individual 119 

animal and used for calculation of the average distance run. C57Bl6/J mice that obtained the 120 

tracer injection but no access to a running wheel were used as sedentary controls.  121 

 122 

Preparation of tissue for immunostaining 123 

Mice were deeply anesthetized with 120mg/kg ketaminhydrochloride and 16mg/kg 124 

xylazinhydrochloride in 0.4-0.6ml 1xPBS and transcardially perfused through the left 125 

ventricle. Blood vessels were flushed with 1xPBS, 0.4% Heparin for 2-3min. Fixative perfusion 126 

was performed with 2-4% PFA, pH 6.0 in Phosphate Buffer for ~8min. Subsequently, brains 127 

were removed from the skull and allowed for post-fixation in 2-4% PFA at 4°C for 0,5-2h. 128 

Brains were then washed in 1xPBS and embedded in 6% agarose. 20-40μm free-floating, 129 

coronal brain sections were obtained, using a LEICA Vibratome VT1000S (RRID:SCR_016495) 130 

and stored in "Cryoprotection Anti-Freeze Buffer" (1xPBS, Glycerol, Ethyleneglycol) at -20°C. 131 

 132 

Antibodies for immunostaining 133 

BDNF was detected using three different mouse monoclonal anti-BDNF antibodies directed 134 

against the mature form of BDNF: mAb#9 (RRID: AB_2617199) (Kolbeck et al., 1999), 135 

mAb#3B2 (Icosagen #329-100) and mAb#4C8 (Icosagen #328-100). BDNF-Myc was visualized 136 

with rabbit polyclonal (Abcam Ab9106, RRID: AB_307014; Santa Cruz SC789, RRID: 137 

AB_631274) or goat polyclonal (Abcam 9132, RRID: AB_307033) anti c-Myc antibodies. 138 
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ProBDNF was visualized with a rabbit polyclonal antiserum against the pro-domain of human 139 

proBDNF (Alomone #ANT-006, RRID: AB_2039758) (Dieni et al., 2012). Presynaptic 140 

corticostriatal terminals were labeled with rabbit polyclonal antibodies against VGluT1 141 

(Synaptic Systems #135302, RRID: AB_887877). Nigrostriatal projections were identified with 142 

a chicken polyclonal antibody against TH (Millipore #AB9702, RRID: AB_570923). Cortical 143 

neurons were stained with the following antibodies: Layer II-III: Rabbit anti CDP (Cux-1; 144 

Santa Cruz SC13024, RRID: AB_2261231), Layer V/VI: Rat anti CTIP-2 (Abcam; Ab18465, RRID: 145 

AB_2064130).  146 

The following secondary antibodies were used: Donkey anti Mouse DyLight549 (Jackson 147 

Immunoresearch; 715-505-150), Donkey anti Mouse DyLight550 (Thermo Fisher Scientific; 148 

#SA5-10167, RRID: AB_2556747), Donkey anti Rabbit Alexa488 (Jackson Immunoresearch; 149 

711-545-152, RRID: AB_2313584), Cy3 (Jackson Immunoresearch; 711-165-152, RRID: 150 

AB_2307443), Alexa647 (Jackson Immunoresearch; 711-605-152, RRID: AB_2492288), 151 

DyLight649 (Jackson Immunoresearch; 711-495-152, RRID: AB_2315775), Donkey anti Goat 152 

Cy2 (Jackson Immunoresearch; 705-225-003, RRID: AB_2340420), Alexa488 (Jackson 153 

Immunoresearch; 705-545-147, RRID: AB_2336933), Alexa647 (Jackson Immunoresearch; 154 

705-605-003, RRID: AB_2340436), Donkey anti Chicken Alexa488 (Jackson Immunoresearch; 155 

703-545-155, RRID: AB_2340375), Alexa647 (Jackson Immunoresearch; 703-605-155, RRID: 156 

AB_2340379), Donkey anti Rat Dylight405 (Jackson Immunoresearch; 712-475-153, RRID: 157 

AB_2340681). 158 

 159 

Immunohistochemistry 160 
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Free-floating vibratome sections were washed in 1xPBS. Blocking and permeabilization was 161 

performed as one step using 1xPBS, 0.3% Triton X100, 0.1% Tween 20, and 10% normal 162 

Donkey serum for 2h. Primary antibodies were diluted in permeabilization and blocking 163 

buffer and incubated at a final concentration between 0.5-1.0μg/ml in the presence of 164 

0.01% NaN3 on a shaker at 4°C for 72h. Afterwards, the slices were washed in 1xPBS, 0.1% 165 

Triton X100, 0.3% Tween20. Secondary antibodies were diluted in permeabilization and 166 

blocking buffer at a final concentration of 0.625μg/ml. After secondary antibody incubation, 167 

the brain slices were extensively washed with 1xPBS, 0.1% TritonX100, 0.3% Tween20. 168 

Nuclei were stained with 0.4μg/ml 4',6-diamidino-2-phenylindole (DAPI). After DAPI 169 

incubation, sections were washed twice in 1xPBS before they were rinsed in dH2O and finally 170 

mounted on Superfrost®Plus glass slides (25x75x1.0mm Thermo Fisher Scientific; 171 

#J1800AMNZ) using MERCK-FluorSaveTM reagent (Merck; #345789-20ML). 172 

 173 

Confocal microscopy 174 

Coronal brain slices were analyzed with an Olympus FluoView 1000 confocal laser 175 

microscope equipped with the following objectives: 10x (NA: 0.25), 20x (NA: 0.75), 40x (oil 176 

differential interference contrast, NA: 1.30) or 60x (oil differential interference contrast, NA: 177 

1.35). Images were obtained with the corresponding Olympus FV10-ASW (RRID:SCR_014215) 178 

imaging software for visualization and image acquisition in a single channel scan mode as z-179 

stacks, using 405nm, 473nm, 559nm, and 633nm lasers. The resulting images (Olympus .oib 180 

format) were processed using ImageJ (RRID:SCR_003070) and projected as either maximum 181 

or average intensity (indicated in the figure legends for all images shown in this study). 182 

Superresolution images were obtained with a Zeiss Elyra S.1 structural illumination 183 



 

10 

 

microscopic (SIM) setup and Zeiss "ZEN 2.1 SP-1" image acquisition software. Brightness and 184 

contrast were adapted, as indicated in Table 1. The gamma-correction was not changed in 185 

any case. Finally, the data were transferred into png format, arranged with Adobe Illustrator 186 

software (RRID:SCR_010279) and saved as 300dpi png and tif files.  187 

 188 

BDNF Western Blot analysis 189 

Mice were euthanized with CO2 and body weight was measured before animals were 190 

decapitated. The brains were prepared and transferred to either ice cold 1xPBS or 1x HBSS. 191 

Anterior cortex, posterior cortex, hippocampus, striatum, and cerebellum of P21 C57Bl6/J 192 

sedentary and wheel runner (72h) or NFL-Cre BDNFfl/ko mice was dissected and immediately 193 

frozen in liquid N2. Tissue was lysed in (0.05M) sodium acetate, 1M NaCl, 0.1% Triton X100, 194 

pH 4.0, containing protease inhibitor (Roche #11697498001 or 11836153001). A Hielscher 195 

sonifyer was used for tissue lysis. Samples were then subjected to 80min. centrifugation at 196 

20.000xg (4°C) and supernatants were collected. Protein content was measured, using a 197 

Pierce Protein Research BCA kit (Thermo Scientific #23225). Either 30 or 40μg of protein 198 

were diluted in 4x Laemmli buffer and boiled at 99°C for 5min. before being applied to 18% 199 

PAA gels. Gel electrophoresis was performed at const. U=120V for 120-140min. before 200 

blotting on PVDF membrane at U=120V, I=0,40A, P=50W for 40min. PVDF membranes were 201 

blocked with 1xTBST, 7%BSA (fraction V, Applichem #A1391,0100). BDNF was detected using 202 

Mouse mAb 3C11 (Icosagen #327-100) and Horse anti-Mouse HRP linked secondary antibody 203 

(Cell Signaling #7076, RRID: AB_330924). BDNF was detected using ECL Western Blotting 204 

Detection kit (Millipore® Immobilon Western HRP Substrate Luminol Reagent #WBKLS0500). 205 

After detection of BDNF, HRP was inactivated by washing 15min. in 1xTBST, 0,1% NaN3, 206 



 

11 

 

followed by extensive rinsing in 1xTBST. Mouse mAb anti Cytochrome C (HRP linked; Santa 207 

Cruz A-8 #sc-13156, RRID: AB_627385) was diluted in 1x TBST and incubated at 4°C o.n. CytC 208 

was detected with Pierce™ ECL Western Blotting Substrate (Thermo Scientific™ #32106). 209 

 210 

Preparation of tissue for BDNF Enzyme-linked Immunosorbent Assay (ELISA) 211 

Mice were euthanized with CO2 and body weight was measured before animals were 212 

decapitated. The brains were prepared and transferred to either ice cold 1xPBS or 1x HBSS 213 

and cortex, hippocampus, striatum, and cerebellum, as well as the brainstem with midbrain 214 

were dissected and collected in 2.0ml Eppendorf tubes. The samples were then immediately 215 

frozen in liquid nitrogen and stored at -80°C. Tissue extraction was performed according to 216 

the BDNF Western Blot procedure. Supernatants containing the protein fraction were 217 

collected in 2.0ml Eppendorf tubes. BDNF immunoassay was performed according to the 218 

original protocol published elsewhere (Kolbeck et al., 1999; Rauskolb et al., 2010). Samples 219 

for the BDNF standard curve contained recombinant BDNF at concentrations of 0.0, 0.2, 0.4, 220 

0.8, 1.6, 3.2, 6.4 & 12.8pg/μl. All samples and samples for standard curve were applied as 221 

duplicates of 50μl volume to the pretreated ELISA plate. Peroxidase coupled anti BDNF 222 

antibodies were detected using Peroxidase-substrate (ELISA substrate - Roche). 223 

Chemoluminescence was detected with an ELISA reader (Inifinite M200 Pro, TECAN). The 224 

background luminescence (0.0ng BDNF) was subtracted as background noise from 225 

luminescence values of all tissue extracts. Relative BDNF levels in tissue extracts from either 226 

P10, P14, P20, P84, or P21 WT versus NFL-CreWt/Tg / BDNFfl/k.o. mice were determined as 227 

percent of the mean hippocampal luminescence value in P20 or P21 mice, according to the 228 
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corresponding experimental setup. Microsoft Excel and GraphPad Prism 6.0 software 229 

(RRID:SCR_002798) were used for calculation and visualization. 230 

 231 

Laser Micro-Dissection  232 

Freshly dissected anterior cortex prepared from P21 C57/Bl6 sedentary and wheel runner 233 

(72h) or NFL-Cre BDNFfl/ko mice was embedded in Tissue-Tek® O.C.T.™ Compound (Science 234 

Services SA62550-01) and frozen in liquid nitrogen. 20μm coronal brain sections were 235 

prepared with a Leica Kryostat (Leica CM1950, RRID:SCR_018061), mounted on polyethylene 236 

naphthalate (PEN) object slides, fixed in RNAse free 75% EtOH for 3min. and dried at 40°C for 237 

10min. These sections were quickly stained with 0.02% Toluidine Blue to visualize brain 238 

structures. Cortical layers II/III and V were dissected at 5x magnification using a Leica 239 

DM6000B LMD setup equipped with a Leica CTR6500 laser. Tissue was collected in 0.2ml 240 

RNase free safe lock PCR tubes and processed immediately by RNA purification. 241 

 242 

RNA purification and qRT-PCR 243 

RNA purification was performed using the Arcturus PicoPure™ RNA Isolation Kit (#KIT0202, 244 

KIT0204) including digestion of genomic DNA using a RNase free DNase set (Qiagen, #79254). 245 

RNA concentration was measured with a Nanodrop Spectrophotometer (Peqlab; ND-1000, 246 

RRID:SCR_016517). 20ng purified RNA was used for reverse transcriptase mediated cDNA 247 

synthesis, using the Thermo Scientific™ First Strand cDNA Synthesis Kit (#K1612). cDNA was 248 

diluted 1:5 in RNase free H2O and 2μl cDNA were used for qRT-PCR using a Roche 249 

LightCycler® 96 with the following primers against total BDNF (forward: 5’-AAA TTA CCT GGA 250 
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TGC CGC AAA C-3’; reverse: 5’-CGC TGT GAC CCA CTC GCT AA-3’) and mouse GAPDH 251 

(forward: 5’-GCA AAT TCA ACG GCA CA-3’; reverse: 5’-CAC CAG TAG ACT CCA CGA C-3’). 252 

Results were exported to Microsoft Excel and analyzed with GraphPad Prism 6.0 for 253 

statistical analysis. BDNF values were normalized to GAPDH and BDNF mRNA levels were 254 

calculated in percent of mean BDNF mRNA levels in P21 Sedentary mice. 255 

 256 

Quantification of BDNF expression in cortex and striatum 257 

BDNF expression in cortical neurons: Analysis was performed non-blinded and manually by 258 

the experimenter. BDNF positive cells were counted in each image of a stack of 10-13 images 259 

and investigated for overlap with layer-specific markers (Cux-1, CTIP-2) or fluorescent tracer 260 

beads. 40-65 images from at least 5 animals per condition were examined in at least 3 261 

independent IHC approaches. As an unbiased control of the manually scored results, all 262 

images were automatically analyzed using the 3D object counter tool in ImageJ with a 263 

defined threshold. The threshold was set 25% higher than the mean intensity of the 264 

maximum intensity projection for each image. However, this tool produced false-positive 265 

results in P84 animals (Fig. 4-4) due to lipofuscin granules or when blood vessels exhibited 266 

autofluorescence. In order to validate the experimenter’s manual analysis and to assess 267 

inter-rater reliability, four independent blinded experts counted BDNF positive cells. A first 268 

round with 3 randomly chosen samples served as test for counting. Three different randomly 269 

chosen samples per condition were counted in a second round and used for the analysis. 270 

Inter-rater-reliability was calculated with correlation analysis, using GraphPad prism. 271 

Pearson's correlation coefficient R was 0.9475 for Layer II/III data sets, 0.9479 for Layer V 272 

data, and 0.7468 for layer VI data. For BDNF-IR measurement, 2 images of a stack that did 273 



 

14 

 

not show the same cells were chosen accordingly to all compared images and a total of 274 

maximum 10 BDNF pos. cells per image were measured, using a quadratic ROI of defined 275 

size. To obtain the BDNF-IR per cell the mean IR of 5 BDNF neg. cells (using the same ROI) 276 

was subtracted from each BDNF-positive cell. Negative values for BDNF-IR intensity were 277 

excluded from the quantification.  278 

BDNF presence in VGluT1 or TH presynaptic terminals in the striatum: For quantification, a 279 

total of 4 confocal and 11 SIM images, obtained from the same animal were analyzed. The 280 

total number of VGluT1 or TH presynaptic structures was counted manually and the 281 

percentage of VGluT1/BDNF or TH/BDNF double-positive structures was calculated for each 282 

individual image. As a control, ImageJ was used to calculate the Costes P-Value (Costes et al., 283 

2004) as an unbiased measure for true co-localization. Alternatively, 4 independent confocal 284 

images were analyzed automatically for Costes P-Value and Pearson's R-Value (no threshold) 285 

as a measure for the amount of co-localization between BDNF and either VGluT1 or TH.  286 

 287 

Statistical analysis 288 

The number of experiments was designed at the planning stage, based on numbers of 289 

independent experiments that are commonly used for these types of experiments in this 290 

research field. All data sets from the quantification of cortical BDNF expression were 291 

analyzed for normality by Shapiro-Wilk test. Afterwards t-test was performed between pairs 292 

(normal distribution) or for more than two groups One/Two way Anova and Tukey multiple 293 

comparison test (normal distribution), or Kruskal-Wallis, Mann Whitney, or Friedman test 294 

(no normal distribution) was performed, using GraphPad Prism software. Correlation 295 

analysis for inter-rater-reliability was performed with correlation or linear regression 296 
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analysis, using GraphPad Prism software. The type of statistical test is indicated in each 297 

figure. 298 

 299 

Behavioral analysis  300 

Open Field test: Individual mice were placed in the middle of a white polyvinyl chloride box 301 

(48x48x50cm) evenly illuminated with 40-45lux. The floor of the box was divided into 302 

different fields of interest to monitor the abode of individual mice. A webcam (Logitech) was 303 

positioned above the box to monitor the track of mice for 10min. Tracks were recorded, 304 

analyzed, and exported as excel files, using Video Mot Software (TSE, Germany). The 305 

following parameters were measured and compared between the center of the arena 306 

(24×24cm) and the periphery: total distance travelled over time, time spent in the center 307 

and distance travelled in the center. Final statistical analysis was performed, using GraphPad 308 

Prism Software.  309 

 310 

Rotarod test: A programmable, digital rotarod machine (Ugo Basile) with timers and falling 311 

sensors was used to test individual mice. Before the training sessions, mice were allowed to 312 

habituate to stay on the drum for 1min. every day. The initial speed, also used for 313 

habituation was set to 10rpm. Once started, the speed was increased to 40rpm within 15s, 314 

followed by a decrease back to 10rpm, again within 15s. Afterwards, the drum stopped and 315 

inverted its rotation direction, followed by another sequence of acceleration, deceleration, 316 

and inversion of the rotation direction. The test was stopped either when individual mice fell 317 

off the rod or after a maximum of 100s. Accelerated, rocking rotarod was performed on 4 318 

subsequent days. For all tests, the latency to fall off the rod was measured in seconds. Two 319 
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sets of BDNF WT and NFL-Cre BDNFfl/wt mice were tested. The first set was exclusively male 320 

mice at an age of ~8wk; the second set consisted of 4 females and 1 male mouse each, for 321 

both groups at an age of ~34wk.  322 

 323 

Y-Maze test: The Y-Maze test consisted of a Y-shaped polyvinyl chloride box of 14cm height 324 

and with three individual arms of 35cm length that can be separated from each other by 325 

insertion of removable doors. A webcam (Logitech) was positioned above the box to monitor 326 

the track of mice. For calculations the Y-Maze was subdivided into 4 regions: 1.) Start-arm 327 

(A), 2.) selectable arm (B), 3.) selectable arm (C), and 4.) center. Spontaneous alternation 328 

and spatial reference memory were monitored using an adapted protocol of (Kraeuter et al., 329 

2019). Mice, at an age of 8-10 months were allowed to enter the Y-maze with all arms open 330 

during an initial "reference run", for 8min. Spontaneous alternations and arm entries were 331 

documented and the percentage of spontaneous alternations was calculated using the 332 

following formula:  333 

% Alternation = Number of Alternations / (Total number of arm entries - 2) 334 

For spatial reference memory training, mice completed a total of four training runs of 5min. 335 

duration with a 1h inter-trial interval (ITI) on two consecutive days. During the training 336 

sessions, one arm (B or C) was closed. The final training session was followed by a 1h ITI and 337 

a 5min., monitored test-run, with all arms open. The time spent in, distance traveled in and 338 

entries into arm B and C was calculated as percent of total time, distance, or arm entries, for 339 

each minute of the 5min. test-run. Afterwards, the values for time, distance, and arm entries 340 

of the initial "reference run" were subtracted from the test run values to calculate a 341 

preferred selection of one arm after the training sessions.  342 

 343 
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Ladder rung walking task: The ladder rung walking test was adapted from previous studies 344 

(Metz and Whishaw, 2002; Farr et al., 2006; Metz and Whishaw, 2009). The apparatus 345 

consisted of 0.7m side walls made of acrylic glass. Metal rungs (1-2 mm diameter) were 346 

inserted to create a grid with a minimum distance of 0.5 cm between rungs. The ladder was 347 

placed 20 cm above the ground with the home cage at the end. 3-month-old mice were 348 

placed on the opposite side to enter the rung. To prevent the animal from turning around, 349 

the width of the alley was 2.8cm. For the irregular pattern, the distance of the rungs varied 350 

systematically from 0.5 to 4 cm. Two templates of irregular rung patterns were used on two 351 

subsequent days using one pattern per day. For video recording, a camera was positioned in 352 

an approximately 30° angle below the rung enabling to monitor all 4 limbs. Data were 353 

analyzed manually, using a 7 category foot fault scoring according to (Metz and Whishaw, 354 

2002).  355 
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RESULTS 356 

Characterization of monoclonal antibodies for quantification and immunodetection of 357 

BDNF in postnatal mouse brain  358 

 BDNF detection is technically challenging because of the low levels of this protein in 359 

many brain regions. Relatively highest levels are found in the hippocampus (Ernfors et al., 360 

1990b; Ernfors et al., 1990a; Hofer et al., 1990; Phillips et al., 1990; Wetmore et al., 1990; 361 

Conner et al., 1997; Yan et al., 1997). Using polyclonal antisera, prominent BDNF 362 

immunoreactivity is detectable in mossy fiber terminals (Conner et al., 1997; Yan et al., 363 

1997; Zhang et al., 2016). Development of new monoclonal antibodies allowed detection of 364 

BDNF in presynaptic terminals of hippocampal mossy fibers and CA3 pyramidal cells (Dieni et 365 

al., 2012). In order to optimize detection techniques for BDNF in corticostriatal projection 366 

neurons, we first compared different BDNF monoclonal antibodies in sections of mouse 367 

hippocampus. As a control for specificity of the staining, conditional BDNF KO mice lacking 368 

BDNF mainly in pyramidal neurons through NFL-Cre mediated recombination (Schweizer et 369 

al., 2002) of one allele and full knockout of the other allele were used. BDNF 370 

immunoreactivity was first determined in hippocampal sections of P21 (Fig. 1A) and P56 371 

mice (Fig. 1B). Confirming previous studies (Conner et al., 1997; Dieni et al., 2012), we found 372 

strong BDNF-IR in mossy fiber terminals (Fig.1 A,B) using the BDNF mAb#9 antibody (Kolbeck 373 

et al., 1999). We then tested additional monoclonal antibodies (clones #4C8, #3C11, #3B2) 374 

(Zunino et al., 2016) against BDNF on WT and NF-L-Crewt/tg / BDNFfl/k.o. hippocampus (Fig. 375 

1C). Comparing these antibodies, a strong and highly specific signal was detected with #4C8. 376 

Under the same conditions, #3C11 did not show any specific signal, and #3B2 produced 377 

relatively high background staining, evident on NF-L-Crewt/tg / BDNFfl/k.o. derived 378 
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hippocampus which was used as a negative control. As an additional control for the 379 

sensitivity of our BDNF staining protocol, we used BDNF-myc mice (Matsumoto et al., 2008) 380 

and compared BDNF and Myc-IR in the hippocampus. The distribution of the Myc-IR from 381 

two independent antibodies and the BDNF signal were virtually identical (Fig. 1D). This result 382 

confirms the specificity and high sensitivity of our IHC protocol for the detection of 383 

endogenous BDNF protein. The staining with mAb#9 and #4C8 was strongly reduced in NF-L-384 

Crewt/tg / BDNFfl/k.o. hippocampus, correlating with strong reduction of BDNF levels 385 

determined by Western Blot and ELISA (Fig. 1E) (Kolbeck et al., 1999; Rauskolb et al., 2010). 386 

BDNF levels peak in the cerebral cortex of 3 week old mice  387 

 BDNF levels increase during the first three weeks of postnatal development (Kolbeck 388 

et al., 1999; Gorski et al., 2003; Rauskolb et al., 2010). This increase in BDNF levels during the 389 

first 3 postnatal weeks was not only observed in striatum and hippocampus but in particular 390 

in anterior and posterior cortex (Fig. 2A). We also measured BDNF levels in 12 week-old 391 

(P84) mice and found that BDNF levels were significantly lower, by a factor of ~2-3 in 392 

hippocampus and striatum, and a factor of 4-5 in anterior and posterior cortex (Fig. 2A). This 393 

drop in BDNF protein levels was also reflected by the reduction of BDNF-IR between P21 and 394 

P84 hippocampus (Fig. 2B column 1,2 from left). 395 

Physical exercise has been reported to stimulate BDNF expression in the CNS of adult 396 

rodents (Neeper et al., 1995; Neeper et al., 1996; Griesbach et al., 2004; Rasmussen et al., 397 

2009). Exercising in a running wheel for 72h resulted in a marked increase in hippocampal 398 

BDNF-IR, especially in P84 mice (Fig. 2B lanes 3,4).  399 

 400 
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Layer II-III and V corticostriatal neurons express BDNF 401 

 Recently, it has been shown that BDNF in motor cortex plays a role in motor learning 402 

(Chen et al., 2019). The motor cortex itself densely innervates the dorsolateral striatum, 403 

which is involved in movement control (West et al., 1990). We, therefore, investigated the 404 

types of neurons that express BDNF in these corticostriatal afferents in the third postnatal 405 

week when mice acquire adult-like motor skills. Broad expression of BDNF among cortical 406 

neurons was reported for rat parietal cortex, showing BDNF-positive pyramidal neurons in 407 

layers II/III, V, and VI (Conner et al., 1997). Testing the same cortical area in 3wk old mice, we 408 

found expression of BDNF in the same layers, with highest levels in pyramidal neurons in 409 

layer V and VI (Fig. 3A) (Conner et al., 1997; Yan et al., 1997). In the motor cortex, 410 

corticostriatal projection neurons originate both from layer II/III and V (West et al., 1990). 411 

These neurons project to the dorsolateral striatum (Fig. 3B). In order to identify these 412 

projection neurons from motor cortex, we used fluorescent retrograde tracers that were 413 

injected into the dorsolateral part of the striatum (Fig. 3C). Traced neurons were enriched in 414 

the motor cortex in layers II/III. These neurons also expressed Cux-1 (Fig. 3D,E), a marker for 415 

glutamatergic projection neurons in upper cortical layers (Nieto et al., 2004; Ferrere et al., 416 

2006; Molyneaux et al., 2007). We also detected labeled cells in layer V, which were positive 417 

for CTIP-2 (Arlotta et al., 2005; Molyneaux et al., 2007; Jabaudon, 2017) (Fig. 3D,E). BDNF-IR 418 

was found in the somata of individual traced neurons under sedentary conditions in both 419 

layers (Fig. 3E white arrows). BDNF expression was only found in a subpopulation of CTIP-2 420 

and Cux-1 positive neurons and only in a subfraction of retrogradely labeled neurons that 421 

project to the dorsal striatum (Fig. 4-1, 5-1). This indicates that not all neurons from motor 422 

cortex that project to the dorsolateral striatum express BDNF at the same time and that 423 
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BDNF expression in these neurons could be transiently upregulated in an activity-dependent 424 

manner.  425 

 BDNF was only detected in a subpopulation (8.5%) of Cux-1 positive neurons in layer 426 

II/III and a subpopulation of CTIP-2 (9.9%) positive neurons in layer V (Fig. 3E, Fig. 3-1C, D, 427 

Fig. 4-1, 5-1). Quantification of BDNF positive neurons within the group of retrogradely 428 

traced corticostriatal afferents revealed that the relative number of traced layer V neurons 429 

that also expressed BDNF (27.6%) at P21 (Fig. 5-1) was higher than in layer II/III (13.6%) (Fig. 430 

4-1). At P84, the relative proportion of BDNF positive projection neurons was lower in both 431 

layers (7.9% in layer II/III, 13.1% in layer V). This downregulation suggests that BDNF 432 

expression is highest in corticostriatal motor networks in the third postnatal week when 433 

mice learn adult-specific motor patterns.  434 

 435 

Mature BDNF and proBDNF are both present in cortical projection neurons 436 

The monoclonal mAb#9 antibody (Kolbeck et al., 1999) used in this study detects both 437 

mature BDNF and proBDNF. For specific detection of pro-BDNF in hippocampus and motor 438 

cortex we used an established rabbit polyclonal antiserum against the BDNF prodomain (Fig. 439 

3-1). We observed pro-BDNF-IR in hippocampal mossy fiber projections and single pyramidal 440 

neurons in CA3 (Fig. 3-1A), as reported in previous studies using the same proBDNF 441 

antiserum (Dieni et al., 2012). P28 NFL-Cre BDNFfl/ko derived hippocampus revealed a 442 

significant reduction of IR for both the pro- and mature isoform (Fig. 3-1B).  443 

In motor cortex layer II/III (Fig. 3-1C) and layer V (Fig. 3-1D), proBDNF was expressed 444 

together with mature BDNF in cell bodies of numerous projection neurons in both layers. 445 
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However, the expression patterns for mature and pro-BDNF did not fully overlap. Mature 446 

BDNF-IR was also detected as a punctuate staining pattern outside of cell bodies, most likely 447 

representing afferents in P21 WT cortex. Such signals were much less apparent with the 448 

proBDNF antiserum. The few stained structures outside cells were hardly distinguishable 449 

from background in control NFL-Cre BDNFfl/ko derived motor cortex (Fig. 3-1C, D right 450 

column).  451 

These results indicate that pro- and mature BDNF IR are detectable in cell bodies of cortical 452 

BDNF-expressing neurons. Nevertheless, the expression pattern of both isoforms differs 453 

slightly in intensity and spatial distribution. Compared to hippocampus, IR for mature BDNF 454 

appears stronger than pro-BDNF in cortical neurons and also is clearly apparent in neurites. 455 

However, our data do not allow conclusions about potential functional aspects of proBDNF 456 

in cortiostriatal expressing neurons.  457 

 458 

BDNF expression in motor cortex can be increased by physical activity 459 

 Because cortical BDNF expression peaked around 3 weeks after birth (Fig. 2A) when 460 

mice learn adult-specific motor patterns, we next tested whether BDNF expression could be 461 

modulated by physical activity in Cux-1 and CTIP-2 expressing layer II/III and V corticostriatal 462 

neurons. P21 and P84 mice were allowed to exercise in a running wheel for 72h and BDNF 463 

expression was then analyzed after this training period, compared to sedentary controls. In 464 

both age groups, mice that exercised showed a high increase in the number of BDNF positive 465 

neurons in layer II/III (Fig. 4A and B, Fig. 4-1, Fig. 4-3A, Fig. 4-4A-C,). In the P21 group, 466 

running wheel exercise caused an increase in the overall number of BDNF positive cells by a 467 

factor of 1.6 (Fig. 4B, Fig. 4-1, Fig. 4-4A). In the fraction of traced neurons, this increase was 468 
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even 1.9 fold (Fig. 4C, Fig. 4-1). Interestingly, the adult group at P84 showed even higher 469 

effects of physical exercise. We observed a 2.7 fold increase in the total number of BDNF 470 

positive neurons and a 3.5 fold increase in the fraction of traced corticostriatal neurons in 471 

layer II/III (Fig. 4C, Fig. 4-1, Fig. 4-4B). This resulted in more BDNF positive neurons in layer 472 

II/III motor cortex of P84 runners than in P21 sedentary mice (Fig. 4B, Fig. 4-1). Similarly, we 473 

observed an overall increase in BDNF-IR intensity per cell after exercise in layer II/III of P21 474 

and P84 mice (Fig. 4D). Exercise did not change the proportion of Cux-1 positive neurons in 475 

layer II/III (Fig. 4E).  476 

 In layer V, exercise-induced BDNF upregulation was less pronounced but still 477 

significant (Fig. 5A, B, Fig. 4-3B, Fig. 4-4A, B, D, Fig. 5-1). Here we found a 1.5 fold increase in 478 

the total number of BDNF expressing neurons (Fig. 5B, Fig. 4-4A, Fig. 5-1). This increase, 479 

however, was not significant in the traced subpopulation at P21 (p=0.0732, Fig. 5C, Fig. 5-1). 480 

Similarly, the number of BDNF positive neurons at P84 appeared increased by a factor of 1.9 481 

(Fig. 5B, Fig. 5-1), but this increase was also not significant (Fig. 5B, One way ANOVA, 482 

p=0.1136). However, in the subpopulation of neurons that were retrogradely traced, the 2.2 483 

fold increase in the number of BDNF positive neurons was significant (p=0.0197) (Fig. 5C, Fig. 484 

5-1). In contrast to layer II/III we observed significant changes in the BDNF-IR intensity only 485 

between sedentary and runners at P84, but not P21 (Fig. 5D).  486 

Quantification of CTIP-2 positive neurons in layer V also revealed that the number of layer-487 

specific neurons per se was not altered by age or exercise (Fig. 5E). The mean number of 488 

traced neurons was also not significantly different in both layers and between the different 489 

groups, proving the reproducibility of our surgical injections (Fig. 4-2A, B).  490 
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To confirm the specificity of BDNF detection in this semiquantitative IHC approach, we also 491 

determined the level of gene recombination in these distinct cortical layers in NFL-Cre 492 

BDNFfl/ko control mice. Therefore, BDNF-IR in P21 sedentary was compared to runner and 493 

P28 NFL-Cre BDNFfl/ko mice (Fig. 4-3). As shown before, 72h of voluntary running wheel 494 

exercise increases BDNF-IR in both layers (Fig. 4-3A, B column 1, 2). In contrast, BDNF 495 

expression is drastically reduced in both cortical layers in NFL-Cre BDNFfl/ko mice (Fig. 4-3A, 496 

B, column 3). To determine how this reduction of BDNF IR in NFL-Cre BDNFfl/ko mice 497 

correlates on the mRNA level, we performed laser micro-dissection (LMD) of layer II/III and V 498 

motor cortex and analyzed BDNF gene expression by qRT-PCR (Fig. 4-3C). We found that 499 

BDNF mRNA levels are reduced by ~60% in layer II/III and ~80% in layer V. This finding 500 

correlates with Western Blot (WB) and ELISA analyses, showing that BDNF protein levels are 501 

highly reduced in anterior cortex of NFL-Cre BDNFfl/ko mice compared to sedentary WT 502 

controls (Fig. 1E, Fig. 7D). Runner mice show a significant increase in cortical BDNF levels 503 

(Fig. 7D). This supports our observations with IHC on BDNF induction in cortical neurons 504 

after running wheel exercise. 505 

To validate the reliability of the quantified number of BDNF positive neurons among these 506 

conditions, we performed an automatic calculation using the 3D object counter tool in 507 

ImageJ (Fig. 4-4A, B). This tool confirmed these observations, even though higher counts 508 

were obtained for P84 derived tissue (Fig. 4-4B). This could in part be due to higher 509 

background caused by lipofuscin accumulation at this age group. In addition, four 510 

independent blinded experts manually counted a sample set of images. The inter-rater-511 

reliability for layer II/III and V motor cortex revealed a high level of correlation (Fig. 4-4C, D).  512 
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These results demonstrate that BDNF can be re-expressed in adult animals in layer II/III and 513 

only to a weaker extend in layer V neurons of the motor cortex by physical activity when 514 

baseline BDNF levels are low. 515 

BDNF expression in somatosensory cortex is not altered by motor activity  516 

 To test if this exercise-mediated effect on BDNF expression is specifically related to 517 

motor function, we investigated BDNF expression in cortical areas that are not directly 518 

related to motor activity. Previous studies have shown that BDNF mRNA is also expressed at 519 

relatively high levels in somatosensory cortex (SSC) layer VI (Conner et al., 1997; Yan et al., 520 

1997; Gorski et al., 2003). We found a similar intense signal in neurons within deep layer VI 521 

(Fig. 3A, Fig. 6A). These neurons send dense afferents into the thalamus and are not 522 

involved in control of motor function (Deschenes et al., 1998; Llano and Sherman, 2008; 523 

Thomson, 2010; McKenna et al., 2011; Kim et al., 2014). Even though slightly reduced at P84, 524 

we did not observe significant alterations in the number of BDNF expressing neurons 525 

between P21 and P84 (Fig. 6A, B,). In addition, there was no difference in the number of 526 

BDNF positive neurons between sedentary and runner mice (Δ CTR-P21/RW-P21 = -0.93 (-2.27%); 527 

Δ CTR-P84/RW-P84 = -0.45 (-1.29%); (Fig. 6A, B,). This finding was validated by automatic analysis 528 

with ImageJ (Fig. 4-4A, B) and four fully blinded experts (Fig. 4-4E). Furthermore, physical 529 

activity in a running wheel had no effect on the intensity of BDNF-IR within individual layer 530 

VI neurons (Fig. 6C). Similarly, the number of layer-specific CTIP-2 positive neurons was not 531 

altered under any condition (Fig. 4-2C) in this part of the somatosensory cortex. This finding 532 

supports the idea that BDNF is specifically up-regulated in corticostriatal neurons when mice 533 

learn adult motor patterns or adapt to enhanced motor activity in a running wheel.  534 

 535 
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BDNF is enriched in corticostriatal presynaptic terminals  536 

 We then sought to identify BDNF-immunoreactivity in terminals of projecting 537 

neurons within the striatum. Expression of BDNF in corticostriatal projection neurons also 538 

implies presence of BDNF in their afferent presynaptic terminals in the striatum. However, 539 

striatal medium spiny projection neurons receive BDNF-expressing afferents both from 540 

glutamatergic cortical projection neurons and from dopaminergic midbrain derived afferent 541 

inputs (Baquet et al., 2005). For this reason, we used co-staining of vesicular glutamate 542 

transporter 1 (VGluT1) and tyrosine hydroxylase (TH) to distinguish these different afferents. 543 

High-resolution structural illumination microscopy (SIM) allowed us to distinguish BDNF 544 

immunoreactivity in these different types of afferents (Fig. 7A). We found distinct BDNF-IR in 545 

VGluT1 positive terminals (Fig. 7B magenta arrows). Few single BDNF-IR punctae were also 546 

observed in TH positive fibers but they were less numerous and weaker in intensity (Fig. 7B 547 

white arrows). Quantification revealed that ~50% of all VGluT1 positive terminals contained 548 

BDNF, while only few (14%) TH positive terminals were BDNF positive (Fig. 7C). This 549 

observation was confirmed by quantitative analysis of signal overlap using the Costes-P 550 

value (Costes et al., 2004) revealing true co-localization between BDNF and VGluT1 (Costes 551 

P>0.95). This distribution was also observed by conventional confocal analysis (Fig. 7A). 552 

Unbiased automatic analyses of these images revealed a co-localization of ~55% between 553 

BDNF and VGluT1 and 13% between BDNF and TH, by Pearson's R-value. These findings 554 

indicate that BDNF is present in at least 50% of cortex-derived afferents and presynaptic 555 

terminals in the dorsolateral striatum.  556 

We next tested, whether the increase in BDNF expression that we observed in corticostriatal 557 

projection neurons after physical exercise is also reflected by increased BDNF protein levels 558 
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in presynaptic terminals within the striatum. For this reason, we performed WB experiments 559 

using protein extracts from anterior cortex and striatum of P21 sedentary and runner mice 560 

and included NFL-Cre BDNFfl/ko derived samples as negative control (Fig. 7D). Quantitative 561 

analyses of the band intensities from these Western blots revealed a significant increase in 562 

BDNF protein levels after 72h of voluntary running wheel exercise by approximately 3-fold in 563 

anterior cortex and 1.8-fold in striatum (Fig. 7D). Using IHC and high-resolution SIM-564 

microscopy, we confirmed that BDNF is predominantly present in single VGluT1 positive 565 

presynaptic terminals in P21 sedentary and runner mice (Fig. 7E). However, quantification of 566 

BDNF-IR from this IHC approach appears subpar and not sufficiently reliable to determine an 567 

upregulation of BDNF levels in individual terminals due to variability of these weak BDNF-IR 568 

signals between individual animals. (Fig. 7E).  569 

 570 

Motor learning is impaired in BDNF deficient mice  571 

 The developmental regulation and up-regulation of BDNF expression after physical 572 

exercise in motor cortex raises the hypothesis that BDNF modulates motor function. Building 573 

on previous evidence for a specific role of the motor cortex in motor skill learning (Kawai et 574 

al., 2015; Chen et al., 2019) we hypothesize that this function is mediated by BDNF. NFL-Cre 575 

mice were chosen because the NFL promotor is predominantly active in large cortical 576 

projection neurons (Schweizer et al., 2002). NF-L-Cre BDNFfl/wt mice in which only one BDNF 577 

allele is depleted from principal neurons of the cerebral cortex present a reduction of BDNF 578 

levels by ~50% (Korte et al., 1995). We did not choose a model with more than 50% cortical 579 

BDNF reduction, because mice with complete postnatal depletion of BDNF from the nervous 580 

system develop anxiety-like behavior (Rauskolb et al., 2010), hyperactivity, freezing and a 581 
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clasping phenotype (Baquet et al., 2004; Strand et al., 2007; Rauskolb et al., 2010) that might 582 

otherwise mask an effect on corticostriatal motor skill learning. To exclude the possibility 583 

that cortical BDNF depletion via NFL-Cre mediated recombination has effects on spatial 584 

memory and learning that also impact motor learning, we performed two different tests. We 585 

first used the open field test to investigate if a reduction of cortical BDNF levels by ~50% 586 

causes increased anxiety alongside with elevated motor activity. We found that neither the 587 

distance traveled, nor the time spent in the center of the open field was significantly 588 

different between WT and NF-L-Cre BDNFfl/wt mice (Fig. 8A, B). Next, we tested, whether 589 

reduced BDNF levels cause memory impairments that could also affect performance in 590 

motor tasks. We used a Y-maze test for analysis of spatial memory (Fig. 8C-E) (Kraeuter et 591 

al., 2019). The percentage of spontaneous alternations as a measure for short term spatial 592 

memory was not different between WT and NFL-Cre BDNFfl/wt mice and both values were in 593 

a range that was reported for WT mice at this age (Lamberty and Gower, 1990) (Fig. 8C). 594 

When mice were allowed access to a new arm that was blocked during the training phase, 595 

both groups were able to identify this unknown arm. Both WT and NF-L-Cre BDNFfl/wt mice 596 

showed a significant increase in the distance traveled (Fig. 8D) and the number of entries 597 

(Fig. 8E) into the unknown arm, after training (tracks depicted in Fig. 8-1). This indicates that 598 

NF-L-Cre BDNFfl/wt mice do not show impaired spatial memory because they can remember 599 

the arm that was visited before. 600 

To investigate a specific role of the motor cortex for motor skill learning, we tested the 601 

performance of the same mice in a rotarod and an irregular ladder rung walking task. Even 602 

though both tests are used to analyze motor coordination, the rotarod task is especially 603 

sensitive to cerebellar dysfunction (Caston et al., 1995; Lalonde et al., 1995; Shiotsuki et al., 604 

2010). In contrast, the basal ganglia circuit is required for motor skill learning of serial motor 605 
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sequences on an irregular ladder rung (Hikosaka et al., 1999; Shiotsuki et al., 2010). The 606 

accelerating rotarod task is less sensitive for evaluating motor skill learning since the 607 

learning curve appears flat and the factor for increase in performance after training for 608 

several days is low (Perez and Palmiter, 2005; Shiotsuki et al., 2010). Accordingly, we were 609 

unable to observe a significant difference in the mean latency on the rotarod between WT 610 

and NFL-Cre BDNFfl/wt mice during a four-day test trial and at two different ages (Fig. 8F-I). 611 

Furthermore, both genotypes neither at 8wk nor 34wk significantly increased the latency on 612 

the rod compared to the initial run, during a 4-day test trial (Fig. 8G, I). We, therefore, 613 

conclude that cortical BDNF reduction by ~50% via NFL mediated CRE activity in postnatal 614 

brain does not significantly impair cerebellar motor functions in NF-L-Cre BDNFfl/wt mice.  615 

In contrast to the rotarod, the irregular ladder rung walking task captures the capacity to 616 

perform and optimize skilled walking, limb placement, and limb co-ordination on a changing 617 

rung pattern. This locomotor challenge depends on synaptic activity in the dorsolateral 618 

striatum (West et al., 1990) and forebrain areas related to motor control (Farr et al., 2006; 619 

Metz and Whishaw, 2009). Control animals improve performance on an irregular rung 620 

pattern within few trials while animals with impairment of the corticostriatal motor circuit 621 

present deficits (Metz and Whishaw, 2009). Each animal performed five runs per day. Each 622 

run was scored using a 7-category foot fault scoring (Metz and Whishaw, 2002, 2009). We 623 

observed that the overall mean score value of adult mice with reduced cortical BDNF 624 

expression was significantly lower compared to WT littermates on two consecutive days, 625 

indicating that motor learning is impaired (Fig. 9A, D). Both groups showed a similarly low 626 

score value in the very first run (Fig. 9B). This indicates that reduced performance in the 627 

subsequent runs is not due to a developmental defect in mice with reduced cortical BDNF 628 

expression, because then lower performance would be expected in the initial run in NF-L-Cre 629 
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BDNFfl/wt mice. WT animals increased their score on both days in consecutive runs, indicating 630 

that motor performance improved. This improval was significant after the third run on day 1 631 

(Fig. 9B) and the final run on day 2 (Fig. 9E). NFL-Cre BDNFfl/wt mice failed to significantly 632 

improve in subsequent runs on either day (Fig. 9B, E). To estimate the capability for motor 633 

skill learning, the difference in score value between the first and last run was calculated for 634 

each day (Fig. 9C, F). The capability to increase the score value was significantly higher in WT 635 

compared to NFL-Cre BDNFfl/wt mice (Fig. 9C, F). In contrast, NFL-Cre BDNFfl/wt mice even 636 

revealed a worse performance after the last run on day 2 (Fig. 9E, F). These data 637 

demonstrate that motor learning is impaired in mice in which one Bdnf allele is depleted by 638 

NFL-mediated recombination in corticostriatal projection neurons.  639 

 640 

DISCUSSION 641 

 In rodents, the motor cortex plays a central role in motor skill learning rather than 642 

skill execution (Kawai et al., 2015). Communication between motor cortex and the 643 

dorsolateral striatum is essential for this motor skill learning (West et al., 1990; Dang et al., 644 

2006; Graybiel and Grafton, 2015; Makino et al., 2016; Chen et al., 2019; Sheng et al., 2019). 645 

This implies adaptive changes at glutamatergic corticostriatal synapses that cause alterations 646 

in striatal medium spiny projection neuron (MSN) firing patterns (Sheng et al., 2019). We 647 

show that BDNF is expressed in a subpopulation of layer II/III and V corticostriatal projection 648 

neurons, that its expression is high during motor skill acquisition and underlies adaptive 649 

changes during postnatal development. This supports previous studies showing that TrkB 650 

phosphorylation is upregulated in motor cortex after electrophysiological stimulation 651 

(Fritsch et al., 2010) and that BDNF serum levels increase in humans after physical exercise, 652 
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both indicating that upregulated BDNF could play a role when the motor cortex is activated 653 

(Fritsch et al., 2010; Skriver et al., 2014; Chen et al., 2019). However, the neurons within 654 

motor cortex in which BDNF is upregulated during motor learning in early postnatal 655 

development or during physical exercise in the adult remained uncharacterized so far. Our 656 

data fill this gap, showing for the first time that layer II/III and layer V neurons that project 657 

from motor cortex to striatum express BDNF in an activity-dependent manner.  658 

 Pyramidal cells in layers II/III of the cerebral cortex are generally thought to send 659 

projections to other regions of the cortex. By retrograde tracing from the dorsolateral 660 

striatum, we identified a subpopulation of BDNF expressing neurons in layer II/III of the 661 

motor cortex that target striatal neurons. A second population of BDNF expressing 662 

corticostriatal cells is located in layer V. In both groups of traced neurons, BDNF expression 663 

peaked at P21 (13.7% of traced neurons in layer II/III, 27.6% in layer V) a time at which mice 664 

acquire adult-like motor programs (Maltese et al., 2018). It is conceivable that high cortical 665 

BDNF levels are required to support synaptic plasticity during this critical phase of motor 666 

learning. In line with this idea, BDNF expression was reduced in traced neurons of both 667 

layers at P84. Nonetheless, it is so far largely unknown how BDNF expression in those 668 

populations is regulated. Even though Neeper and colleagues showed that physical exercise 669 

increases cortical BDNF expression (Neeper et al., 1995; Neeper et al., 1996), they could not 670 

differentiate between distinct cortical layers and neuronal subpopulations in the motor 671 

cortex. Our data demonstrate that physical exercise increases BDNF expression in defined 672 

corticostriatal neuronal subpopulations of layer II/III and V. Surprisingly, the effect of motor 673 

exercise was overall stronger in layer II/III than in layer V projecting neurons, and particularly 674 

enhanced in neurons projecting to the dorsolateral striatum. Of note, adult mice 675 

demonstrated greater exercise-induced increases in BDNF than juvenile mice. This can be 676 
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explained by lower baseline BDNF levels in adults (Fig. 2A) but also suggests that BDNF-677 

mediated plasticity plays a role in motor learning throughout lifetime. Layer II/III contains 678 

movement-related neuronal ensembles which are shaped during motor learning to perform 679 

reproducible spatiotemporal sequences of activity (Huber et al., 2012; Peters et al., 2014). 680 

This process involves area-specific reorganization of excitatory synapses on layer II/III (Peters 681 

et al., 2014) and layer V neurons (Xu et al., 2009) which receive afferent input from layer 682 

II/III, in particular in the motor cortex (Kaneko et al., 1994b, a). Both motor learning and 683 

running wheel exercise might thus shape task-related activity in neuronal ensembles of layer 684 

II/III motor cortex, leading to activation of layer V neurons via intracortical connections. In 685 

line with this idea, a recent study showed that learning of motor tasks leads to enhanced 686 

activity of layer V pyramidal neurons (Biane et al., 2019) and that recurrent projections are 687 

involved in remodeling motor circuits. Such recurrent projections are required for motor 688 

learning and also target layer II/III neurons. It is not fully resolved whether this occurs 689 

through direct connections from layer V neurons in the motor cortex to layer II/III neurons in 690 

the same region of the cortex, or via projections from area 2 of the somatosensory cortex 691 

(Yumiya and Ghez, 1984; Sakamoto et al., 1989; Kaneko et al., 1994a). This suggests that 692 

BDNF-mediated plasticity is also involved in cortical reorganization during motor learning. In 693 

line with this idea, we observed that running wheel exercise leads to much higher increase in 694 

BDNF protein levels within the anterior cortex, compared to striatum (Fig. 7D). This indicates 695 

that only a part of BDNF is translocated in corticostriatal afferents and that BDNF is also 696 

upregulated in cortico-cortical projections for remodeling intracortical networks. It is also 697 

possible that elevated BDNF does not only change synaptic strength but also alters other 698 

parameters in motor circuits, such as the level of myelination of projecting fibers via 699 

regulation of myelin formation (Vondran et al., 2010; Xiao et al., 2010). Surprisingly, BDNF 700 
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expression in corticothalamic neurons of layer VI somatosensory cortex was not affected by 701 

enhanced motor activity, indicating that physical exercise does not lead to a generalized 702 

upregulation of BDNF in cortical pyramidal neurons. Thus, enhanced BDNF expression 703 

appears restricted to subpopulations in which increased activity and plasticity are necessary 704 

for the relevant adaption to the environment. In conclusion, our data suggest that layer- and 705 

pathway-specific BDNF expression supports motor learning during development and that 706 

this function is retained throughout adulthood.  707 

 The question remains how BDNF acts in the corticostriatal circuit to mediate its 708 

effects on motor learning. We identified BDNF in about 50% of VGluT1 positive presynaptic 709 

terminals within the dorsolateral striatum, indicating a central role of BDNF in modulating 710 

synaptic strength at these synapses, a basic process in motor learning (Park et al., 2014). 711 

BDNF secretion from these terminals putatively requires increased activity in the 712 

corticostriatal pathway (Huber et al., 2012; Peters et al., 2014) which is triggered by physical 713 

exercise (Neeper et al., 1996). This then could cause presynaptic NMDA-R activation and 714 

Ca2+-mediated BDNF release (Park et al., 2014). As a consequence, similar to neuronal 715 

ensembles in the motor cortex (Xu et al., 2009; Huber et al., 2012; Peters et al., 2014), MSNs 716 

in the dorsolateral striatum appear to change their firing pattern in a motor skill-specific 717 

manner (Sheng et al., 2019). This is accompanied by stabilization of increased firing of D1-718 

MSNs during task performance and increased firing of D2-MSNs during intertrial intervals 719 

(Sheng et al., 2019). These findings also suggest that distinct mechanisms modulate BDNF 720 

responsiveness in D1 versus D2 neurons. Experiments with conditional knock-out of TrkB 721 

indicate that D1 and D2 MSNs are differentially sensitive to TrkB depletion (Baydyuk et al., 722 

2011). Taken together, these previous findings and our results indicate that corticostriatal 723 

synaptic plasticity is modulated by BDNF. These synapses appear sensitive to relatively mild 724 
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reduction of BDNF levels in NF-L-Cre BDNFfl/wt mice, much more than neuronal circuits in the 725 

hippocampus and cerebellum that are also regulated by BDNF expression. NF-L-Cre BDNFfl/wt 726 

mice performed well in an accelerating rotarod task, which is known to be sensitive to 727 

cerebellar dysfunction (Caston et al., 1995; Lalonde et al., 1995; Shiotsuki et al., 2010) and 728 

less sensitive for motor skill learning (Perez and Palmiter, 2005; Shiotsuki et al., 2010). 729 

Impaired motor skill learning in transgenic NFL-Cre BDNFfl/wt mice was furthermore not a 730 

consequence of defective hippocampal function for spatial memory since those mice 731 

behaved like control animals in a Y-maze test. 732 

These data also suggest that BDNF differentially impacts formation and maintenance of 733 

memories for spatial tasks and for motor skills. Patients suffering from Alzheimer's disease 734 

(AD) show normal motor skill learning capabilities while being unable to recognize faces or 735 

learn series of words (Eslinger and Damasio, 1986). Similarly, musicians suffering from 736 

amnesia or dementia with massive deficits in explicit memory can perfectly play music and 737 

do not show a loss of motor skills at the same level as they deteriorate in other cognitive 738 

functions (Laforce and Doyon, 2001; Cavaco et al., 2011; Hsieh et al., 2011; Cavaco et al., 739 

2012; Finke et al., 2012). This has led to the hypothesis that the learning systems for 740 

declarative and procedural memories are independent (Eslinger and Damasio, 1986). BDNF 741 

mediated plasticity at corticostriatal neurons thus appears necessary for procedural memory 742 

formation and motor skill learning and is independent from the hippocampus and 743 

mechanisms of declarative memory formation. Our data show that BDNF has a prominent 744 

molecular function for plasticity at corticostriatal synapses which is in line with the 745 

observation that corticostriatal LTP is abolished when BDNF is depleted from motor cortex 746 

(Park et al., 2014). However, Park and colleagues suspected that theta-burst stimulation 747 

mediated BDNF release in the striatum originates from neurons in layer VI motor cortex 748 
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(Park et al., 2014). Our tracing data reveal striatum-projecting neurons in virtually all layers, 749 

yet suggest that the sources of cortical BDNF for motor-learning are primarily located within 750 

layers II/III and V. 751 

 More globally, BDNF-mediated plasticity during motor learning could shape three 752 

distinct synaptic connections originating from the motor cortex. First, BDNF could contribute 753 

to intracortical reorganization between layer II/III and V in motor cortex. Second, 754 

corticostriatal plasticity appears regulated by BDNF from neurons in layer II/III and V of 755 

motor cortex projecting to the dorsolateral striatum. Third, the strength of synapses from 756 

striatal collaterals derived from cortico-spinal projections that originate from layer V motor 757 

cortex could be regulated by BDNF. According to this idea, specific motor tasks might shape 758 

activity in task-related neuronal ensembles in layer II/III (Peters et al., 2014) and induce 759 

BDNF expression. Those layer II/III neurons then innervate intracortical and subcortical 760 

targets. Intracortically, they might increase activity and thus induce BDNF expression in layer 761 

V neurons (Xu et al., 2009). Our tracing experiments revealed that BDNF-expressing layer 762 

II/III and layer V neurons also directly target the dorsolateral striatum, pointing to BDNF-763 

mediated synaptic plasticity on corticostriatal synapses. This could be important to forward 764 

altered modes of cortical activity to striatal MSNs which undergo changes in synaptic 765 

turnover and activity in a motor task-specific manner (Sheng et al., 2019). Finally, the 766 

subpopulation of BDNF expressing neurons in layer V might also project to the spinal cord or 767 

govern corticospinal projection neurons (Biane et al., 2019). Those neurons target spinal 768 

cord interneurons and send their collaterals to the striatum (Molyneaux et al., 2007). Thus, 769 

they also could be marked after tracer injection into the striatum. Our tracing experiments 770 

could not distinguish such corticospinal neurons from layer V neurons which exclusively 771 

project to the striatum. However, layer V corticospinal projection neurons represent the 772 
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main motor output pathway from the basal ganglia circuit and it appears possible that BDNF 773 

in corticospinal projection neurons modulates synaptic plasticity and activity on related 774 

synapses in the spinal cord.  775 

 In the present study, we focused on motor-related changes in BDNF expression in the 776 

corticostriatal system using transgenic NFL-Cre BDNFfl/wt mice. Future studies are needed to 777 

address the role of BDNF-mediated intracortical and corticospinal plasticity related to motor 778 

skill learning. However, the alterations in corticostriatal BDNF signaling that are found in 779 

various movement disorders such as Huntington´s Disease (Plotkin et al., 2014) and Dystonia 780 

(Maltese et al., 2018) likely constitute important pathophysiological processes of these 781 

conditions. A better understanding of the function and regulation of BDNF in different 782 

neuronal populations and corresponding synapses in the motor pathway will not only 783 

improve our understanding of neurodegenerative diseases. It will also help to develop new 784 

therapeutic approaches in clinical situations demanding motor skill learning, such as for 785 

motor-impaired patients recovering from stroke.   786 
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FIGURE LEGENDS 1040 

Figure 1: Detection and quantification of BDNF in mouse hippocampus with different 1041 

monoclonal antibodies: A) BDNF-IR using mAb#9 antibody in P21 WT C57Bl6/J 1042 

hippocampus. CTIP-2 expression highlights granule cells in the dentate gyrus and pyramidal 1043 

projection neurons in Cornu Ammonis (CA) 1-3. B) BDNF-IR in hippocampal mossy fiber 1044 

projections of 8wk male WT C57Bl6/J versus NFL-Cre BDNFfl/ko hippocampus, using mAb#9. 1045 

C) Specificity of 4 independent BDNF antibodies in CA3 mossy fiber terminals of WT C57Bl6/J 1046 

(left column) and NFL-Cre BDNFfl/ko (right column). Clone 3C11 failed to detect endogenous 1047 

BDNF. 3B2 produced high background in BDNF depleted hippocampal sections. The signal to 1048 

noise ratio appeared best with mAb#9 and also with 4C8 which showed intense BDNF-IR. D) 1049 

Double staining of BDNF and Myc in hippocampus of 8wk male BDNF-myc mice. Myc was co-1050 

stained with two independent polyclonal myc antibodies (Abcam AB9106; Santa Cruz 1051 

SC789). E) BDNF protein levels in different CNS mouse brain areas, as determined by 1052 

Western Blot (upper panel) with the 3C11 antibody and ELISA (lower panel) using mAb#9 1053 

and mAB#1. P21 male WT C57Bl6/J (white bars) mice were compared to male NFL-Cre 1054 

BDNFfl/ko mice (black bars) with BDNF gene recombination in most pyramidal neurons. 1055 

Results are presented as mean with SEM; Abbreviations: Hip - Hippocampus, CTX - anterior 1056 

Cortex, STR - Striatum, Cereb - Cerebellum (n=3 for WT Hip, n=5 for CTX, Cere, STR, n=2 for 1057 

NF-L Cre BDNFfl/ko Hip, CTX, STR, Cere). Raw data are provided in Fig. 1-1 - Source data and 1058 

Table 2 - Transparent Reporting. Image type: A) 2D merged single plane image, B, D) 1059 

maximum intensity projection, C) average intensity projection; Scale bar: B), D) 200μm; C) 1060 

100μm. 1061 

 1062 
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Figure 2: Alterations in brain BDNF levels during postnatal development: A) Sandwich ELISA 1063 

analysis of relative BDNF protein levels (% of P20 hippocampus) shows a progressive 1064 

increase of BDNF levels in all analyzed brain areas during the first three postnatal weeks. 1065 

Anterior and posterior cortex show the relatively highest increase in BDNF expression. 1066 

Between P20 and P84, BDNF levels are downregulated in cortical and subcortical areas. B) 1067 

BDNF-IR in hippocampal CA3 area of P21 (rows 1-2) and P84 (rows 3-4) mice. Single BDNF 1068 

expressing neurons are detected within the pyramidal cell layer in CA3 as well as in mossy 1069 

fiber terminals at both ages. Voluntary physical activity in a running wheel leads to an 1070 

increase in hippocampal BDNF-IR which is more pronounced in 12wk old animals compared 1071 

to 13wk old animals. Statistical analysis: A) One way Anova - Tukey multiple comparison 1072 

post-test (anterior CTX F(3, 9) = 36.18, p<0,0001, ANOVA; posterior CTX F(3, 9) = 49.02, 1073 

p<0.0001, ANOVA; Striatum F(3, 8) = 34.92, p<0.0001, ANOVA; Hippocampus F(3, 9) = 78.51; 1074 

p<0.0001, ANOVA). Data are presented as mean with SEM (n represents number of 1075 

independent animals). Raw data are provided in Fig. 2-1 - Source data and Table 2 - 1076 

Transparent Reporting. Image type: B) maximum intensity projection; Scale bar: 50μm 1077 

Hippocampus (CA3), 25μm (CA3 - Detail). 1078 

 1079 

Figure 3: Tracing of corticostriatal projections: A) P21 mouse somatosensory cortex showing 1080 

BDNF-IR in layer II-III, V, and VI. B) Representative coronal brain sections stained with DAPI. 1081 

Images depict corticostriatal projections from prefrontal motor cortex (orange, boxed area 1082 

represents the region depicted in D) to the dorsolateral striatum (green). C) Coronal brain 1083 

section showing the injection site for fluorescent latex beads in the striatum. D) IHC staining 1084 

of ipsilateral motor cortex (box in B) which corresponds to the region of highest tracer 1085 
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accumulation within corticostriatal projection neurons. Cux-1 and CTIP-2 label layers II-III 1086 

and layers V/VI, respectively. Traced neurons were identified in layers II/III (top right) and 1087 

upper-layer V (bottom right). E) BDNF-IR in traced, Cux-1 positive neurons in layer II/III 1088 

dorsal frontal cortex (top row - white arrows) and CTIP-2 positive neurons in layer V (bottom 1089 

row – white arrows; see also Fig. 3-1C, D; for statistics, see Tab. 4-1, 5-1). Not all BDNF 1090 

positive neurons contained retrograde tracer beads (yellow arrows). BDNF expression in a 1091 

traced, CTIP-2 positive projection neuron of layer V (right). Raw data are provided in Table 2 1092 

- Transparent Reporting. Image type: A-C) 2D merged single plane images, D, E) maximum 1093 

intensity projection; Scale bars: D) 150μm (overview), 50μm (detail images); E) 50μm 1094 

(overview), 10μm (detail images). 1095 

 1096 

Figure 4: Physical activity increases BDNF expression in layers II/III of the motor cortex: A) 1097 

BDNF-IR in layers II/III motor cortex (left column in A) shows same image as depicted in 1098 

Fig.3E). P21 sedentary mice (column 1 from left) and runners (column 2); P84 sedentary 1099 

(column 3) and runners (column 4 see also Fig. 4-1). Number of retrogradely traced cortical 1100 

neurons is shown in Fig. 4-2. B) Density of BDNF-IR positive cells in layers II/III dorsal frontal 1101 

cortex (see also Fig. 4-1, Fig. 4-3A). P84 CTR mice show less BDNF expressing neurons 1102 

compared to P21 CTR animals. Physical activity leads to a significant increase in the number 1103 

of BDNF-IR positive cells at both ages (Fig. 4-1; Fig. 4-4A-C). C) BDNF-IR in traced 1104 

corticostriatal neurons reveals a significant increase in the number of BDNF positive neurons 1105 

after physical activity (Fig. 4-1). D) Intensity of BDNF-IR per cell is decreased in layers II/III of 1106 

P84 compared to P21 mice. Physical activity led to a significant increase in BDNF-IR per cell 1107 

at both ages, compared to sedentary controls. E) The number of Cux-1 positive, layer II/III 1108 
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neurons, and the number of traced neurons (Fig. 4-2A) is not affected by age or physical 1109 

activity. Statistical analysis: One way Anova, Tukey multiple comparison post-test (B: F(3, 28) 1110 

= 19.21, p<0.0001, ANOVA; C: F(3, 16) = 16.67, p<0.0001, ANOVA; D: F(3, 31) = 15.86, 1111 

p<0.0001, ANOVA; E: F(3, 28) = 3.290, p=0.0351, ANOVA) . Data are presented as box and 1112 

whiskers (Tukey), "+" indicates mean, vertical line median, outliers shown as black dots; n 1113 

number indicated below. Raw data are provided in Fig. 4-5 - Source data and Table 2 - 1114 

Transparent Reporting. Image type: A) maximum intensity projection; Scale bar: A) 50μm; 1115 

15μm (detail).  1116 

 1117 

Figure 5: Physical activity leads to minor changes in BDNF expression in layer V motor 1118 

cortex: A) BDNF-IR in layer V motor cortex. P21 sedentary mice (column 1 from left) and 1119 

runners (column 2; see also Fig. 4-3B); P84 sedentary (column 3) and runners (column 4). B) 1120 

Density of BDNF-IR positive cells in layer V dorsal frontal cortex (see also Fig. 5-1, Fig. 4-4A, 1121 

B, D). P84 CTR mice show less BDNF expressing neurons, compared to P21 CTR animals. At 1122 

P21, significant differences were only observed when high numbers of sections were 1123 

analyzed (n=45), while no significant increase was observed in the P84 group. C) BDNF-IR in 1124 

traced corticostriatal neurons reveals a significant increase in the number of BDNF 1125 

expressing neurons after physical activity only in the P84 group (Fig. 5-1). D) Physical activity 1126 

leads to a significant increase in the intensity of BDNF-IR per cell at P84 but not at P21, 1127 

compared to sedentary controls. E) The number of CTIP-2 positive, layer V neurons and the 1128 

number of traced neurons (Fig. 4-1B) is not affected by age or physical activity. Statistical 1129 

analysis: One way Anova, Tukey multiple comparison post-test (B: F(3, 28) = 11.69, p<0.0001, 1130 

ANOVA; C: F(3, 16) = 11.01, p=0.0004, ANOVA; D: F(3, 31) = 3.474, p=0.0277, ANOVA; E: F(3, 1131 



 

52 

 

28) = 0.3743, p=0.7722, ANOVA). Data are presented as box and whiskers (Tukey), "+" 1132 

indicates mean, vertical line median, outliers shown as black dots; n number indicated 1133 

below. Raw data are provided in Fig. 5-2 - Source data and Table 2 - Transparent Reporting. 1134 

Image type: A) maximum intensity projection; Scale bar: A) 50μm; 15μm (detail).  1135 

 1136 

Figure 6: BDNF expression in somatosensory cortex layer VI during postnatal development 1137 

and after physical activity: A) BDNF-IR in layer VI somatosensory cortex comparing in 1138 

sedentary and exercised animals at P21 (column 1, 2 from left in A) and P84 (column 3, 4 in 1139 

A). B) Relative number of BDNF expressing cells per area in somatosensory cortex layer VI is 1140 

not changed by physical exercise in a running wheel at P21 or P84 C). Quantification of 1141 

BDNF-IR intensity per cell reveals no significant effect of age or physical activity. The number 1142 

of CTIP-2 positive, layer VI neurons is not affected by age or physical activity (Fig. 4-2C). 1143 

Statistical analysis: One way Anova, Tukey multiple comparison post-test (B: F(3, 32) = 2.531, 1144 

p=0.0746, ANOVA; C: F(3, 24) = 0.5629, p=0.6447, ANOVA). Data are presented as box and 1145 

whiskers (Tukey), "+" indicates mean, vertical line median, outliers shown as black dots; n 1146 

number indicated below. Raw data are provided in Fig. 6-1 - Source data and Table 2 - 1147 

Transparent Reporting. Scale bar: A) 50μm, 15μm (detail). 1148 

 1149 

Figure 7: BDNF is enriched in glutamatergic corticostriatal presynaptic terminals: A) 1150 

Confocal (top) and SIM (bottom) microscopic images showing BDNF-IR in the same section in 1151 

glutamatergic (left) versus dopaminergic terminals (right) in the dorsal striatum. B) BDNF-IR 1152 

is present in VGluT1 positive terminals (magenta arrows). Single BDNF-IR signals overlap with 1153 

TH (white arrows). Note that VGluT1 and TH positive terminals reside in direct regional 1154 
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proximity, but do not overlap. C) Quantification of BDNF signals in VGluT1 positive terminals 1155 

and TH positive terminals: True co-localization between BDNF / VGluT1 was confirmed by 1156 

Costes-P value (Costes-P>0.95) but not between BDNF / TH (Costes P<<0.95). D) 1157 

Representative Western Blots showing recombinant BDNF (lane 1, 2) vs. endogenous BDNF 1158 

derived from anterior cortex or striatum of P21 NFL-Cre BDNFfl/ko mice (lane 3), P21 1159 

sedentary mice (lane 4, 5) and P21 runners after 72h voluntary running wheel exercise (lane 1160 

6, 7). 30μg of protein lysate was loaded for each sample. BDNF levels were normalized to 1161 

Cytochrome C. Band intensities were determined from extracts of 9 independent mice and 1162 

presented in % of P21 sedentary mice. Statistical analysis reveals significant increase in BDNF 1163 

protein levels in both brain areas after running wheel exercise. Statistical analysis: unpaired 1164 

t-test (Anterior CTX: t = 5,312, p < 0,0001, Striatum: t = 2,784, p = 0,0133). E) Structural 1165 

illumination microscopy (SIM) images showing BDNF-IR in VGlut1 positive terminals in the 1166 

dorsal striatum in sedentary mice (upper row) and after 72h of voluntary running wheel 1167 

exercise (lower row). 1168 

Data are presented as box and whiskers (Tukey), "+" indicates mean, vertical line median, 1169 

outliers shown as black dots; n number indicated below. Raw data are provided in Fig. 7-1 - 1170 

Source data and Table 2 - Transparent Reporting. Scale bar: A) 2.5μm, B) 1.5μm, E) 2μm 1171 

overview, 1μm detail. 1172 

 1173 

Figure 8: Behavioral analysis of NFL-Cre BDNFfl/wt mice: A, B) Open Field test: Quantification 1174 

of distance traveled (A) or time spent (B) in center (n number indicated below;). C) Y-Maze 1175 

test: Quantification of spontaneous alternations between WT and NFL-Cre BDNF fl/wt mice 1176 

during an 8min. run. D-E) Y-Maze test: Quantification of spatial reference memory by 1177 
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analysis of distance traveled (D) and number of arm entries (E) into unknown vs. known arm 1178 

during the first minute after entering the maze (individual tracks depicted in Fig. 8-1). F, G) 1179 

Rotarod test with 8wk old mice: Mean latency spent on rod comparing BDNF wt with NFL-1180 

Cre BDNF fl/wt mice (F). Mean latency spent on rod on individual days comparing BDNF wt 1181 

with NFL-Cre BDNF fl/wt mice (G). H, I) Rotarod test with 34wk old mice: Mean latency spent 1182 

on rod comparing BDNF wt with NFL-Cre BDNF fl/wt mice (H). Mean latency spent on rod on 1183 

individual days comparing BDNF wt with NFL-Cre BDNF fl/wt mice (I). n number indicated 1184 

below; data presented as box and whiskers (Tukey), "+" indicates mean, vertical line median, 1185 

outliers shown as black dots (A-E, F, H) or mean +/- SEM (G, I). Statistical analysis: A, B) 1186 

unpaired t-test (A: t = 0.1225, p = 0.9055, unpaired t-test; B: t = 0.5981, p = 0.5663, unpaired 1187 

t-test); C) Mann-Whitney test (Mann-Whitney U 7.000, p=0.2778); D, E) Unpaired t-test (D: 1188 

CTR t = 3.559, p=0.0026; NFL-Cre BDNFfl/wt t=2.873, p=0.0207; E: CTR t=2.718, p=0.0152; NFL-1189 

Cre BDNFfl/wt t=2.111, p=0.0678); F, H) unpaired t-test (F: t=0.2778, p=0.7863; H: 0.09904, 1190 

p=0.9235); G) Two Way Anova - Friedman test (non-normal data distribution) revealed no 1191 

significant improvement in rotarod test comparing Day1 with any of the following days 1192 

within each group (Friedman statistic CTR: 5.957, p=0.1137; NFL-Cre BDNFfl/wt 1.696, 1193 

p=0.6798). One Way Anova - Kruskal-Wallis test revealed no difference between WT & NFL-1194 

Cre BDNFfl/wt mice on any of the days tested (Kruskal-Wallis statistic 1.592, p=0.9790). I) One 1195 

Way Anova - Tukey test (normal data distribution WT F(2.264, 9.057) = 0.8161, p=0.4861, 1196 

ANOVA)) or Friedman test (non-normal distribution NFL-Cre BDNFfl/wt Friedman statistic: 1197 

1.938, p=0.6255) revealed no significant improvement in rotarod test comparing Day1 with 1198 

any of the following days within each group. One Way Anova - Kruskal-Wallis test revealed 1199 

no difference between WT & NFL-Cre BDNFfl/wt mice on any of the days tested (Kruskal-1200 
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Wallis statistic 3.119, p=0.8738). Raw data are provided in Fig. 8-2 - Source data and Table 2 1201 

- Transparent Reporting. 1202 

 1203 

Figure 9: Motor learning is impaired in mice with reduced BDNF in cortical pyramidal 1204 

neurons: A, D) Mean score values of 3-month-old mice from 5 runs at day1, 2 on an irregular 1205 

ladder rung walking task (unpaired t-test, A: t=5.170, p=0.0003; Mann-Whitney test, D: 1206 

Mann-Whitney U 5.500, p=0.0476). B, E) Mean score value of individual runs in the irregular 1207 

ladder rung walking task on day 1 and 2. Asterisks indicate significant difference in mean 1208 

score value between the individual run and the first run of the particular day of either CTR or 1209 

NFL-Cre BDNFfl/wt mice. Dashed lines indicate mean score value of first run (data points 1210 

indicated as mean +/-SEM; Two-way-ANOVA, Bonferroni's multiple comparison test B: F(4, 1211 

44) = 1.769, p=0.1522; ANOVA, E: F(4, 40) = 4.515, p=0.0042; ANOVA). C, F) Learning effect 1212 

indicated as difference in score value between first and last run on the particular day 1213 

(unpaired t-test, C: t=3.174, p=0.0089, F: t=3.536, p=0.0054). Data are presented as box and 1214 

whiskers (Tukey), "+" indicates mean, vertical line median, outliers shown as black dots; n 1215 

number indicated below. Raw data are provided in Fig. 9-1 - Source data and Table 2 - 1216 

Transparent Reporting.   1217 
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EXTENDED DATA 1218 

Figure 3-1: Detection of BDNF and proBDNF in mouse hippocampus and layer II/III & V 1219 

motor cortex: A) BDNF and proBDNF-IR detected with mAb#9 antibody and a rabbit 1220 

polyclonal antiserum against the BDNF pro-domain (ANT-006) in P21 WT C57Bl6/J 1221 

hippocampus. Pro- and mature BDNF are expressed in mossy fiber projections and single 1222 

CA3 pyramidal neurons. B) BDNF and proBDNF-IR in P28 NFL-Cre BDNFfl/ko derived 1223 

hippocampus shows absence of mature BDNF-IR and weak proBDNF-IR background noise. C-1224 

D) BDNF and proBDNF-IR in layer II/III (C) and layer V (D) motor cortex from P21 sedentary 1225 

control or P28 NFL-Cre BDNFfl/ko mice. Both isoforms are detectable in cell bodies of cortical 1226 

projection neurons in WT, while immunoreactivity for both antibodies is drastically reduced 1227 

in NFL-Cre BDNFfl/ko motor cortex. Raw data are provided in Table 2 - Transparent Reporting. 1228 

Image type: maximum intensity projection; Scale bar: A, B) 150μm, C, D) 50μm overview; 1229 

15μm detail image. 1230 

 1231 

Figure 4-1: Summary of BDNF expression in layer II/III motor cortex at P21 and P84 1232 

sedentary and exercising mice: A-B) I and III represent mean values depicted in Fig. 4, B, C). 1233 

A-B) II represents BDNF expression quantification in layer specific neurons. 1234 

 1235 

Figure 4-2: Variance of traced neurons in motor cortex of different groups of mice: A, B) 1236 

Quantification of tracer positive neurons per area in layer II/III and V motor cortex reveals no 1237 

significant difference between the four groups. C) CTIP-2 expression in layer VI of 1238 

somatosensory cortex is not altered by physical activity or age. Statistical analysis: A-C) One 1239 
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way Anova, Tukey multiple comparison post-test (A: F(3, 16)=0.5457, p=0.6581, ANOVA; B: 1240 

F(3, 16)=1.490, p=0.2552, ANOVA; C: F(3, 32)=0.4924, p=0.6901, ANOVA). Data are 1241 

presented as box and whiskers (Tukey), "+" indicates mean, vertical line median, outliers 1242 

shown as black dots; n number indicates the number of independent animals used for the 1243 

analysis. Raw data are provided in Fig. 4-6 - Source data and Table 2 - Transparent 1244 

Reporting. 1245 

 1246 

Figure 4-3: Cortical layer-specific alterations in BDNF protein and mRNA levels after 1247 

physical exercise and conditional BDNF ablation: BDNF-IR in layers II/III (A) and layer V (B) 1248 

motor cortex. P21 sedentary mice (left column), 72h voluntary running wheel exercise 1249 

(middle column) and NFL-Cre BDNFfl/ko mice (right column). C) Images show a representative 1250 

toluidine blue-stained coronal brain section of motor cortex, used for Laser-Microdissection 1251 

(LMD) of layer II/III and layer V for qRT-PCR analysis. qRT-PCR for BDNF, normalized to 1252 

GAPDH revealed a reduction of BDNF mRNA by ~60% in layer II-III and ~80% in layer V motor 1253 

cortex in NFL-Cre BDNFfl/ko mice. Data are presented as levels relative to wildtype controls 1254 

(CTR) in bar graphs for representative visualization of BDNF mRNA reduction (no statistical 1255 

test was used, due to low n-number); n number indicated below. Raw data are provided in 1256 

Fig. 4-7 - Source data and Table 2 - Transparent Reporting. Image type: A, B) maximum 1257 

intensity projection; Scale bar: A, B) 50μm; 15μm (detail). 1258 

 1259 

Figure 4-4: Quantification of BDNF expression in cortical neurons by different 1260 

experimenters and automatic quantification using ImageJ: A, B) Quantification of BDNF 1261 

expressing neurons in P21 (A) or P84 (B) cortex using ImageJ versus manual counting by non-1262 
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blinded investigator (n number indicated below). C-E) Correlation analysis between the non-1263 

blinded investigator and 4 blinded experts for BDNF positive cell counts in layers II/III (C), V 1264 

(D) motor cortex and layer VI somatosensory cortex (E). 3 random sample images were 1265 

analyzed for each of the following conditions: P21 CTR, P21 RW, P84 CTR, P84 RW. Statistical 1266 

analysis: A, B) unpaired t-test between corresponding pairs (A: LII/III: t=2.147, p=0.0475, 1267 

investigator: t=3.630, p=0.0023, LV: t=0.8230, p=0.4226, investigator: t=2.487, p=0.0243; LVI: 1268 

t=0.3224, p=0.7511, investigator: t=0.2480, p=0.8071; B: LII/III: t=3.598, p=0.0037, 1269 

investigator: t=7.212, p<0.0001, LV: t=2.559, p=0.0251, investigator: t=3.892, p=0.0021; LVI: 1270 

t=0.9821, p=0.3416), P84 somatosensory CTX layer VI of non-blinded investigator - Mann-1271 

Whitney test (Mann-Whitney U 34.00, p=0.8619). C-E) Linear regression and correlation 1272 

analysis, Pearson's R-value for correlation is indicated in each graph. Data are presented as 1273 

box and whiskers (Tukey), "+" indicates mean, vertical line median, outliers shown as black 1274 

dots; n number indicates the number of independent animals used for the analysis. Raw 1275 

data are provided in Fig. 4-8 - Source data and Table 2 - Transparent Reporting. 1276 

 1277 

Figure 5-1: Summary of BDNF expression in layer V motor cortex at P21 and P84 sedentary 1278 

and exercising mice: A-B) I and III represent mean values depicted in Fig. 5, B, C). A-B) II 1279 

represents BDNF expression quantification in layer specific neurons. 1280 

 1281 

Figure 8-1: Y-Maze track records during the first minute after opening of the closed arm in 1282 

the spatial reference memory test run: Documentation of tracks for control mice (A) and 1283 
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NFL-Cre BDNFfl/wt mice (B). Animals were placed in the start-arm (top) and were able to 1284 

choose between the known arm (blue) and the unknown arm (orange).  1285 

 1286 

EXTENDED DATA – RAW DATA FILES 1287 

Figure 1-1: Source data of BDNF ELISA depicted in Fig. 1E: List of relative BDNF levels 1288 

measured in cortex, hippocampus, striatum and cerebellum of either P21 C57Bl6/J WT or 1289 

NFL-Cre BDNF fl/ko mice, in percent of mean BDNF level in P21 hippocampus.  1290 

 1291 

Figure 2-1: Source data of BDNF ELISA depicted in Fig. 2A: List of relative BDNF levels 1292 

measured in anterior / posterior cortex, hippocampus and striatum of either P10, 14, 20 or 1293 

P84 C57Bl6/J WT mice, in percent of mean BDNF level in P20 hippocampus. 1294 

 1295 

Figure 4-5: Source data of Fig. 4B-E – Quantification of BDNF and Cux-1 expression in Layer 1296 

II/III motor cortex: B) List of the number of BDNF positive neurons per 0.1mm2 in P21 and 1297 

P84 sedentary controls and runner mice (72h voluntary running wheel exercise). C) List of 1298 

the number of BDNF positive, traced corticostriatal neurons in percent of the total number 1299 

of traced neurons in P21 and P84 sedentary controls and runners. D) List of the intensity of 1300 

BDNF-IR per cell in P21 and P84 sedentary controls and runners, indicated as fold change in 1301 

percent of P21 sedentary controls. E) List of the number of Cux-1 positive in P21 and P84 1302 

sedentary controls and runners.  1303 
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 1304 

Figure 4-6: Source data of Fig. 4-2: List of the number of traced neurons per 0.1mm2 in layer 1305 

II/III (A) and layer V (B) motor cortex of P21 and P84 sedentary controls and runner mice 1306 

(72h voluntary running wheel exercise). C) List of the number of CTIP-2 positive neurons per 1307 

0.1mm2 in layer VI somatosensory cortex of P21 and P84 sedentary controls and runners. 1308 

 1309 

Figure 4-7: Source data of Fig. 4-3C: List of relative BDNF mRNA levels in microdissected 1310 

layer II/III or layer V motor cortex, derived from P21 sedentary C57Bl6/J WT or NFL-Cre BDNF 1311 

fl/ko mice in percent of P21 sedentary control (top row). Crossing points obtained from qRT-1312 

PCR for BDNF (middle row) or GAPDH (bottom row) are indicated.  1313 

 1314 

Figure 4-8: Source data of Fig. 4-4: List of the number of BDNF positive neurons per 0.1mm2 1315 

in layer II/III and V motor cortex and layer VI somatosensory cortex in either P21 (A) or P84 1316 

(B) sedentary controls and runner mice obtained by either automatic analysis using Image J 1317 

or by non-blinded investigator. List of the number of counted BDNF positive neurons in layer 1318 

II/III (C) and V (D) motor cortex and layer VI somatosensory cortex (E) (mean value of n=3 1319 

random samples) between non-blinded investigator and four blinded experts.  1320 

 1321 

Figure 5-2: Source data of Fig. 5B-E – Quantification of BDNF and CTIP-2 expression in Layer 1322 

V motor cortex: B) List of the number of BDNF positive neurons per 0.1mm2 in P21 and P84 1323 

sedentary controls and runner mice (72h voluntary running wheel exercise). C) List of the 1324 
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number of BDNF positive, traced corticostriatal neurons in percent of the total number of 1325 

traced neurons in P21 and P84 sedentary controls and runners. D) List of the intensity of 1326 

BDNF-IR per cell in P21 and P84 sedentary controls and runners, indicated as fold change in 1327 

percent of P21 sedentary controls. E) List of the number of CTIP-2 positive in P21 and P84 1328 

sedentary controls and runners.  1329 

 1330 

Figure 6-1: Source data of Fig. 6B, C – Quantification of BDNF expression in Layer VI 1331 

somatosensory cortex: B) List of the number of BDNF positive neurons per 0.1mm2 in P21 1332 

and P84 sedentary controls and runner mice (72h voluntary running wheel exercise). C) List 1333 

of the intensity of BDNF-IR per cell in P21 and P84 sedentary controls and runners, indicated 1334 

as fold change in percent of P21 sedentary controls.  1335 

 1336 

Figure 7-1: Source data of Fig. 7C, D: C) List of the raw data used for quantification of BDNF 1337 

signals in VGluT1 and TH positive terminals in the striatum. Indicated is the total number and 1338 

density of counted VGluT1 or TH positive synapses per μm2, the number and density of 1339 

VGluT1 or TH positive synapses with BDNF-IR and the amount of BDNF/VGluT1 or BDNF/TH 1340 

double positive synapses in percent of either all VGluT1 or TH positive synapses. Costes P-1341 

value was calculated with ImageJ and is also indicated. D) List of band intensities of BDNF 1342 

and Cytochrome C, obtained from western blot photo films using ImageJ. Indicated are the 1343 

values of anterior cortex and striatum of P21 sedentary controls and runners. In addition, 1344 

values measured in control tissue, derived from NFL-Cre BDNF fl/ko mice are listed (not shown 1345 
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in Fig. 7). BDNF levels were normalized to Cytochrome C and indicated as percent of either 1346 

P21 sedentary control derived anterior cortex or striatum.   1347 

 1348 

Figure 8-2: Source data of Fig. 8: A) List of values for distance traveled in center of an open 1349 

field in percent of total distance comparing C57Bl6/J WT and NFL-Cre BDNF fl/wt mice. B) List 1350 

of values for time spent in center of an open field in percent of total time. C) List of values 1351 

for spontaneous alternations in a Y-maze task with all arms open. D) List of values for 1352 

distance traveled in known versus unknown arm in percent of total distance traveled within 1353 

the first minute after entering a Y-maze in a spatial reference memory task. E) Number of 1354 

arm entries into known versus unknown arm in percent of total arm entries within the first 1355 

minute after entering a Y-maze in a spatial reference memory task. List of values for mean 1356 

latency on a rotarod in seconds obtained from 8wk (F) or 34wk (H) old C57Bl6/J WT and NFL-1357 

Cre BDNF fl/wt mice. List of values for latency on a rotarod showing individual 8wk (G) or 1358 

34wk (I) old animals on four consecutive days.  1359 

 1360 

Figure 9-1: Source data of Fig. 9: List of mean score values in an irregular ladder rung 1361 

walking task on day 1 (A) or day 2 (D) comparing C57Bl6/J WT and NFL-Cre BDNF fl/wt mice. 1362 

List of individual score values of 5 runs comparing C57Bl6/J WT and NFL-Cre BDNF fl/wt mice 1363 

on day 1 (B) and day 2 (E). List of learning effect values calculated as difference in score 1364 

value between first and last run on day 1 (C) or day 2 (F). 1365 

  1366 
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Table 1: Image preparation: Figure identity is indicated on the left. Image preparation was 1367 

performed, using ImageJ software. Changes were made exclusively on brightness and 1368 

contrast. Gamma values were not altered in any case. 1369 

 1370 

Table 2: Transparent reporting: Overview of the number of independent experiments, 1371 

animal counts (including gender and age), number of images and cell counts. The particular 1372 

figure is indicated on the left. 1373 

 1374 

 1375 
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Image Projection mode Type 405nm 488nm 550nm 647nm 

Fig.1 A 2D merge 
0-255  DAPI  

CTIP-2 (10-160) 
BDNF  

  
(8-bit) (no change) (34-138) 

Fig.1 B 
Maximum 
intensity 

projection 

0-4095  DAPI  
  

BDNF  
  

(12-bit) (2000-4095) (200-2503) 

Fig.1 C 
WT CTR 

  
  
  
  

Average intensity 
projection 

0-4095  DAPI mAb#9 

  

BDNF  

  

(12-bit) (400-4095) (700-3003) 

  DAPI mAb#4C8   
  (200-2002)   

  DAPI mAb#3C11, 
3B2    

  (300-2503)   

Fig.1 C 
BDNF KO 

Average intensity 
projection 

0-4095  
DAPI (300-2503)   

BDNF  
  

(12-bit) (700-3003) 

Fig.1 D 
Maximum 
intensity 

projection 

0-4095  DAPI  

  

BDNF  Myc (AB9106)  

(12-bit) (250-2503) (200-750) (200-450) 

      Myc (SC789) 

      (150-500) 

Fig.2 B 
Maximum 
intensity 

projection 

0-4095  DAPI  
  

BDNF  
  

(12-bit) (300-4095) (1401-3804) 

Fig.3 A 2D merge 
0-255  

  
CTIP-2 BDNF  

  
(8-bit) (35-140) (65-170) 

Fig.3 D 
Maximum 
intensity 

projection 

0-4095  DAPI  Tracer  
  

Cux-1  

(12-bit) (1802-4095) (2002-4095) (600-2002) 

Fig.3 E 
Maximum 
intensity 

projection 

0-4095  CTIP-2  Tracer  BDNF Cux-1  

(12-bit) (400-2002) (901-4095) (1601-4095) (901-4095) 

Fig. 4 A  Maximum 
intensity 

projection 

0-4095  
  

Tracer  BDNF  Cux-1  

P21 CTR (12-bit) (1201-4095) (1301-4095) (600-3003) 

Fig. 4 A  Maximum 
intensity 

projection 

0-4095  
  

Tracer  BDNF Cux-1  

P21 RW (12-bit) (600-3003) (1301-4095) (600-4095) 

Fig. 4 A  Maximum 
intensity 

projection 

0-4095  
  

Tracer  BDNF  Cux-1  

P84 CTR (12-bit) (1201-4095) (1301-4095) (600-4095) 

Fig. 4 A  Maximum 
intensity 

projection 

0-4095  
  

Tracer  BDNF  Cux-1  

P84 RW (12-bit) (600-3003) (1301-4095) (600-4095) 

Fig. 5 A  Maximum 
intensity 

projection 

0-4095  CTIP-2  Tracer  BDNF  
  

P21 CTR (12-bit) (1201-3504) (600-3003) (1301-4095) 

Fig. 5 A  Maximum 
intensity 

projection 

0-4095  CTIP-2  Tracer  BDNF  
  

P21 RW (12-bit) (399-1700) (600-3003) (600-2302) 

Fig. 5 A Maximum 
intensity 

projection 

0-4095  CTIP-2  Tracer  BDNF  
  

P84 CTR (12-bit) (350-1301) (600-3003) (800-2302) 

Fig. 5 A  Maximum 0-4095  CTIP-2  Tracer  BDNF   
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P84 RW intensity 
projection (12-bit) (350-1301) (600-3003) (600-1802) 

Fig. 6 A  Maximum 
intensity 

projection 

0-4095  
  

CTIP-2  BDNF  
  

P21 CTR (12-bit) (700-4095) (1201-4095) 

Fig. 6 A  Maximum 
intensity 

projection 

0-4095  
  

CTIP-2  BDNF  
  

P21 RW (12-bit) (700-4095) (1201-4095) 

Fig. 6 A  Maximum 
intensity 

projection 

0-4095  
  

CTIP-2  BDNF  
  

P84 CTR (12-bit) (700-4095) (1201-4095) 

Fig. 6 A  Maximum 
intensity 

projection 

0-4095  
  

CTIP-2  BDNF  
  

P84 RW (12-bit) (700-4095) (1201-4095) 

Fig. 7 A confocal 
Maximum 
intensity 

projection 

0-4095  DAPI  TH  BDNF  VGluT1  

(12-bit) (100-2002) (150-2002) (400-1697) (500-4095) 

Fig. 7 A  Maximum 
intensity 

projection 

0-65535  
  

TH  BDNF  VGluT1  

SIM (16-bit) (1921-25624) (3843-26457) (2562-33888) 

Fig. 7 B  Maximum 
intensity 

projection 

0-65535  
  

TH BDNF  VGluT1  

SIM (16-bit) (1921-25624) (3843-26457) (2562-33888) 

Fig. 7 E Maximum 
intensity 

projection 

0-65535  
    

BDNF  VGluT1 

P21 Sedentary 
SIM (16-bit) (1300-7000) (1300-25.000) 

Fig. 7 E Maximum 
intensity 

projection 

0-65535  
    

BDNF  VGluT1 

P21 Running 
Wheel SIM (16-bit) (600-12000) (2500-33.000) 

Fig.3-1 A left 
Maximum 
intensity 

projection 

0-4095 DAPI 
  

BDNF proBDNF 

(12-bit) (600-4095) (900-4095) (500-2500) 

Fig.3-1 A right 
Maximum 
intensity 

projection 

0-4095 DAPI 
  

BDNF proBDNF 

(12-bit) (300-4095) (500-4095) (600-3500) 

Fig.3-1 B left 
Maximum 
intensity 

projection 

0-4095 DAPI 
  

BDNF proBDNF 

(12-bit) (600-4095) (900-4095) (500-2500) 

Fig.3-1 B right 
Maximum 
intensity 

projection 

0-4095 DAPI 
  

BDNF proBDNF 

(12-bit) (300-4095) (500-4095) (600-3500) 

Fig.3-1 C 
Maximum 
intensity 

projection 

0-4095 
    

BDNF proBDNF 

(12-bit) (900-4095) (400-3500) 

Fig.3-1 D P21 
Sedentary 

Maximum 
intensity 

projection 

0-4095 CTIP-2 
  

BDNF proBDNF 

(12-bit) (800-2500) (900-4095) (400-3500) 

Fig.3-1 D P28 Maximum 
intensity 

projection 

0-4095 CTIP-2 
  

BDNF proBDNF 

NFL-Cre 
BDNFfl/ko (12-bit) (250-1000) (900-4095) (400-2500) 

Fig.4-3A 
Maximum 
intensity 

projection 

0-4095 
    

BDNF Cux-1 

(12-bit) (1000-4095) (350-4095) 

Fig.4-3B 
Maximum 
intensity 

projection 

0-4095 CTIP-2 
  

BDNF 
  

(12-bit) (425-2500) (1000-4095) 
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Experiment 
Total number 

of 
experiments 

Total number of individual animals 

Total 
number of 
considered 

images 

  BDNF detection in 
Hippocampus & Striatum 

Fig.1A-D 

Hippocampus (WT) 
Fig.1A-C, Fig 2B 45 105 272   

Hippocampus (BDNF-myc) 
Fig.1D 11 2 21   

Hippocampus (BDNF-ko) 
Fig 1B,C 9 6 20   

Hippocampus monoclonal 
antibodies Fig.1C 4 8 38   

Striatum Fig. 7A,B 6 6 32   

Striatum statistical 
analysis Fig.7C 1 1 15   

          

Experiment 
Total number 

of 
experiments 

Total number of individual animals 

Total 
number of 
considered 

images 

Total 
number of 

counted 
BDNF pos. 

cells 

BDNF vs proBDNF-IR in 
hippocampus and cortex 

Fig.3-1 

3wk CTR hippocampus 5 2 20 none 

4wk BDNF-ko 
hippocampus 4 1 10 none 

3wk CTR cortex 3 2 17 none 

4wk BDNF-ko cortex 2 1 12 none 

          

Experiment 

Total number 
of 

experiments 

Total number of 
individual animals 

Total 
number of 

traced 
animals 

Total 
number of 
considered 

images 

Total 
number of 

counted 
BDNF pos. 

cells 

BDNF detection in cortical 
neurons 

Fig.3,4,5,6; 

Fig.4-2,3 

3wk CTR Layer II/III 5 10 4 65 1353 
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3wk RW Layer II/III 5 8 5 51 1651 

12wk CTR LayerII/III 4 8 5 47 503 

12wk RW LayerII/III 3 6 6 40 1114 

          

3wk CTR Layer V 5 10 4 64 1400 

3wk RW Layer V 5 8 5 46 1541 

12wk CTR Layer V 4 8 5 42 438 

12wk RW Layer V 3 6 6 40 813 

          

3wk CTR Layer VI 4 10 0 52 2194 

3wk RW Layer VI 4 9 0 48 1930 

12wk CTR Layer VI 3 9 0 45 1572 

12wk RW Layer VI 2 8 0 50 1814 

          

Experiment 
Total number 

of 
experiments 

Total number of individual animals 

Total 
number of 
considered 

images 

Total 
number of 
analyzed 

BDNF pos. 
cells 

BDNF-IR Intensity 

Fig.4,5D; Fig.6C 

3wk CTR Layer II/III 7 10 90 559 

3wk RW Layer II/III 5 8 50 384 

12wk CTR LayerII/III 4 6 72 369 

12wk RW LayerII/III 3 6 42 288 

          

3wk CTR Layer V 7 10 100 680 

3wk RW Layer V 4 7 48 396 

12wk CTR Layer V 3 6 56 334 

12wk RW Layer V 2 6 36 215 

          

3wk CTR Layer VI 4 10 60 585 

3wk RW Layer VI 3 7 42 421 

12wk CTR Layer VI 2 7 42 386 

12wk RW Layer VI 1 4 24 225 
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Experiment 
Total number 

of 
experiments 

Total 
number of 
individual 
animals 

Total 
number of 
considered 

images 

Total 
number of 

counted 
BDNF pos. 

cells 

BDNF detection in cortical 
neurons 

Fig. 4-3A, B 

3wk CTR Layer II/III 1 1 3 none 

3wk RW Layer II/III 1 1 4 none 

4wk cBDNF ko Layer II/III 1 1 2 none 

3wk CTR Layer V 1 1 3 none 

3wk RW Layer V 1 1 2 none 

4wk cBDNF ko Layer V 1 1 3 none 

          

Experiment 
Total number 

of 
experiments 

Total 
number of 
individual 
animals 

Total 
number of 

animals 
considered 
for figure 

  BDNF qRT-PCR 

Fig. 4-3C 

3wk CTR Layer II/III 2 3 2 none 

3wk cBDNF ko Layer II/III 2 1 1 none 

3wk CTR Layer V 2 3 2 none 

3wk cBDNF ko Layer V 2 1 1 none 

          

Experiment 
Hippocampus Striatum Anterior Cortex Cerebellum 

BDNF-ELISA Fig. 1E 

WT number of individual 
animals  3 5 5 5 

NFL-Cre BDNFfl/ko number 
of individual animals 2 2 2 2 

          

Experiment 
Hippocampus Striatum Cortex anterior Cortex 

posterior BDNF-ELISA Fig. 2A 

P10 number of individual 
animals 3 2 3 3 

P14 number of individual 
animals 3 3 3 3 

P20 number of individual 
animals 3 3 3 3 

P84 number of individual 
animals 4 4 4 4 
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BDNF WB detection Fig. 
7D 

Total number 
of 

experiments 

Total number of 
individual animals 

Total number of 
considered animals in 

Figure 
  

Anterior cortex vs 
striatum - sendentary, 
runners, cBDNF KO Fig. 

7D 

11 

13 Sedentary 9 sedentary 

  13 Runner 9 runners 

2 NFL-Cre BDNF fl/ko 2 NFL-Cre BDNF fl/ko 

Open Field  Total number 
of mice    

Fig.8 A,B 

WT 4 females, 1 
male   

NFL-Cre BDNFfl/wt 4 females, 1 
male   

      
Y-Maze Total number 

of mice    
Fig.8 C,D,E 

WT 8 females, 2 
males   

NFL-Cre BDNFfl/wt 4 females, 1 
male   

      

Rotarod - 8wk old mice Total number 
of mice  

Rotarod - 
34wk old 

mice Total number of mice   

Fig.8 F,G Fig. 8 H, I 

WT 7 males WT 4 females, 1 male   

NFL-Cre BDNFfl/wt 6 males NFL-Cre 
BDNFfl/wt 4 females, 1 male   

          

Irregular Ladder Rung 
Fig.9 

Total number 
of mice 

Total number of mice 
tested Day 1 

Total number of mice 
tested Day 2 

Total 
number of 
runs per 

day 
WT 7 7 6 5 

NFL-Cre BDNFfl/wt 6 6 6 5 

          

 


