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Induction of BDNF Expression in Layer II/III and Layer V
Neurons of the Motor Cortex Is Essential for Motor
Learning

Thomas Andreska,' Stefanie Rauskolb,! Nina Schukraft,' Patrick Liiningschror,! Manju Sasi,'

Jeremy Signoret-Genest,! Marcus Behringer,> ““Robert Blum,! Markus Sauer,? Philip Tovote,'

and ““Michael Sendtner’

'Institute of Clinical Neurobiology, University Hospital Wuerzburg, 97080 Wuerzburg, Germany, and *Department of Biotechnology and
Biophysics, Julius-Maximilians-University Wuerzburg, 97074 Wuerzburg, Germany

Motor learning depends on synaptic plasticity between corticostriatal projections and striatal medium spiny neurons. Retrograde
tracing from the dorsolateral striatum reveals that both layer II/III and V neurons in the motor cortex express BDNF as a potential
regulator of plasticity in corticostriatal projections in male and female mice. The number of these BDNF-expressing cortical neu-
rons and levels of BDNF protein are highest in juvenile mice when adult motor patterns are shaped, while BDNF levels in the
adult are low. When mice are trained by physical exercise in the adult, BDNF expression in motor cortex is reinduced, especially
in layer II/III projection neurons. Reduced expression of cortical BDNF in 3-month-old mice results in impaired motor learning
while space memory is preserved. These findings suggest that activity regulates BDNF expression differentially in layers II/III and

V striatal afferents from motor cortex and that cortical BDNF is essential for motor learning.
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Significance Statement

Motor learning in mice depends on corticostriatal BDNF supply, and regulation of BDNF expression during motor learning is
highest in corticostriatal projection neurons in cortical layer II/III.

Introduction

Adaptive modulation of network activity by synaptic plasticity is
a central aspect of learning and memory in the mammalian CNS
(Martin et al,, 2000). BDNF (Barde et al., 1982) plays a central
role in different aspects of neural plasticity and modulation of
neuronal network activity (Patterson et al., 1996; Korte et al,,
1998; Chen et al,, 1999; Minichiello et al., 1999; Schuman, 1999;
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Messaoudi et al., 2002; Ying et al, 2002; Lu et al, 2014;
Edelmann et al., 2015). Plasticity within the corticostriatal net-
work is crucial for learning, adapting, and modulating motor
functions and limb movement coordination (West et al., 1990;
Fritsch et al., 2010; Chen et al,, 2019). In order to regulate this
form of plasticity, BDNF is thought to be provided via cortical
afferents to striatal neurons (Altar et al., 1997; Conner et al,
1997; Yan et al., 1997; Gorski et al., 2003; Kalivas, 2009; Li et al.,
2012; Park et al., 2014). Lack of BDNF supply by conditional
postnatal depletion in total brain causes dramatic neurodegener-
ative changes in the striatum (Rauskolb et al., 2010). The motor
cortex is a major source for neocortical input to the striatum.
Terminals of these afferents densely innervate the dorsolateral
striatum, a region involved in the control of voluntary limb
movement (Webster, 1961; Kunzle, 1975; Cospito and Kultas-
Ilinsky, 1981; Alexander et al., 1986; Donoghue and Herkenham,
1986; McGeorge and Faull, 1989; West et al., 1990; Kimura et al.,
1993; Yin and Knowlton, 2006). Growing evidence proposes an
essential function of the motor cortex in learning of motor pro-
grams (Grillner, 2015; Kawai et al., 2015). This also implicates a
role of cortical BDNF in modulating corticostriatal network ac-
tivity (Sheng et al., 2019) and motor skill acquisition (Fritsch et
al., 2010; Chen et al,, 2019). Efficiency in acquiring motor skills is
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higher in young compared with older individuals in a variety of
motor tasks (Voelcker-Rehage and Alberts, 2007; Fraser et al.,
2009; King et al, 2013). Interestingly, this correlates with
decreasing BDNF levels during aging (Lommatzsch et al., 2005;
Erickson et al., 2010). Cortical BDNF expression was initially
identified in layers II/IIL, V, and VI (Altar et al., 1997; Conner et
al, 1997; Yan et al., 1997; Gorski et al., 2003; Kalivas, 2009; Li et
al., 2012; Park et al., 2014) and appears directly linked to neuronal
activity (i.e., through physical activity) (Neeper et al., 1995, 1996;
Griesbach et al.,, 2004; Rasmussen et al., 2009; Chen et al., 2019).
Not much is known about the identity of BDNF-expressing
corticostriatal neurons and the relation of motor activity, motor
skill learning, and BDNF expression in different layers of the
motor cortex. We investigated which types of corticostriatal
projection neurons express BDNF, how this expression is altered
during postnatal development, and whether physical activity mod-
ulates BDNF expression in these neurons. Using refined immuno-
histochemistry methods, we found that postnatal BDNF protein
levels in anterior cortex and motor cortex peak around P21 and
then decrease during adulthood. Cortical BDNF expression
increases after motor exercising in a running wheel, especially in
layers II/III of the motor cortex. This effect was not observed in
corticothalamic neurons. Cortical BDNF depletion results in defi-
cits in motor skill acquisition. These findings point to a role of
BDNF expression in layers II/III and V of the motor cortex in
modulation of corticostriatal networks for motor learning.

Materials and Methods

Mouse lines

Brain tissue was dissected from P21, P56, and P84 male mice for ITHC
and ELISA analyses from WT (C57Bl6/], RRID:IMSR_JAX:000664),
Bdnf-Myc (Matsumoto et al., 2008), and either NFL-Cre"”"$/BDNF"™" or
NFL-Cre""*8/BDNF”%© mice. Conditional BDNF KO mice were gener-
ated by crossing mice expressing cyclic recombinase (CRE) under con-
trol of the neurofilament light chain promoter (NF-L) (Schweizer et al.,
2002) with mice carrying a bdnf exon V, flanked by two loxP sites, on one
allele and a neomycin cassette in the 5’ coding region of exon V on the
second allele (Rauskolb et al., 2010). All experiments were approved by a
license for animal testing (RUF-55.2.2-2532-2-728-21) and performed in
accordance with the supervision through local veterinary authority
(Veterinaeramt der Stadt Wuerzburg) and Committee on the Ethics of
Animal Experiments (i.e., Regierung von Unterfranken, Wuerzburg).

Stereotaxic surgery and neuronal tracing

Male C57BI-6/] mice (P21 and P84) were anesthetized with isoflurane
(2% induction, 1.2%-1.5% maintenance in 95% oxygen) and placed in a
stereotactic apparatus (Kopf 992, Neurostar). Craniotomies were per-
formed using an electric drill (200-400 pm) at the position of the desired
target region (dorsolateral striatum AP: 0.6 mm; ML: 1.7 mm; DV: 3
mm from bregma). Calibrated glass pipettes (5ul microcapillary tube;
Sigma Millipore), which were cut with a pulled-glass capillary (PC-100;
Narishige) and connected to a pressure ejection system (PDES-02XD;
NPI), were inserted into the target region at a speed of 0.8 mm/min.
Flow rate of injection was kept at 0.33 nl/min. Fluorescent latex tracer
beads were injected at a total volume of <1 pl into the dorsolateral stria-
tum of the right hemisphere. The pipette was then removed stepwise at
0.8 mm/min. The wound was closed and treated with Cutasept (self-
made). After surgery, mice were given meloxicam (12 mg/kg, s.c.) and
were allowed to recover for at least 24 h before offering a running wheel
for voluntary exercise for 72 h before transcardial perfusion for THC.
Mice were weighed daily to monitor their recovery.

Voluntary physical exercise
Male C57Bl6/] mice (P21 and P84) were allowed voluntary access to a
running wheel for 72 h, connected to a digital counting device. The
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rotations were documented for each individual animal and used for cal-
culation of the average distance run. C57Bl6/] mice that obtained the
tracer injection but no access to a running wheel were used as sedentary
controls.

Preparation of tissue for immunostaining

Mice were deeply anesthetized with 120 mg/kg ketamine hydrochloride
and 16 mg/kg xylazine hydrochloride in 0.4-0.6 ml 1x PBS and transcar-
dially perfused through the left ventricle. Blood vessels were flushed with
1x PBS, 0.4% heparin for 2-3 min. Fixative perfusion was performed
with 2%-4% PFA, pH 6.0, in PB for ~8 min. Subsequently, brains were
removed from the skull and allowed for postfixation in 2%-4% PFA at 4°
C for 0.5-2 h. Brains were then washed in 1x PBS and embedded in 6%
agarose; 20-40 pm free-floating, coronal brain sections were obtained
using a Vibratome VT1000S (RRID:SCR_016495; Leica Microsystems)
and stored in Cryoprotection Anti-Freeze Buffer (1x PBS, glycerol, eth-
ylene glycol) at —20°C.

Antibodies for immunostaining

BDNF was detected using different mouse monoclonal anti-BDNF anti-
bodies directed against the mature form of BDNF: mAb#9 (RRID:AB_
2617199) (Kolbeck et al, 1999), mAb#3B2 (Icosagen #329-100),
mAb#3C11 (Icosagen #327-100) and mAb#4C8 (Icosagen #328-100).
BDNF-Myc was visualized with rabbit polyclonal (Abcam, Ab9106,
RRID:AB_307014; Santa Cruz Biotechnology, SC789, RRID:AB_
631274) or goat polyclonal (Abcam, 9132, RRID:AB_307033) anti c-Myc
antibodies. ProBDNF was visualized with a rabbit polyclonal antiserum
against the prodomain of human pro-BDNF (Alomone Labs, #ANT-
006, RRID:AB_2039758) (Dieni et al., 2012). Presynaptic corticostriatal
terminals were labeled with rabbit polyclonal antibodies against vesicular
glutamate transporter 1 (VGIuT1) (Synaptic Systems, #135302, RRID:
AB_887877). Nigrostriatal projections were identified with a chicken
polyclonal antibody against TH (Millipore, #AB9702, RRID:AB_
570923). Cortical neurons were stained with the following antibodies:
layer II/III, rabbit anti-CDP (Cux-1; Santa Cruz Biotechnology,
SC13024, RRID:AB_2261231) and layer V/VI, rat anti-CTIP-2 (Abcam,
Ab18465, RRID:AB_2064130).

The following secondary antibodies were used: donkey anti-mouse
DyLight549 (Jackson ImmunoResearch Laboratories; 715-505-150), don-
key anti-mouse DyLight550 (Thermo Fisher Scientific; #SA5-10167,
RRID:AB_2556747), donkey anti-rabbit Alexa488 (Jackson Immuno-
Research Laboratories; 711-545-152, RRID:AB_2313584), Cy3 (Jackson
ImmunoResearch Laboratories; 711-165-152, RRID:AB_2307443), Alexa647
(Jackson ImmunoResearch Laboratories; 711-605-152, RRID:AB_2492288),
DyLight649 (Jackson ImmunoResearch Laboratories; 711-495-152,
RRID:AB_2315775), donkey anti-goat Cy2 (Jackson Immuno-
Research Laboratories; 705-225-003, RRID:AB_2340420), Alexa488
(Jackson ImmunoResearch Laboratories; 705-545-147, RRID:AB_2336933),
Alexa647 (Jackson ImmunoResearch Laboratories; 705-605-003, RRID:AB_
2340436), donkey anti-chicken Alexa488 (Jackson ImmunoResearch
Laboratories; 703-545-155, RRID:AB_2340375), Alexa647 (Jackson
ImmunoResearch Laboratories; 703-605-155, RRID:AB_2340379),
and donkey anti rat Dylight405 (Jackson ImmunoResearch Laboratories;
712-475-153, RRID:AB_2340681).

Immunohistochemistry

Free-floating vibratome sections were washed in 1x PBS. Blocking and
permeabilization were performed as one step using 1x PBS, 0.3% Triton
X-100, 0.1% Tween 20, and 10% normal donkey serum for 2 h. Primary
antibodies were diluted in permeabilization and blocking buffer and
incubated at a final concentration between 0.5 and 1.0 pg/ml in the pres-
ence of 0.01% NaNj; on a shaker at 4°C for 72 h. Afterwards, the slices
were washed in 1x PBS, 0.1% Triton X-100, 0.3% Tween 20. Secondary
antibodies were diluted in permeabilization and blocking buffer at a final
concentration of 0.625 ug/ml. After secondary antibody incubation, the
brain slices were extensively washed with 1x PBS, 0.1% Triton X-100,
0.3% Tween 20. Nuclei were stained with 0.4 ug/ml DAPI. After DAPI
incubation, sections were washed twice in 1x PBS before they were
rinsed in dH,O and finally mounted on SuperfrostPlus glass slides (25 x
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75 x 1.0 mm, Thermo Fisher Scientific; #]1800AMNZ) using MERCK-
FluorSave reagent (Merck; #345789-20ML).

Confocal microscopy

Coronal brain slices were analyzed with an Olympus FluoView 1000
confocal laser microscope equipped with the following objectives: 10
(NA: 0.25), 20x (NA: 0.75), 40x (oil differential interference contrast,
NA: 1.30), or 60x (oil differential interference contrast, NA: 1.35).
Images were obtained with the corresponding Olympus FV10-ASW
(RRID:SCR_014215) imaging software for visualization and image ac-
quisition in a single-channel scan mode as z stacks, using 405, 473, 559,
and 633 nm lasers. The resulting images (Olympus .oib format) were
processed using Image] (RRID:SCR_003070) and projected as either
maximum or average intensity (indicated in the figure legends for all
images shown in this study). Superresolution images were obtained with
an Elyra S.1 structural illumination microscopic (SIM) setup (Carl Zeiss)
and ZEN 2.1 SP-1 image acquisition software (Carl Zeiss). Brightness
and contrast were adapted, as indicated in Table 1. The 7y correction was
not changed in any case. Finally, the data were transferred into tif for-
mat, arranged with Adobe Illustrator software (RRID:SCR_010279), and
saved as 300 dpi png and tif files.

BDNF Western blot analysis

Mice were killed with CO,, and body weight was measured before ani-
mals were decapitated. The brains were prepared and transferred to ei-
ther ice-cold 1x PBS or 1x HBSS. Anterior cortex, posterior cortex,
hippocampus, striatum, and cerebellum of P21 C57BIl6/] sedentary and
wheel-runner (72 h) or NFL-Cre BDN. % mice were dissected and im-
mediately frozen in liquid N,. Tissue was lysed in 0.05 M sodium acetate,
1 M NaCl, 0.1% Triton X-100, pH 4.0, containing protease inhibitor
(Roche Diagnostics, #11697498001 or #11836153001). A Hielscher
sonifyer was used for tissue lysis. Samples were then subjected to 80 min
centrifugation at 20,000 x g (4°C), and supernatants were collected.
Protein content was measured using a Pierce Protein Research BCA kit
(Thermo Fisher Scientific, #23225). Either 30 or 40 ug of protein was
diluted in 4x Laemmli buffer and boiled at 99°C for 5 min before being
applied to 18% PAA gels. Gel electrophoresis was performed at constant
U=120 V for 120-140 min before blotting on PVDF membrane at
U=120 V, I=0.40 A, P=50 W for 40 min. PVDF membranes were
blocked with 1x TBST, 7% BSA (fraction V, Applichem, #A1391,0100).
BDNF was detected using mouse mAb 3C11 (Icosagen, #327-100) and
horse anti-mouse HRP-linked secondary antibody (Cell Signaling
Technology, #7076, RRID:AB_330924). BDNF was detected using ECL
Western blotting Detection kit (Millipore, Immobilon Western HRP
Substrate Luminol Reagent #WBKLS0500). After detection of BDNF,
HRP was inactivated by washing 15min in 1x TBST, 0,1% NaNj, fol-
lowed by extensive rinsing in 1x TBST. Mouse mAb anti-cytochrome C
(HRP-linked; Santa Cruz Biotechnology, A-8 #sc-13156, RRID:AB_
627385) was diluted in 1x TBST and incubated at 4°C overnight. CytC
was detected with Pierce ECL Western blotting substrate (Thermo
Fisher Scientific, #32106).

Preparation of tissue for BDNF ELISA

Mice were killed with CO,, and body weight was measured before ani-
mals were decapitated. The brains were prepared and transferred to ei-
ther ice-cold 1x PBS or 1x HBSS and cortex, hippocampus, striatum,
and cerebellum, as well as the brainstem with midbrain were dissected
and collected in 2.0 ml Eppendorf tubes. The samples were then imme-
diately frozen in liquid nitrogen and stored at —80°C. Tissue extraction
was performed according to the BDNF Western blot procedure.
Supernatants containing the protein fraction were collected in 2.0 ml
Eppendorf tubes. BDNF immunoassay was performed according to the
original protocol published previously (Kolbeck et al., 1999; Rauskolb et
al,, 2010). Samples for the BDNF standard curve contained recombinant
BDNF at concentrations of 0.0, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 ng/ml.
All samples and samples for standard curve were applied as duplicates of
50 ul volume to the pretreated ELISA plate. Peroxidase-coupled anti-
BDNF antibodies were detected using peroxidase substrate (ELISA sub-
strate, Roche Diagnostics). Chemoluminescence was detected with an
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ELISA reader (Inifinite M200 Pro, TECAN). The background lumines-
cence (0.0 ng BDNF) was subtracted as background noise from lumines-
cence values of all tissue extracts. Relative BDNF levels in tissue extracts
from P10, P14, P20, P84, or P21 WT versus NFL-Cre"""$/BDNF"*?
mice were determined as percent of the mean hippocampal lumines-
cence value in P20 or P21 mice, according to the corresponding experi-
mental setup. Microsoft Excel and GraphPad Prism 6.0 software (RRID:
SCR_002798) was used for calculation and visualization.

Laser micro-dissection (LMD)

Freshly dissected anterior cortex prepared from P21 C57/Bl6 sedentary
and wheel runner (72 h) or NFL-Cre BDNF* mice was embedded in
Tissue-Tek O.C.T. Compound (Science Services, SA62550-01) and fro-
zen in liquid nitrogen; 20 pm coronal brain sections were prepared with
a Leica Kryostat (Leica Microsystems, CM1950, RRID:SCR_018061),
mounted on polyethylene naphthalate object slides, fixed in RNase free
75% EtOH for 3 min, and dried at 40°C for 10 min. These sections were
quickly stained with 0.02% Toluidine blue to visualize brain structures.
Cortical layers II/III and V were dissected at 5x magnification using a
Leica Microsystems DM6000B LMD setup equipped with a Leica
CTR6500 laser. Tissue was collected in 0.2 ml RNase free safe lock PCR
tubes and processed immediately for RNA purification.

RNA purification and qRT-PCR

RNA purification was performed using the Arcturus PicoPure RNA
Isolation Kit (#KIT0202, KIT0204), including digestion of genomic
DNA using a RNase free DNase set (QIAGEN, #79254). RNA concen-
tration was measured with a Nanodrop Spectrophotometer (Peglab;
ND-1000, RRID:SCR_016517); 20 ng purified RNA was used for reverse
transcriptase-mediated ¢cDNA synthesis, using the Thermo Fisher
Scientific First Strand cDNA Synthesis Kit (#K1612). cDNA was diluted
1:5 in RNase free H,0, and 2 ul cDNA was used for qRT-PCR using a
Roche Diagnostics LightCycler 96 with the following primers against total
BDNF (forward: 5-AAATTACCTGGATGCCGCAAAC-3’; reverse: 5-
CGCTGTGACCCACTCGCTAA-3’) and mouse GAPDH (forward: 5-
GCAAATTCAACGGCACA-3; reverse: 5-CACCAGTAGACTCCACG
AC-3’). Results were exported to Microsoft Excel and analyzed with
GraphPad Prism 6.0 for statistical analysis. BDNF values were normalized
to GAPDH, and BDNF mRNA levels were calculated in percent of mean
BDNF mRNA levels in P21 sedentary mice.

Quantification of BDNF expression in cortex and striatum

BDNF expression in cortical neurons. Analysis was performed non-
blinded and manually by the experimenter. BDNF-positive cells were
counted in each image of a stack of 10-13 images and investigated for
overlap with layer-specific markers (Cux-1, CTIP-2) or fluorescent tracer
beads. Forty to 65 images from at least 5 animals per condition were
examined in at least three independent IHC approaches. As an unbiased
control of the manually scored results, all images were automatically an-
alyzed using the 3D object counter tool in Image] with a defined thresh-
old. The threshold was set 25% higher than the mean intensity of the
maximum intensity projection for each image. However, this tool pro-
duced false-positive results in P84 animals (see Extended Data Fig. 4-4
and Fig. 4-8) because of lipofuscin granules or when blood vessels exhib-
ited autofluorescence. In order to validate the experimenter’s manual
analysis and to assess interrater reliability, 4 independent blinded experts
counted BDNF-positive cells. A first round with three randomly chosen
samples served as test for counting. Three different randomly chosen
samples per condition were counted in a second round and used for the
analysis. Interrater reliability was calculated with correlation analysis,
using GraphPad Prism software. Pearson’s correlation coefficient R was
0.9475 for layer II/III datasets, 0.9479 for layer V data, and 0.7468 for
layer VI data. For BDNF-IR measurement, two images of a stack that
did not show the same cells were chosen accordingly to all compared
images and a total of maximum 10 BDNF-positive cells per image were
measured, using a quadratic ROI of defined size. To obtain the BDNF-
IR per cell the mean IR of 5 BDNF-negative cells (using the same ROI)
was subtracted from each BDNF-positive cell. Negative values for
BDNEF-IR intensity were excluded from the quantification.
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Detection and quantification of BDNF in mouse hippocampus with different monoclonal antibodies. A, BONF-IR using mAb#9 antibody in P21 WT (57Bl6/J hippocampus. CTIP-2 expres-

sion highlights granule cells in the dentate gyrus and pyramidal projection neurons in comu ammonis (CA) 1-3. B, BDNF-IR in hippocampal mossy fiber projections of 8 week male WT (57Bl6/) ver-
sus NFL-Cre BDNF” hippocampus, using mAb#9. €, Specificity of 4 independent BDNF antibodies in CA3 mossy fiber terminals of WT C57BI6/) (left column) and NFL-Cre BDNF™*® (right column).
(lone 3C11 failed to detect endogenous BDNF. 3B2 produced high background in BDNF depleted hippocampal sections. The signal-to-noise ratio appeared best with mAb#9 and also with 4(8, which
showed intense BDNF-IR. D, Double staining of BDNF and Myc in hippocampus of 8 week male BONF-myc mice. Myc was costained with two independent polyclonal myc antibodies (Abcam,
AB9106; Santa Cruz Biotechnology, SC789). E, BDNF protein levels in different CNS mouse brain areas, as determined by Western blot (top) with the 3C11 antibody and ELISA (bottom) using mAb#9
and mAB#1. P21 male WT (57BI6/) (white bars) mice were compared with male NFL-Cre BDN " mice (black bars) with bdnf gene recombination in most pyramidal neurons. Data are mean =+
SEM. Hip, Hippocampus; CTX, anterior cortex; STR, striatum; Cereb, cerebellum (n =3 for WT Hip, n =5 for CTX, Cereb, STR, n=2 for NFL (re BONFk Hip, CTX, STR, Cereb). Raw data are provided
in Extended Data Figure 1-1 and Table 2. Image type: A, 2D merged single-plane image; B, D, maximum intensity projection; C, average intensity projection. Scale bars: B, D, 200 pm; €, 100 pum.

BDNF presence in VGIuT1 or TH presynaptic terminals in the stria-
tum. For quantification, a total of four confocal and 11 SIM images,
obtained from the same animal, were analyzed. The total number of
VGIuT1 or TH presynaptic structures was counted manually, and the
percentage of VGIuT1/BDNF or TH/BDNF double-positive structures
was calculated for each individual image. As a control, ImageJ was used
to calculate the Costes p value (Costes et al., 2004) as an unbiased mea-
sure for true colocalization. Alternatively, four independent confocal
images were analyzed automatically for Costes p value and Pearson’s R
value (no threshold) as a measure for the amount of colocalization
between BDNF and either VGIuT1 or TH.

Statistical analysis

The number of experiments was designed at the planning stage, based
on numbers of independent experiments that are commonly used for
these types of experiments in this research field. All datasets from the
quantification of cortical BDNF expression were analyzed for normality
by Shapiro-Wilk test. Afterward, t test was performed between pairs
(normal distribution) or for more than two groups one-way/two-way
ANOVA and Tukey multiple comparison test (normal distribution), or
Kruskal-Wallis, Mann-Whitney, or Friedman test (no normal distribu-
tion) was performed, using GraphPad Prism software. Correlation analy-
sis for interrater reliability was performed with correlation or linear
regression analysis using GraphPad Prism software. The type of statisti-
cal test is indicated in each figure.

Behavioral analysis

Open Field test. Individual mice were placed in the middle of a white
polyvinyl chloride box (48 x 48 x 50 cm) evenly illuminated with 40-45
lux. The floor of the box was divided into different fields of interest to
monitor the abode of individual mice. A webcam (Logitech) was posi-
tioned above the box to monitor the track of mice for 10 min. Tracks

were recorded, analyzed, and exported as Excel files, using Video Mot
Software (TSE). The following parameters were measured and compared
between the center of the arena (24 x 24 cm) and the periphery: total
distance traveled over time, time spent in the center, and distance trav-
eled in the center. Final statistical analysis was performed using
GraphPad Prism software.

Rotarod test. A programmable, digital rotarod machine (Ugo Basile)
with timers and falling sensors was used to test individual mice. Before the
training sessions, mice were allowed to habituate to stay on the rod for
1 min every day. The initial speed, used for habituation, was set to 10 rpm.
Once started, the speed was increased to 40 rpm within 15 s, followed by a
decrease back to 10 rpm, again within 15 s. Afterward, the rod stopped
and inverted its rotation direction, followed by another sequence of accel-
eration, deceleration, and inversion of the rotation direction. The test was
stopped either when individual mice fell off the rod or after a maximum
of 100 s. Accelerated, rocking rotarod was performed on 4 subsequent
days. For all tests, the latency to fall off the rod was measured in seconds.
Two sets of BDNF WT and NFL-Cre BDNF""" mice were tested. The first
set was exclusively male mice at an age of ~8 weeks; the second set con-
sisted of 4 females and 1 male mouse each, for both groups at an age of
~34 weeks.

Y-Maze test. The Y-Maze test consisted of a Y-shaped polyvinyl chlo-
ride box of 14 cm height and with three individual arms of 35 cm length
that can be separated from each other by insertion of removable doors.
A webcam (Logitech) was positioned above the box to monitor the track
of mice. For calculations, the Y-Maze was subdivided into four regions:
(1) start-arm (A), (2) selectable arm (B), (3) selectable arm (C), and (4)
center. Spontaneous alternation and spatial reference memory were
monitored using an adapted protocol of Kraeuter et al. (2019). Mice at
an age of 8-10 months were allowed to enter the Y-Maze with all arms
open during an initial “reference run” for 8 min. Spontaneous alterna-
tions and arm entries were documented, and the percentage of spontane-
ous alternations was calculated using the following formula:
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Alterations in brain BDNF levels during postnatal development. A, Sandwich ELISA analysis of relative BDNF protein levels (% of P20 hippocampus) shows a progressive increase of

BDNF levels in all analyzed brain areas during the first 3 postnatal weeks. Anterior and posterior cortex shows the relatively highest increase in BONF expression. Between P20 and P84, BDNF
levels are downregulated in cortical and subcortical areas. B, BDNF-IR in hippocampal CA3 area of P21 (rows 1, 2) and P84 (rows 3, 4) mice. Single BDNF-expressing neurons are detected within
the pyramidal cell layer in CA3 as well as in mossy fiber terminals at both ages. Voluntary physical activity in a running wheel leads to an increase in hippocampal BDNF-IR, which is more pro-
nounced in 12-week-old animals compared with 3-week-old animals. Statistical analysis: A, One-way ANOVA, Tukey multiple comparison post-test (anterior (TX: F3.6) = 36.18, p << 0.0001,
ANOVA; posterior CTX: Fi3.6=49.02, p << 0.0001, ANOVA; striatum: F(3 g = 34.92, p << 0.0001, ANOVA; hippocampus: F3 )= 78.51; p << 0.0001, ANOVA). Data are presented as mean with
SEM. n, number of independent animals. Raw data are provided in Extended Data Figure 2-1 and Table 2. Image type: B, maximum intensity projection. Scale bar: Hippocampus (CA3), 50 pim;

(A3 (Detail), 25 pm. *p << 0.05; **p < 0.01; ***p < 0.001; ****p < 0,0001.

% Alternation = Number of Alternations/

(Total number of arm entries — 2)

For spatial reference memory training, mice completed a total of four
training runs of 5 min duration with a 1 h intertrial interval on 2 consec-
utive days. During the training sessions, one arm (B or C) was closed.
The final training session was followed by a 1 h intertrial interval and a
5min, monitored test-run, with all arms open. The time spent in,

distance traveled in, and entries into arm B and C were calculated as per-
cent of total time, distance, or arm entries, for each minute of the 5 min
test-run. Afterward, the values for time, distance, and arm entries of the
initial “reference run” were subtracted from the test run values to calcu-
late a preferred selection of one arm after the training sessions.

Ladder rung walking task. The ladder rung walking test was adapted
from previous studies (Metz and Whishaw, 2002, 2009; Farr et al., 2006).
The apparatus consisted of 0.7 m sidewalls made of acrylic glass. Metal
rungs (1-2 mm diameter) were inserted to create a grid with a minimum
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Tracing of corticostriatal projections. A, P21 mouse somatosensory cortex showing BDNF-IR in layers II/Ill, V, and VI. B, Representative coronal brain sections stained with DAPI.

Images represent corticostriatal projections from prefrontal motor cortex (orange, boxed area represents the region depicted in D) to the dorsolateral striatum (green). €, Coronal brain section
showing the injection site for fluorescent latex beads in the striatum. D, IHC staining of ipsilateral motor cortex (box in B), which corresponds to the region of highest tracer accumulation
within corticostriatal projection neurons. Cux-1 and CTIP-2 label layers II/Ill and layers V/VI, respectively. Traced neurons were identified in layers II/lll (top right) and upper layer V (bottom
right). E, BDNF-IR in traced, Cux-1-positive neurons in layer II/lll dorsal frontal cortex (top row, white arrow) and CTIP-2-positive neurons in layer V (bottom row, white arrow; see also
Extended Data Fig. 3-1C,D; for statistics, see Extended Data Figures 4-1, 5-1). Not all BDNF-positive neurons contained retrograde tracer beads (yellow arrow). Raw data are provided in Table 2.
Image type: A—C, 2D merged single-plane images; D, E, maximum intensity projection. Scale bars: D, Overview, 150 pum; Detail, 50 um; E, Overview, 50 pum; Detail, 10 pm.

distance of 0.5cm between rungs. The ladder was placed 20 cm above
the ground with the home cage at the end. Three-month-old mice were
placed on the opposite side to enter the rung. To prevent the animal
from turning around, the width of the alley was 2.8 cm. For the irregular
pattern, the distance of the rungs varied systematically from 0.5 to 4 cm.
Two templates of irregular rung patterns were used on 2 subsequent
days using one pattern per day. For video recording, a camera was posi-
tioned in an ~30° angle below the rung enabling to monitor all four
limbs. Data were analyzed manually, using a 7 category foot fault scoring
according to Metz and Whishaw (2002).

Results

Characterization of monoclonal antibodies for
quantification and immunodetection of BDNF in postnatal
mouse brain

BDNF detection is technically challenging because of the low lev-
els of this protein in many brain regions. Relatively highest levels
are found in the hippocampus (Ernfors et al., 1990a,b; Hofer et

al., 1990; Phillips et al., 1990; Wetmore et al., 1990; Conner et al.,
1997; Yan et al,, 1997). Using polyclonal antisera, prominent
BDNF immunoreactivity is detectable in mossy fiber terminals
(Conner et al, 1997; Yan et al, 1997; Zhang et al, 2016).
Development of new monoclonal antibodies allowed detection
of BDNF in presynaptic terminals of hippocampal mossy fibers
and CA3 pyramidal cells (Dieni et al., 2012). In order to optimize
detection techniques for BDNF in corticostriatal projection neu-
rons, we first compared different BDNF monoclonal antibodies
in sections of mouse hippocampus. As a control for specificity of
the staining, conditional BDNF KO mice lacking BDNF mainly
in pyramidal neurons through NFL-Cre-mediated recombina-
tion (Schweizer et al., 2002) of one allele and full KO of the other
allele were used. BDNF immunoreactivity was first determined
in hippocampal sections of P21 (Fig. 1A) and P56 mice (Fig. 1B).
Confirming previous studies (Conner et al., 1997; Dieni et al,
2012), we found strong BDNF-IR in mossy fiber terminals (Fig.
1A,B) using the BDNF mAb#9 antibody (Kolbeck et al., 1999).
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Figure 4.  Physical activity increases BDNF expression in layers II/lll of the motor cortex. A, BDNF-IR in layers I/lll motor cortex
(left column in A) shows same image as depicted in Figure 3. P21 sedentary mice (column 1 from left) and runners (column
2); P84 sedentary (column 3) and runners (column 4; see also Extended Data Fig. 4-1). Number of retrogradely traced cortical
neurons is shown in Extended Data Figure 4-2. B, Density of BDNF-IR-positive cells in layers II/lll dorsal frontal cortex (see also
Extended Data Figs. 4-1, 4-34). P84 CTR mice show less BDNF-expressing neurons compared with P21 CTR animals. Physical ac-
tivity leads to a significant increase in the number of BDNF-IR-positive cells at both ages (see Extended Data Figs. 4-1, 4-44-().
C, BDNF-IR in traced corticostriatal neurons reveals a significant increase in the number of BDNF-positive neurons after physical
activity (see Extended Data Fig. 4-1). D, Intensity of BDNF-IR per cell is decreased in layers II/lll of P84 compared with P21 mice.
Physical activity leads to a significant increase in BDNF-IR per cell at both ages compared with sedentary controls. E, The number
of Cux-1-positive, layer II/lll neurons and the number of traced neurons (see Extended Data Fig. 4-24) are not affected by age or
physical activity. Statistical analysis: one-way ANOVA, Tukey multiple comparison post-test (B: F3 55 =19.21, p << 0.0001,
ANOVA; C: Fi316=16.67, p < 0.0001, ANOVA; D: Fi3 37 =15.86, p << 0.0001, ANOVA; E: f(36)=3.290, p=0.0351, ANOVA).
Data are presented as box and whiskers (Tukey). +, Mean. Vertical line indicates median. Black dots indicate outliers. n, number
indicated below. Raw data are provided in Extended Data Figure 4-5 and Table 2. Image type: A, maximum intensity projection.
Scale bars: A, 50 pum, Detail, 15 pm. *p << 0.05; **p << 0.01; ***p < 0.001; ****p < 0.0001.

We then tested additional monoclonal antibodies (clones #4C8,
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control for the sensitivity of our BDNF
staining protocol, we used BDNF-myc
mice (Matsumoto et al., 2008) and com-
pared BDNF and Myc-IR in the hippocam-
pus. The distribution of the Myc-IR from
two independent antibodies and the BDNF
signal were virtually identical (Fig. 1D).
This result confirms the specificity and
high sensitivity of our IHC protocol for
the detection of endogenous BDNF pro-
tein. The staining with mAb#9 and #4C8
was strongly reduced in NFL-Cre"/
BDNF" ® hippocampus, correlating with
strong reduction of BDNF levels deter-
mined by Western blot and ELISA (Fig.
1E) (Kolbeck et al., 1999; Rauskolb et al.,
2010).

BDNEF levels peak in the cerebral cortex
of 3-week-old mice

BDNF levels increase during the first 3
weeks of postnatal development (Kolbeck
et al.,, 1999; Gorski et al., 2003; Rauskolb et
al., 2010). This increase in BDNF levels
during the first 3 postnatal weeks was not
only observed in striatum and hippocam-
pus but in particular in anterior and poste-
rior cortex (Fig. 2A). We also measured
BDNEF levels in 12-week-old (P84) mice
and found that BDNF levels were signifi-
cantly lower, by a factor of ~2-3 in hippo-
campus and striatum, and a factor of 4-5
in anterior and posterior cortex (Fig. 2A).
This drop in BDNF protein levels was also
reflected by the reduction of BDNF-IR
between P21 and P84 hippocampus (Fig.
2B, columns 1, 2 from left).

Physical exercise has been reported to
stimulate BDNF expression in the CNS of
adult rodents (Neeper et al., 1995, 1996;
Griesbach et al,, 2004; Rasmussen et al.,
2009). Exercising in a running wheel for
72 h resulted in a marked increase in hip-
pocampal BDNE-IR, especially in P84
mice (Fig. 2B, lanes 3, 4).

Layer II-III and V corticostriatal
neurons express BDNF

Recently, it has been shown that BDNF in
motor cortex plays a role in motor learn-
ing (Chen et al., 2019). The motor cortex
itself densely innervates the dorsolateral
striatum, which is involved in movement
control (West et al.,, 1990). We therefore
investigated the types of neurons that

#3C11, #3B2) (Zunino et al,, 2016) against BDNF on WT and
NFL-Cre"”®/BDNF"X© hippocampus (Fig. 1C). Comparing
these antibodies, a strong and highly specific signal was detected
with #4C8. Under the same conditions, #3C11 did not show any
specific signal, and #3B2 produced relatively high background
staining, evident on NFL-Cre""$/BDNF"*°-derived hippocam-
pus, which was used as a negative control. As an additional

express BDNF in these corticostriatal afferents in the third post-
natal week when mice acquire adult-like motor skills. Broad
expression of BDNF among cortical neurons was reported for rat
parietal cortex, showing BDNF-positive pyramidal neurons in
layers II/II1, V, and VI (Conner et al., 1997). Testing the same
cortical area in 3-week-old mice, we found expression of BDNF
in the same layers, with highest levels in pyramidal neurons in
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layers V and VI (Fig. 3A) (Conner et al.,
1997; Yan et al., 1997). In the motor cor-
tex, corticostriatal projection neurons
originate from both layers II/IIT and V
(West et al., 1990). These neurons project
to the dorsolateral striatum (Fig. 3B). In
order to identify these projection neu-
rons from motor cortex, we used fluores-
cent retrograde tracers that were injected
into the dorsolateral part of the striatum
(Fig. 3C). Traced neurons were enriched
in the motor cortex in layers II/III. These
neurons also expressed Cux-1 (Fig. 3D,
E), a marker for glutamatergic projection
neurons in upper cortical layers (Nieto et
al., 2004; Ferrere et al., 2006; Molyneaux
et al, 2007). We also detected labeled
cells in layer V, which were positive for
CTIP-2 (Arlotta et al., 2005; Molyneaux
et al., 2007; Jabaudon, 2017) (Fig. 3D,E).
BDNF-IR was found in the somata of
individual traced neurons under seden-
tary conditions in both layers (Fig. 3E,
white arrows). BDNF expression was
only found in a subpopulation of CTIP-
2- and Cux-1-positive neurons and only
in a subfraction of retrogradely labeled
neurons that project to the dorsal stria-
tum (see Extended Data Figs. 4-1, 5-1).
This indicates that not all neurons from
motor cortex that project to the dorsolat-
eral striatum express BDNF at the same
time and that BDNF expression in these
neurons could be transiently upregulated
in an activity-dependent manner.

BDNF was only detected in a sub-
population (8.5%) of Cux-1-positive
neurons in layer II/IIT and a subpopu-
lation of CTIP-2-positive (9.9%) neu-
rons in layer V (Fig. 3E; see Extended
Data Figs. 3-1C,D, 4-1, 5-1). Quanti-
fication of BDNF-positive neurons
within the group of retrogradely traced
corticostriatal afferents revealed that
the relative number of traced layer V
neurons that also expressed BDNF
(27.6%) at P21 (see Extended Data Fig.
5-1) was higher than in layer II/III
(13.6%) (see Extended Data Fig. 4-1).
At P84, the relative proportion of
BDNEF-positive projection neurons was
lower in both layers (7.9% in layer II/
II1, 13.1% in layer V). This downregula-
tion suggests that BDNF expression is
highest in corticostriatal motor net-

works in the third postnatal week when mice learn adult-spe-

cific motor patterns.
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Figure 5.  Physical activity leads to minor changes in BDNF expression in layer V motor cortex. A, BDNF-IR in layer V motor
cortex. P21 sedentary mice (column 1 from left) and runners (column 2; see also Extended Data Fig. 4-3B); P84 sedentary (col-
umn 3) and runners (column 4). B, Density of BDNF-IR-positive cells in layer V dorsal frontal cortex (see also Extended Data
Figs. 4-4A,8,D, 5-1). P84 CTR mice show less BDNF-expressing neurons compared with P21 CTR animals. At P21, significant dif-
ferences were only observed when high numbers of sections were analyzed (n = 45), whereas no significant increase was
observed in the P84 group. C, BDNF-IR in traced corticostriatal neurons reveals a significant increase in the number of BDNF-
expressing neurons after physical activity only in the P84 group (see Extended Data Fig. 5-1). D, Physical activity leads to a sig-
nificant increase in the intensity of BDNF-IR per cell at P84, but not at P21, compared with sedentary controls. E, The number
of CTIP-2-positive, layer V neurons and the number of traced neurons (see Extended Data Fig. 4-2B) are not affected by age or
physical activity. Statistical analysis: one-way ANOVA, Tukey multiple comparison post-test (B: F3 5= 11.69, p << 0.0001,
ANOVA; C: F3 1= 11.01, p=0.0004, ANOVA; D: F3 31 =3.474, p=0.0277, ANOVA; E: Fi3 55 = 03743, p = 0.7722, ANOVA).
Data are presented as box and whiskers (Tukey). +, Mean. Vertical line indicates median. Black dots indicate outliers. n, num-
ber indicated below. Raw data are provided in Extended Data Figure 5-2 and Table 2. Image type: A, maximum intensity pro-
jection. Scale bars: A, 50 um, Detail, 15 pm. *p << 0.05.

cortex, we used an established rabbit polyclonal antiserum
against the BDNF prodomain (see Extended Data Fig. 3-1).
We observed pro-BDNF-IR in hippocampal mossy fiber pro-
jections and single pyramidal neurons in CA3 (see Extended

Mature BDNF and pro-BDNF are both present in cortical
projection neurons

The monoclonal mAb#9 antibody (Kolbeck et al., 1999) used
in this study detects both mature BDNF and pro-BDNF. For
specific detection of pro-BDNF in hippocampus and motor

Data Fig. 3-1A), as reported in previous studies using the
same pro-BDNF antiserum (Dieni et al., 2012). P28 NFL-Cre
BDNF"*_derived hippocampus revealed a significant reduc-
tion of IR for both the pro and mature isoform (see Extended
Data Fig. 3-1B).
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next tested whether BDNF expression
could be modulated by physical activity in
Cux-1- and CTIP-2-expressing layer II/II1
and V corticostriatal neurons. P21 and
P84 mice were allowed to exercise in a
running wheel for 72 h, and BDNF expres-
sion was then analyzed after this training
period compared with sedentary controls.
In both age groups, mice that exercised
showed a high increase in the number of
BDNF-positive neurons in layer II/III (Fig.
4A,B; see Extended Data Figs. 4-1, 4-3A,
4-4A-C). In the P21 group, running-wheel
exercise caused an increase in the overall
number of BDNF-positive cells by a factor
of 1.6 (Fig. 4B; see Extended Data Figs. 4-
1, 4-4A). In the fraction of traced neurons,
this increase was even 1.9-fold (Fig. 4C; see
Extended Data Fig. 4-1). Interestingly, the
adult group at P84 showed even higher
effects of physical exercise. We observed a
2.7-fold increase in the total number of
BDNF-positive neurons and a 3.5-fold
increase in the fraction of traced cortico-
striatal neurons in layer II/III (Fig. 4C; see
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Figure 6.

Extended Data Figure 6-1 and Table 2. Scale bars: 4, 50 pm, Detail, 15 pim.

In motor cortex layer II/III (see Extended Data Fig. 3-1C) and
layer V (see Extended Data Fig. 3-1D), pro-BDNF was expressed
together with mature BDNF in cell bodies of numerous projec-
tion neurons in both layers. However, the expression patterns for
mature and pro-BDNF did not fully overlap. Mature BDNF-IR
was also detected as a punctuate staining pattern outside of cell
bodies, most likely representing afferents in P21 WT cortex.
Such signals were much less apparent with the pro-BDNF antise-
rum. The few stained structures outside cells were hardly distin-
guishable from background in control NFL-Cre BDNF"*-
derived motor cortex (see Extended Data Fig. 3-1C,D, right
column).

These results indicate that pro-BDNF and mature BDNF IR
are detectable in cell bodies of cortical BDNF-expressing neu-
rons. Nevertheless, the expression pattern of both isoforms
differs slightly in intensity and spatial distribution. Compared
with hippocampus, IR for mature BDNF appears stronger than
pro-BDNF in cortical neurons and also is clearly apparent in
neurites. However, our data do not allow conclusions about
potential functional aspects of pro-BDNF in cortiostriatal-
expressing neurons.

BDNF expression in motor cortex can be increased by
physical activity

Because cortical BDNF expression peaked around 3 weeks after
birth (Fig. 2A) when mice learn adult-specific motor patterns, we

BDNF expression in somatosensory cortex layer VI during postnatal development and after physical activity. A,
BDNF-IR in layer VI somatosensory cortex compared in sedentary and exercised animals at P21 (column 1, 2 from left in A)
and P84 (column 3, 4 in A). B, Relative number of BDNF-expressing cells per area in somatosensory cortex layer VI is not
changed by physical exercise in a running wheel at P21 or P84. C, Quantification of BDNF-IR intensity per cell reveals no sig-
nificant effect of age or physical activity. The number of CTIP-2-positive, layer VI neurons is not affected by age or physical
activity (see Extended Data Fig. 4-2€). Statistical analysis: one-way ANOVA, Tukey multiple comparison post-test (B:
F332=2.531, p=0.0746, ANOVA; C: F(324)=0.5629, p = 0.6447, ANOVA). Data are presented as box and whiskers (Tukey).
+, Mean. Vertical line indicates median. Black dots indicate outliers. n, number indicated below. Raw data are provided in

=i resulted in more BDNF-positive neurons
in layer II/IIT motor cortex of P84 runners
than in P21 sedentary mice (Fig. 4B; see
Extended Data Fig. 4-1). Similarly, we
observed an overall increase in BDNF-IR
intensity per cell after exercise in layer II/
III of P21 and P84 mice (Fig. 4D). Exercise
did not change the proportion of Cux-1-
positive neurons in layer II/III (Fig. 4E).

In layer V, exercise-induced BDNF up-
regulation was less pronounced but still
significant (Fig. 5A,B; see Extended Data
Figs. 4-3B, 4-4A,B,D, 5-1). Here we found a 1.5-fold increase in
the total number of BDNF-expressing neurons (Fig. 5B; see
Extended Data Figs. 4-4A, 5-1). This increase, however, was not
significant in the traced subpopulation at P21 (p = 0.0732; Fig.
5C; see Extended Data Fig. 5-1). Similarly, the number of BDNF-
positive neurons at P84 appeared increased by a factor of 1.9
(Fig. 5B; see Extended Data Fig. 5-1), but this increase was also
not significant (Fig. 5B; one-way ANOVA, p=0.1136). However,
in the subpopulation of neurons that were retrogradely traced,
the 2.2-fold increase in the number of BDNF-positive neurons
was significant (p =0.0197) (Fig. 5C; see Extended Data Fig. 5-1).
In contrast to layer II/III, we observed significant changes in the
BDNFEF-IR intensity only between sedentary and runners at P84,
but not P21 (Fig. 5D).

Quantification of CTIP-2-positive neurons in layer V also
revealed that the number of layer-specific neurons per se was not
altered by age or exercise (Fig. 5E). The mean number of traced
neurons was also not significantly different in both layers and
between the different groups, proving the reproducibility of
our surgical injections (see Extended Data Fig. 4-2A,B and
Fig. 4-6).

To confirm the specificity of BDNF detection in this semi-
quantitative IHC approach, we also determined the level of gene
recombination in these distinct cortical layers in NFL-Cre
BDNF"*® control mice. Therefore, BDNF-IR in P21 sedentary
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BDNF is enriched in glutamatergic corticostriatal presynaptic terminals. A, Confocal (top) and SIM (bottom) microscopic images showing BDNF-IR in the same section in glutamater-

gic (left) versus dopaminergic terminals (right) in the dorsal striatum. B, BDNF-IR is present in VGIuT1-positive terminals (magenta arrows). Single BDNF-IR signals overlap with TH (white
arrows). VGIuT1- and TH-positive terminals reside in direct regional proximity but do not overlap. C, Quantification of BDNF signals in VGIuT1-positive terminals and TH-positive terminals. True
colocalization between BDNF/VGIuT1 was confirmed by Costes p value (Costes p > 0.95) but not between BDNF/TH (Costes p << 0.95). D, Representative Western blots showing recombinant
BDNF (lanes 1, 2) versus endogenous BDNF derived from anterior cortex or striatum of P21 NFL-Cre BONF”*® mice (lane 3), P21 sedentary mice (lanes 4, 5), and P21 runners after 72 h voluntary
running-wheel exercise (lanes 6, 7); 30 g of protein lysate was loaded for each sample. BDNF levels were normalized to cytochrome C. Band intensities were determined from extracts of 9 in-
dependent mice and presented in % of P21 sedentary mice. Statistical analysis reveals significant increase in BDNF protein levels in both brain areas after running-wheel exercise. Statistical analy-
sis: unpaired ¢ test (anterior CTX: = 5,312, p << 0.0007; striatum: ¢ = 2,784, p = 0.0133). E, SIM images showing BDNF-IR in VGluT1-positive terminals in the dorsal striatum in sedentary mice (top
row) and after 72 h of voluntary running-wheel exercise (bottom row). Data are presented as box and whiskers (Tukey). +, Mean. Vertical line indicates median. Black dots indicate outliers. n, num-
ber indicated below. Raw data are provided in Extended Data Figure 7-1 and Table 2. Scale bars: 4, 2.5 um; B, 1.5 um; E, Overview, 2 pum; Detail, 1 pum. *p << 0.05; ****p << 0.0001.

was compared with runner and P28 NFL-Cre BDNF"** mice (see
Extended Data Fig. 4-3). As shown before, 72 h of voluntary run-
ning-wheel exercise increases BDNF-IR in both layers (see
Extended Data Fig. 4-3A,B, columns 1, 2). In contrast, BDNF
expression is drastically reduced in both cortical layers in
NFL-Cre BDNF"* mice (see Extended Data Fig. 4-3A,B, col-
umn 3). To determine how this reduction of BDNF IR in NFL-
Cre BDNF"** mice correlates on the mRNA level, we per-
formed LMD of layers II/III and V motor cortex and analyzed
BDNF gene expression by qRT-PCR (see Extended Data Fig.
4-3C and Fig. 4-7). We found that BDNF mRNA levels are
reduced by ~60% in layer II/III and ~80% in layer V. This
finding correlates with Western blot and ELISA analyses,
showing that BDNF protein levels are highly reduced in ante-
rior cortex of NFL-Cre BDNF”* mice compared with sedentary
WT controls (Fig. 1E; see Fig. 7D). Runner mice show a signifi-
cant increase in cortical BDNF levels (see Fig. 7D). This supports
our observations with IHC on BDNF induction in cortical
neurons after running-wheel exercise.

To validate the reliability of the quantified number of
BDNF-positive neurons among these conditions, we per-
formed an automatic calculation using the 3D object counter

tool in Image]J (see Extended Data Fig. 4-4A,B and Fig. 4-8).
This tool confirmed these observations, although higher
counts were obtained for P84-derived tissue (see Extended
Data Fig. 4-4B and Fig. 4-8). This could in part be due to
higher background caused by lipofuscin accumulation in this
age group. In addition, 4 independent blinded experts man-
ually counted a sample set of images. The interrater reliabil-
ity for layers II/III and V motor cortex revealed a high level
of correlation (see Extended Data Fig. 4-4C,D and Fig. 4-8).

These results demonstrate that BDNF can be reexpressed in
adult animals in layer II/III and only to a weaker extent in layer
V neurons of the motor cortex by physical activity when baseline
BDNF levels are low.

BDNEF expression in somatosensory cortex is not altered by
motor activity

To test whether this exercise-mediated effect on BDNF expres-
sion is specifically related to motor function, we investigated
BDNF expression in cortical areas that are not directly related to
motor activity. Previous studies have shown that BDNF mRNA
is also expressed at relatively high levels in somatosensory cortex
layer VI (Conner et al, 1997; Yan et al, 1997; Gorski et al,
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Figure 8.  Behavioral analysis of NFL-Cre BONF"™ mice. A, B, Open Field test: Quantification of distance traveled (A) or
time spent (B) in center (n, number indicated below). (, Y-Maze test: Quantification of spontaneous alternations between
WT and NFL-Cre BONF”™ mice during an 8 min run. D, E, Y-Maze test: Quantification of spatial reference memory by analysis
of distance traveled (D) and number of arm entries (E) into unknown versus known arm during the first minute after enter-
ing the maze (individual tracks depicted in Extended Data Fig. 8-1). F, G, Rotarod test with 8-week-old mice: Mean latency
spent on rod comparing BDNF wt with NFL-Cre BONF”*" mice (F). Mean latency spent on rod on individual days comparing
BDNF wt with NFL-Cre BONF”* mice (G). H, I, Rotarod test with 34-week-old mice. Mean latency spent on rod comparing
BDNF wt with NFL-Cre BDNF”™ mice (H). Mean latency spent on rod on individual days comparing BDNF wt with NFL-Cre
BDNF™ mice (/). n, number indicated below. Data are presented as box and whiskers (Tukey). +, Mean. Vertical line indi-
cates median. Black dots indicate outliers (A—F,H) or mean = SEM (G,J). Statistical analysis: A, B, unpaired t test (A:
t=0.1225, p=10.9055, unpaired t test; B: t =0.5981, p = 0.5663, unpaired t test). ¢, Mann—Whitney test (Mann—Whitney
U'=11.000, p=0.1454). D, E, Unpaired ¢ test (D: CTR t = 3559, p = 0.0026; NFL-Cre BONF"*" t = 2.873, p = 0.0207; E: CTR
t=2.718, p=0.0152; NFL-Cre BONF** t =2.111, p = 0.0678). F, H, Unpaired ¢ test (F: t=0.2778, p = 0.7863; H: 0.09904,
p=0.9235). G, Two-way ANOVA, Friedman test (non-normal data distribution) revealed no significant improvement in
rotarod test comparing day 1 with any of the following days within each group (Friedman statistic CTR: 5.957, p =0.1137;
NFL-Cre BDNF”" 1.696, p = 0.6798). One-way ANOVA, Kruskal-Wallis test revealed no difference between WT and NFL-Cre
BDNF™ mice on any of the days tested (Kruskal-Wallis statistic 1.592, p = 0.9790). I, One-way ANOVA, Tukey test (normal
data distribution WT F(3.2649.0s7)= 0.8161, p = 0.4861, ANOVA) or Friedman test (non-normal distribution NFL-Cre BDN| Vit
Friedman statistic: 1.938, p = 0.6255) revealed no significant improvement in rotarod test comparing day 1 with any of the
following days within each group. One-way ANOVA, Kruskal-Wallis test revealed no difference between WT and NFL-Cre
BDNF™® mice on any of the days tested (Kruskal-Wallis statistic 3.119, p=0.8738). Raw data are provided in Extended
Data Figure 8-2 and Table 2. n.s. not significant; *p << 0.05; **p << 0.01; ***p < 0.001.
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2003). We found a similar intense signal in
neurons within deep layer VI (Figs. 3A,
6A). These neurons send dense afferents
into the thalamus and are not involved in
control of motor function (Deschenes et
al., 1998; Llano and Sherman, 2008;
Thomson, 2010; McKenna et al, 2011;
Kim et al, 2014). Although slightly
reduced at P84, we did not observe signifi-
cant alterations in the number of BDNF-
expressing neurons between P21 and P84
(Fig. 6A,B). In addition, there was no dif-
ference in the number of BDNF-positive
neurons between sedentary and runner
mice: ACTR*PZI/RW*PZI = —0.93 (—227%),
Actrpsayrw-psa = —0.45 (—1.29%) (Fig-
6A,B). This finding was validated by auto-
matic analysis with ImageJ (see Extended
Data Fig. 4-4A,B and Fig. 4-8) and 4 fully
blinded experts (see Extended Data Fig. 4-
4E and Fig. 4-8). Furthermore, physical ac-
tivity in a running wheel had no effect on
the intensity of BDNF-IR within individ-
ual layer VI neurons (Fig. 6C). Similarly,
the number of layer-specific CTIP-2-posi-
tive neurons was not altered under any
condition (see Extended Data Fig. 4-2C
and Fig. 4-8) in this part of the somatosen-
sory cortex. This finding supports the idea
that BDNF is specifically upregulated in
corticostriatal neurons when mice learn
adult motor patterns or adapt to enhanced
motor activity in a running wheel.

BDNEF is enriched in corticostriatal
presynaptic terminals

We then sought to identify BDNF immu-
noreactivity in terminals of projecting neu-
rons within the striatum. Expression of
BDNF in corticostriatal projection neu-
rons also implies the presence of BDNF in
their afferent presynaptic terminals in the
striatum. However, striatal medium spiny
projection neurons receive BDNF-express-
ing afferents both from glutamatergic
cortical projection neurons and from do-
paminergic midbrain derived afferent
inputs (Baquet et al., 2005). For this rea-
son, we used costaining of VGluT1 and
TH to distinguish these different afferents.
High-resolution SIM allowed us to distin-
guish BDNF immunoreactivity in these
different types of afferents (Fig. 7A). We
found distinct BDNF-IR in VGluT1-posi-
tive terminals (Fig. 7B, magenta arrows).
Few single BDNF-IR punctae were also
observed in TH-positive fibers, but they
were less numerous and weaker in intensity
(Fig. 7B, white arrows). Quantification
revealed that ~50% of all VGluT1-positive
terminals contained BDNF, whereas only
few (14%) TH-positive terminals were
BDNEF-positive (Fig. 7C). This observation
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was confirmed by quantitative analysis of signal A B C
overlap using the Costes p value (Costes et al., Ladder Rung Day 1 - Individual runs Day 1 Learning effect
2004) revealing true colocalization between performance day 1 NFL.Cre
BDNF and VGIuT1 (Costes p > 0.95). This dis- 5.0 — 50 o TR == BONFfimt 10 _**
tribution was also observed by conventional o kx o 475 . =
confocal analysis (Fig. 7A). Unbiased automatic T 45 T 45 - T 997
analyses of these images revealed a colocalization g @ 2 45 S ?
of ~55% between BDNF and VGIuT1 and 13% @ o 0 1o 2
between BDNF and TH, by Pearson’s R value. g ? $ I € 054
These findings indicate that BDNF is present in 375
at least 50% of cortex-derived afferents and pre- 88— 35 £ B
synaptic terminals in the dorsolateral striatum. r=f n=6

We next tested whether the increase in D E F )
BDNF expression that we observed in corti- pe';ff,f,?,irn'(f:';gay 2 oay@leaming efrect
costriatal projection neurons after physical 50— 50 — T —
exercise is also reflected by increased BDNF * 475
protein levels in presynaptic terminals within ! El < 054
the striatum. For this reason, we performed o =35 % o = &
Western blot experiments using protein g g 4257 o 0 77T el
extracts from anterior cortex and striatum of § 407 § 407 ij,_o 5
P21 sedentary and runner mice and included = = 375 A
NFL-Cre BDNF"*-derived samples as nega- 35+—1—71— 35 — T T A0 +4—7—

tive control (Fig. 7D). Quantitative analyses n=6
of the band intensities from these Western
blots revealed a significant increase in BDNF
protein levels after 72 h of voluntary running-
wheel exercise by ~3-fold in anterior cortex
and 1.8-fold in striatum (Fig. 7D). Using IHC
and high-resolution SIM, we confirmed that
BDNF is predominantly present in single
VGluT1-positive presynaptic terminals in
P21 sedentary and runner mice (Fig. 7E).
However, quantification of BDNF-IR from
this IHC approach appears subpar and not
sufficiently reliable to determine an upregula-
tion of BDNF levels in individual terminals
because of variability of these weak BDNF-IR signals between
individual animals. (Fig. 7E).

Figure 9.

Motor learning is impaired in BDNF-deficient mice

The developmental regulation and upregulation of BDNEF
expression after physical exercise in motor cortex raise the hy-
pothesis that BDNF modulates motor function. Building on pre-
vious evidence for a specific role of the motor cortex in motor
skill learning (Kawai et al., 2015; Chen et al., 2019), we hypothe-
size that this function is mediated by BDNF. NFL-Cre mice were
chosen because the NFL promotor is predominantly active in
large cortical projection neurons (Schweizer et al., 2002). NFL-
Cre BDNF"*" mice in which only one BDNF allele is depleted
from principal neurons of the cerebral cortex present at a reduc-
tion of BDNF levels by ~50% (Korte et al., 1995). We did not
choose a model with >50% cortical BDNF reduction because
mice with complete postnatal depletion of BDNF from the nerv-
ous system develop anxiety-like behavior (Rauskolb et al., 2010),
hyperactivity, freezing, and a clasping phenotype (Baquet et al,,
2004; Strand et al., 2007; Rauskolb et al., 2010) that might other-
wise mask an effect on corticostriatal motor skill learning. To
exclude the possibility that cortical BDNF depletion via NFL-
Cre-mediated recombination has effects on spatial memory and
learning that also impact motor learning, we performed two dif-
ferent tests. We first used the Open Field test to investigate
whether a reduction of cortical BDNF levels by ~50% causes
increased anxiety alongside elevated motor activity. We found

n=6

Motor learning is impaired in mice with reduced BDNF in cortical pyramidal neurons. A, D, Mean score val-
ues of 3-month-old mice from 5 runs at days 1 and 2 on an irregular ladder rung walking task (unpaired ¢ test, A:
t=5.170, p = 0.0003; Mann—Whitney test, D: Mann—Whitney U 5.500, p = 0.0476). B, E, Mean score value of individual
runs in the irregular ladder rung walking task on day 1 and 2. Asterisks indicate significant difference in mean score
value between the individual run and the first run of the particular day of either CTR or NFL-Cre BONF”™ mice. Dashed
lines indicate mean score value of first run (data points indicated as mean == SEM). Two-way-ANOVA, Bonferroni's mul-
tiple comparison test: B: F4 44y = 1.769, p=0.1522; ANOVA, E: F(4 49)=4.515, p=0.0042; ANOVA. C, F, Learning effect
indicated as difference in score value between first and last run on the particular day (unpaired ¢ test, C: t=3.174,
p=0.0089, F: t =3.536, p = 0.0054). Data are presented as box and whiskers (Tukey). +, Mean. Vertical line indicates
median. Black dots indicate outliers. n, number indicated below. Raw data are provided in Extended Data Figure 9-1 and
Table 2. n.s. not significant; *p << 0.05; **p << 0.01; ***p < 0.001.

that neither the distance traveled nor the time spent in the center
of the open field was significantly different between WT and
NFL-Cre BDNP”*" mice (Fig. 8A,B). Next, we tested whether
reduced BDNF levels cause memory impairments that could also
affect performance in motor tasks. We used a Y-Maze test for
analysis of spatial memory (Fig. 8C-E) (Kraeuter et al., 2019).
The percentage of spontaneous alternations as a measure for
short-term spatial memory was not different between WT and
NFL-Cre BDNF"™" mice, and both values were in a range that
was reported for WT mice at this age (Lamberty and Gower,
1990) (Fig. 8C). When mice were allowed access to a new arm
that was blocked during the training phase, both groups were
able to identify this unknown arm. Both WT and NFL-Cre
BDNF""" mice showed a significant increase in the distance trav-
eled (Fig. 8D) and the number of entries (Fig. 8E) into the
unknown arm, after training (tracks depicted in Extended Data
Fig. 8-1). This indicates that NFL-Cre BDNF""" mice do not
show impaired spatial memory because they can remember the
arm that was visited before.

To investigate a specific role of the motor cortex for motor
skill learning, we tested the performance of the same mice in a
rotarod and an irregular ladder rung walking task. Although
both tests are used to analyze motor coordination, the rotarod
task is especially sensitive to cerebellar dysfunction (Caston et al.,
1995; Lalonde et al., 1995; Shiotsuki et al., 2010). In contrast, the
basal ganglia circuit is required for motor skill learning of serial
motor sequences on an irregular ladder rung (Hikosaka et al.,
1999; Shiotsuki et al., 2010). The accelerating rotarod task is less
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sensitive for evaluating motor skill learning since the learning
curve appears flat and the factor for increase in performance af-
ter training for several days is low (Perez and Palmiter, 2005;
Shiotsuki et al., 2010). Accordingly, we were unable to observe a
significant difference in the mean latency on the rotarod between
WT and NFL-Cre BDNF""" mice during a 4 d test trial and at
two different ages (Fig. 8F-I). Furthermore, mice of both geno-
types and both age groups did not show a significant increase in
the latency on the rod when compared with the initial run, during
a 4 d test trial. (Fig. 8G,I). We therefore conclude that cortical
BDNF reduction by ~50% via NFL-mediated CRE activity in
postnatal brain does not significantly impair cerebellar motor
functions in NFL-Cre BDNF"™ mice.

In contrast to the rotarod, the irregular ladder rung walk-
ing task captures the capacity to perform and optimize skilled
walking, limb placement, and limb coordination on a chang-
ing rung pattern. This locomotor challenge depends on synap-
tic activity in the dorsolateral striatum (West et al., 1990) and
forebrain areas related to motor control (Farr et al., 2006;
Metz and Whishaw, 2009). Control animals improve perform-
ance on an irregular rung pattern within few trials while ani-
mals with impairment of the corticostriatal motor circuit
present deficits (Metz and Whishaw, 2009). Each animal per-
formed five runs per day. Each run was scored using a 7 cate-
gory foot fault scoring (Metz and Whishaw, 2002, 2009). We
observed that the overall mean score value of adult mice with
reduced cortical BDNF expression was significantly lower com-
pared with WT littermates on 2 consecutive days, indicating that
motor learning is impaired (Fig. 9A,D). Both groups showed a
similarly low score value in the very first run (Fig. 9B). This indi-
cates that reduced performance in the subsequent runs is not
because of a developmental defect in mice with reduced cortical
BDNF expression because then lower performance would be
expected in the initial run in NFL-Cre BDNF"*' mice. WT ani-
mals increased their score on both days in consecutive runs, indi-
cating that motor performance improved. This improvement was
significant after the third run on day 1 (Fig. 9B) and the final run
on day 2 (Fig. 9E). NFL-Cre BDNF""" mice failed to significantly
improve in subsequent runs on either day (Fig. 9B,E). To estimate
the capability for motor skill learning, the difference in score value
between the first and last run was calculated for each day (Fig. 9C,
F). The capability to increase the score value was significantly
higher in WT compared with NFL-Cre BDNF"*" mice (Fig. 9C,F).
In contrast, NFL-Cre BDNF""" mice even revealed a worse per-
formance after the last run on day 2 (Fig. 9E,F). These data dem-
onstrate that motor learning is impaired in mice in which one
bdnf allele is depleted by NFL-mediated recombination in cortico-
striatal projection neurons.

Discussion

In rodents, the motor cortex plays a central role in motor skill learn-
ing rather than skill execution (Kawai et al., 2015). Communication
between motor cortex and the dorsolateral striatum is essential for
this motor skill learning (West et al, 1990; Dang et al, 2006;
Graybiel and Grafton, 2015; Makino et al., 2016; Chen et al,, 2019;
Sheng et al., 2019). This implies adaptive changes at glutamatergic
corticostriatal synapses that cause alterations in striatal medium
spiny projection neuron (MSN) firing patterns (Sheng et al., 2019).
We show that BDNF is expressed in a subpopulation of layers II/III
and V corticostriatal projection neurons, that its expression is high
during motor skill acquisition and underlies adaptive changes dur-
ing postnatal development. This supports previous studies showing
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that TrkB phosphorylation is upregulated in motor cortex after elec-
trophysiological stimulation (Fritsch et al.,, 2010) and that BDNF se-
rum levels increase in humans after physical exercise, both
indicating that upregulated BDNF could play a role when the motor
cortex is activated (Fritsch et al., 2010; Skriver et al., 2014; Chen et
al., 2019). However, the neurons within motor cortex in which
BDNEF is upregulated during motor learning in early postnatal de-
velopment or during physical exercise in the adult remained
uncharacterized so far. Our data fill this gap, showing, for the first
time, that layer II/III and V neurons that project from motor cortex
to striatum express BDNF in an activity-dependent manner.
Pyramidal cells in layers II/III of the cerebral cortex are gener-
ally thought to send projections to other regions of the cortex. By
retrograde tracing from the dorsolateral striatum, we identified a
subpopulation of BDNF-expressing neurons in layer II/III of the
motor cortex that target striatal neurons. A second population of
BDNF-expressing corticostriatal cells is located in layer V. In
both groups of traced neurons, BDNF expression peaked at P21
(13.7% of traced neurons in layer II/III, 27.6% in layer V), a time
at which mice acquire adult-like motor programs (Maltese et al.,
2018). It is conceivable that high cortical BDNF levels are
required to support synaptic plasticity during this critical phase
of motor learning. In line with this idea, BDNF expression was
reduced in traced neurons of both layers at P84. Nonetheless, it
is so far largely unknown how BDNF expression in those popula-
tions is regulated. Although Neeper et al. (1995, 1996) showed
that physical exercise increases cortical BDNF expression, they
could not differentiate between distinct cortical layers and neuro-
nal subpopulations in the motor cortex. Our data demonstrate
that physical exercise increases BDNF expression in defined cor-
ticostriatal neuronal subpopulations of layers II/IIl and V.
Surprisingly, the effect of motor exercise was overall stronger in
layer II/III than in layer V projecting neurons, and particularly
enhanced in neurons projecting to the dorsolateral striatum. Of
note, adult mice demonstrated greater exercise-induced increases
in BDNF than juvenile mice. This can be explained by lower
baseline BDNF levels in adults (Fig. 2A) but also suggests that
BDNF-mediated plasticity plays a role in motor learning
throughout lifetime. Layer II/III contains movement-related neu-
ronal ensembles, which are shaped during motor learning to per-
form reproducible spatiotemporal sequences of activity (Huber
et al,, 2012; Peters et al., 2014). This process involves area-specific
reorganization of excitatory synapses on layer II/III (Peters et al.,
2014) and layer V neurons (Xu et al., 2009), which receive affer-
ent input from layer II/III, in particular in the motor cortex
(Kaneko et al., 1994a,b). Both motor learning and running-wheel
exercise might thus shape task-related activity in neuronal
ensembles of layer II/III motor cortex, leading to activation of
layer V neurons via intracortical connections. In line with this
idea, a recent study showed that learning of motor tasks leads to
enhanced activity of layer V pyramidal neurons (Biane et al,
2019) and that recurrent projections are involved in remodeling
motor circuits. Such recurrent projections are required for motor
learning and also target layer II/III neurons. It is not fully
resolved whether this occurs through direct connections from
layer V neurons in the motor cortex to layer II/III neurons in the
same region of the cortex or via projections from area 2 of the
somatosensory cortex (Yumiya and Ghez, 1984; Sakamoto et al.,
1989; Kaneko et al., 1994a). This suggests that BDNF-mediated
plasticity is also involved in cortical reorganization during motor
learning. In line with this idea, we observed that running-wheel
exercise leads to much higher increase in BDNF protein levels
within the anterior cortex compared with striatum (Fig. 7D).
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Figure Projection mode Type 405 nm 488 nm 550 nm 647 nm
1A 2D merge 0-255 DAPI CTIP-2 (10-160) BDNF
(8 bit) (no change) (34-138)
1B Maximum intensity projection 0-4095 DAPI BDNF
(12 bit) (2000-4095) (200-2503)
1C Average intensity projection 0-4095 DAPI mAb#9 BDNF
WT (TR (12 bit) (400-4095) (700-3003)
DAPI mAb#4(8
(200-2002)
DAPI mAb#3C11, 3B2
(300-2503)
1C Average intensity projection 0-4095 DAPI (300-2503) BDNF
BDNF KO (12 bit) (700-3003)
1D Maximum intensity projection 0-4095 DAPI BDNF Myc (AB9106)
(12 bit) (250-2503) (200-750) (200-450)
Myc (5C789)
(150-500)
28 Maximum intensity projection 0-4095 DAPI BDNF
(12 bit) (300-4095) (1401-3804)
3A 2D merge 0-255 (TIP-2 BDNF
(8 bit) (35-140) (65-170)
3D Maximum intensity projection 0-4095 DAPI Tracer Cux-1
(12 bit) (1802-4095) (2002-4095) (600-2002)
3F Maximum intensity projection 0-4095 T1p-2 Tracer BDNF Cux-1
(12 bit) (400-2002) (901-4095) (1601-4095) (901-4095)
44 Maximum intensity projection 0-4095 Tracer BDNF Cux-1
P21 (TR (12 bit) (1201-4095) (1301-4095) (600-3003)
44 Maximum intensity projection 0-4095 Tracer BDNF Cux-1
P21 RW (12 bit) (600-3003) (1301-4095) (600-4095)
44 Maximum intensity projection 0-4095 Tracer BDNF Cux-1
P84 (TR (12 bit) (1201-4095) (1301-4095) (600-4095)
44 Maximum intensity projection 0-4095 Tracer BDNF Cux-1
P84 RW (12 bit) (600-3003) (1301-4095) (600-4095)
54 Maximum intensity projection 0-4095 (TIP-2 Tracer BDNF
P21 (TR (12 bit) (1201-3504) (600-3003) (1301-4095)
54 Maximum intensity projection 0-4095 T1pP-2 Tracer BDNF
P21 RW (12 bit) (399-1700) (600-3003) (600-2302)
54 Maximum intensity projection 0-4095 (TIpP-2 Tracer BDNF
P84 (TR (12 bit) (350-1301) (600-3003) (800-2302)
54 Maximum intensity projection 0-4095 (TIP-2 Tracer BDNF
P84 RW (12 bit) (350-1301) (600-3003) (600-1802)
64 Maximum intensity projection 0-4095 TIP-2 BDNF
P21 (TR (12 bit) (700-4095) (1201-4095)
64 Maximum intensity projection 0-4095 (TIP-2 BDNF
P21 RW (12 bit) (700-4095) (1201-4095)
64 Maximum intensity projection 0-4095 CTIP-2 BDNF
P84 (TR (12 bit) (700-4095) (1201-4095)
64 Maximum intensity projection 0-4095 (TIP-2 BDNF
P84 RW (12 bit) (700-4095) (1201-4095)
7A confocal Maximum intensity projection 0-4095 DAPI TH BDNF VGIuT1
(12 bit) (100-2002) (150-2002) (400-1697) (500-4095)
7A Maximum intensity projection 0-65535 TH BDNF VGluT1
SIM (16 bit) (1921-25624) (3843-26457) (2562-33888)
7B Maximum intensity projection 0-65535 TH BDNF VGIuT1
SIM (16 bit) (1921-25624) (3843-26457) (2562-33888)
7E Maximum intensity projection 0-65535 BDNF VGluT1
P21 sedentary SIM (16 bit) (1300-7000) (1300-25.000)
7E Maximum intensity projection 0-65535 BDNF VGluT1
P21 running-wheel SIM (16 bit) (600-12000) (2500-33.000)
3-14, left Maximum intensity projection 0-4095 DAPI BDNF pro-BDNF
(12 bit) (600-4095) (900-4095) (500-2500)
3-14, right Maximum intensity projection 0-4095 DAPI BDNF pro-BDNF
(12 bit) (300-4095) (500-4095) (600-3500)
3-1B, left Maximum intensity projection 0-4095 DAPI BDNF pro-BDNF
(12 bit) (600-4095) (900-4095) (500-2500)

(Table continues.)
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Figure Projection mode Type 405 nm 488 nm 550 nm 647 nm

3-1B, right Maximum intensity projection 0-4095 DAPI BDNF pro-BDNF

(12 bit) (300-4095) (500-4095) (600-3500)
3-1C Maximum intensity projection 0-4095 BDNF pro-BDNF

(12 bit) (900-4095) (400-3500)
3-1D, P21 sedentary Maximum intensity projection 0-4095 TIP-2 BDNF pro-BDNF

(12 bit) (800-2500) (900-4095) (400-3500)
3-1D P28 Maximum intensity projection 0-4095 (TIpP-2 BDNF pro-BDNF
NFL-Cre BONF™*® (12 bit) (250-1000) (900-4095) (400-2500)
4-3A Maximum intensity projection 0-4095 BDNF Cux-1

(12 bit) (1000-4095) (350-4095)
4-3B Maximum intensity projection 0-4095 (TIP-2 BDNF

(12 bit) (425-2500) (1000-4095)

“Image preparation was performed using Image) software. Changes were made exclusively on brightness and contrast. Gamma values were not altered in any case.

This indicates that only a part of BDNF is translocated in cortico-
striatal afferents and that BDNF is also upregulated in cortico-
cortical projections for remodeling intracortical networks. It is
also possible that elevated BDNF does not only change synaptic
strength but also alters other parameters in motor circuits, such
as the level of myelination of projecting fibers via regulation of
myelin formation (Vondran et al, 2010; Xiao et al, 2010).
Surprisingly, BDNF expression in corticothalamic neurons of
layer VI somatosensory cortex was not affected by enhanced
motor activity, indicating that physical exercise does not lead to a
generalized upregulation of BDNF in cortical pyramidal neurons.
Thus, enhanced BDNF expression appears restricted to subpopu-
lations in which increased activity and plasticity are necessary for
the relevant adaption to the environment. In conclusion, our data
suggest that layer- and pathway-specific BDNF expression sup-
ports motor learning during development and that this function is
retained throughout adulthood.

The question remains how BDNF acts in the corticostriatal
circuit to mediate its effects on motor learning. We identified
BDNF in ~50% of VGluT1-positive presynaptic terminals
within the dorsolateral striatum, indicating a central role of
BDNF in modulating synaptic strength at these synapses, a ba-
sic process in motor learning (Park et al., 2014). BDNF secre-
tion from these terminals putatively requires increased
activity in the corticostriatal pathway (Huber et al., 2012;
Peters et al., 2014), which is triggered by physical exercise
(Neeper et al, 1996). This then could cause presynaptic
NMDAR activation and Ca®"-mediated BDNF release (Park
et al., 2014). As a consequence, similar to neuronal ensembles
in the motor cortex (Xu et al., 2009; Huber et al., 2012; Peters
et al., 2014), MSNs in the dorsolateral striatum appear to
change their firing pattern in a motor skill-specific manner
(Sheng et al.,, 2019). This is accompanied by stabilization of
increased firing of D1-MSNs during task performance and
increased firing of D2-MSNs during intertrial intervals (Sheng
et al., 2019). These findings also suggest that distinct mecha-
nisms modulate BDNF responsiveness in D1 versus D2 neu-
rons. Experiments with conditional KO of TrkB indicate that
D1 and D2 MSNss are differentially sensitive to TrkB depletion
(Baydyuk et al., 2011). Together, these previous findings and
our results indicate that corticostriatal synaptic plasticity is
modulated by BDNF. These synapses appear sensitive to rela-
tively mild reduction of BDNF levels in NFL-Cre BDNF"™
mice, much more than neuronal circuits in the hippocampus
and cerebellum that are also regulated by BDNF expression.
NFL-Cre BDNF""" mice performed well in an accelerating

rotarod task, which is known to be sensitive to cerebellar dys-
function (Caston et al., 1995; Lalonde et al., 1995; Shiotsuki et
al., 2010) and less sensitive for motor skill learning (Perez and
Palmiter, 2005; Shiotsuki et al., 2010). Impaired motor skill
learning in transgenic NFL-Cre BDNF""" mice was further-
more not a consequence of defective hippocampal function
for spatial memory since those mice behaved like control ani-
mals in a Y-Maze test.

These data also suggest that BDNF differentially impacts for-
mation and maintenance of memories for spatial tasks and for
motor skills. Patients suffering from Alzheimer’s disease show
normal motor skill learning capabilities while being unable to
recognize faces or learn series of words (Eslinger and Damasio,
1986). Similarly, musicians suffering from amnesia or dementia
with massive deficits in explicit memory can perfectly play music
and do not show a loss of motor skills at the same level as they
deteriorate in other cognitive functions (Laforce and Doyon,
2001; Cavaco et al., 2011, 2012; Hsieh et al., 2011; Finke et al,,
2012). This has led to the hypothesis that the learning systems
for declarative and procedural memories are independent
(Eslinger and Damasio, 1986). BDNF-mediated plasticity at cor-
ticostriatal neurons thus appears necessary for procedural mem-
ory formation and motor skill learning and is independent from
the hippocampus and mechanisms of declarative memory for-
mation. Our data show that BDNF has a prominent molecular
function for plasticity at corticostriatal synapses, which is in line
with the observation that corticostriatal LTP is abolished when
BDNF is depleted from motor cortex (Park et al, 2014).
However, Park et al. (2014) suspected that theta-burst stimula-
tion mediated BDNF release in the striatum originates from
neurons in layer VI motor cortex. Our tracing data reveal stria-
tum-projecting neurons in virtually all layers, yet suggest that the
sources of cortical BDNF for motor-learning are primarily
located within layers II/IIl and V.

More globally, BDNF-mediated plasticity during motor
learning could shape three distinct synaptic connections origi-
nating from the motor cortex. First, BDNF could contribute to
intracortical reorganization between layers II/III and V in
motor cortex. Second, corticostriatal plasticity appears regu-
lated by BDNF from neurons in layers II/III and V of motor
cortex projecting to the dorsolateral striatum. Third, the
strength of synapses from striatal collaterals derived from cor-
ticospinal projections that originate from layer V motor cortex
could be regulated by BDNF. According to this idea, specific
motor tasks might shape activity in task-related neuronal
ensembles in layer II/III (Peters et al., 2014) and induce BDNF
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Table 2. Transparent reporting’

Experiment Total no. of experiments Total no. of individual Total no. of
animals considered images
BDNF detection in hippocampus
and striatum Figure 1A-D
Hippocampus (WT) Figures 1A-C, 2B 45 105 272

Hippocampus (BDNF-myc) Figure 10 11 2 21
Hippocampus (BDNF-ko) Figure 18,C 9 6 20
Hippocampus monoclonal 4 8 38
antibodies Figure 1C
Striatum Figure 74,8 6 6 32
Striatum statistical analysis 1 1 15
Figure 7¢
Experiment Total no. of Total no. of individual Total no. of Total no. of counted
experiments animals considered images  BDNF-positive cells
BDNF vs pro-BDNF-IR in
hippocampus and cortex
Figure 3-1
3 week CTR hippocampus 5 2 20 none
4 week BDNF-ko hippocampus 4 1 10 none
3 week CTR cortex 3 2 17 none
4 week BDNF-ko cortex 2 1 12 none
Experiment Total no. of Total no. of individual Total no. of traced ~ Total no. of Total no. of counted
experiments animals animals considered images ~ BDNF-positive cells
BDNF detection in cortical neurons
Figures 3-6
Figures 4-2, 4-3
3 week CTR layer 1I/1ll 5 10 4 65 1353
3 week RW layer I1/1ll 5 8 5 51 1651
12 week CTR layerlI/Ill 4 8 5 47 503
12 week RW layerlI/Ill 3 6 6 40 1114
3 week CTR layer V 5 10 4 64 1400
3 week RW layer V 5 8 5 46 1541
12 week CTR layer V 4 8 5 42 438
12 week RW layer V 3 6 6 40 813
3 week CTR layer VI 4 10 0 52 2194
3 week RW layer VI 4 9 0 48 1930
12 week (TR layer VI 3 9 0 45 1572
12 week RW layer VI 2 8 0 50 1814
Experiment Total no. of Total no. of individual Total no. of Total no. of analyzed
experiments animals considered images ~ BDNF-positive cells
BDNF-IR intensity
Figures 4, 5D, 6C
3 week CTR layer 11/1ll 7 10 90 559
3 week RW layer I/l 5 8 50 384
12 week CTR layerlI/Ill 4 6 72 369
12 week RW layerlI/Ill 3 6 42 288
3 week CTR layer V 7 10 100 680
3 week RW layer V 4 7 48 39
12 week CTR layer V 3 6 56 334
12 week RW layer V 2 6 36 215
3 week CTR layer VI 4 10 60 585
3 week RW layer VI 3 7 4 1
12 week (TR layer VI 2 7 42 386
12 week RW layer VI 1 4 24 225
Experiment Total no. of Total no. of individual Total no. of considered Total no. of counted
experiments animals images BDNF-positive cells
BDNF detection in
cortical neurons
Figure 4-34,8
3 week CTR layer II/1ll 1 1 3 None
3 week RW layer I/l 1 1 4 None

(Table continues.)
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Table 2. Continued
4 week cBDNF ko layer I/1ll 1 1
3 week CTR layer V 1 1
3 week RW layer V 1 1
4 week ¢BDNF ko layer V 1 1
Experiment Total no. of
experiments animals
BDNF qRT-PCR Figure 4-3C
3 week CTR layer 1I/1ll 2 3
3 week cBDNF ko layer I1/1ll 2 1
3 week (TR layer V 2 3
3 week ¢BDNF ko layer V 2 1
Experiment Hippocampus Striatum
BDNF-ELISA Figure 1€
WT no. of individual animals 3 5
NFL-Cre BDNF™*® no. of individual 2 2
animals
Experiment Hippocampus Striatum
BDNF-ELISA Figure 2A
P10 no. of individual animals 3 2
P14 no. of individual animals 3 3
P20 no. of individual animals 3 3
P84 no. of individual animals 4 4
BDNF Western blot detection Total no. of Total no. of individual
Figure 7D experiments animals
Anterior cortex vs striatum: n 13 sedentary
sedentary, runners, cBDNF 13 runner
KO Figure 70 2 NFL-Cre BDNF"*
Open Field Total no. of mice
Figure 84,8
WT 4 females, 1 male
NFL-Cre BONF"** 4 females, 1 male
Y-Maze Total no. of mice
Figure 8C-£
WT 8 females, 2 males

NFL-Cre BDNF"™* 4 females, 1 male

Rotarod 8-week-old mice Total no. of mice

mice
Figure 8F,G Figure 84,/
WT 7 males WT
NFL-Cre BDNF"*t 6 males NFL-Cre BDNF"*t

Irregular ladder rung Figure 9 Total no. of mice

W1 7 7
NFL-Cre BONF"** 6 6

w N WwN

—_ N =N

None
None
None
None

Total no. of individual Total no. of animals
considered for figure

None
None
None
None
Anterior cortex Cerebellum

5 5
2 2

Cortex anterior Cortex posterior

B W w w
B W w w

Total no. of considered
animals in Figure

9 sedentary

9 runners

2 NFL-Cre BONF™*

Rotarod 34-week-old  Total no. of mice

4 females, 1 male
4 females, 1 male

Total no. of mice tested day 1

Total no. of mice tested day 2 Total no. of runs

per day
6 5
6 5

®0verview of the number of independent experiments, animal counts (including gender and age), number of images and cell counts.

expression. Those layer II/III neurons then innervate intra-
cortical and subcortical targets. Intracortically, they might
increase activity and thus induce BDNF expression in layer V
neurons (Xu et al.,, 2009). Our tracing experiments revealed
that BDNF-expressing layer II/III and V neurons also directly
target the dorsolateral striatum, pointing to BDNF-mediated
synaptic plasticity on corticostriatal synapses. This could be
important to forward altered modes of cortical activity to
striatal MSNs, which undergo changes in synaptic turnover
and activity in a motor task-specific manner (Sheng et al.,
2019). Finally, the subpopulation of BDNF-expressing neu-
rons in layer V might also project to the spinal cord or

govern corticospinal projection neurons (Biane et al., 2019).
Those neurons target spinal cord interneurons and send
their collaterals to the striatum (Molyneaux et al., 2007).
Thus, they also could be marked after tracer injection into
the striatum. Our tracing experiments could not distinguish
such corticospinal neurons from layer V neurons, which
exclusively project to the striatum. However, layer V corti-
cospinal projection neurons represent the main motor out-
put pathway from the basal ganglia circuit, and it appears
possible that BDNF in corticospinal projection neurons
modulates synaptic plasticity and activity on related synap-
ses in the spinal cord.
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In the present study, we focused on motor-related
changes in BDNF expression in the corticostriatal system
using transgenic NFL-Cre BDNF""" mice. Future studies are
needed to address the role of BDNF-mediated intracortical
and corticospinal plasticity related to motor skill learning.
However, the alterations in corticostriatal BDNF signaling
that are found in various movement disorders, such as
Huntington’s disease (Plotkin et al., 2014) and dystonia
(Maltese et al., 2018) likely constitute important pathophys-
iological processes of these conditions. A better understand-
ing of the function and regulation of BDNF in different
neuronal populations and corresponding synapses in the
motor pathway will not only improve our understanding of
neurodegenerative diseases. It will also help to develop new
therapeutic approaches in clinical situations demanding
motor skill learning, such as for motor-impaired patients
recovering from stroke.
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