Brain Structure and Function (2018) 223:3689-3709
https://doi.org/10.1007/s00429-018-1715-0

ORIGINAL ARTICLE

@ CrossMark

Cell type-specific effects of BDNF in modulating dendritic architecture
of hippocampal neurons

Marta Zagrebelsky' - N. Godecke - A. Remus'? . Martin Korte'?

Received: 16 January 2018 / Accepted: 9 July 2018 / Published online: 18 July 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Brain-derived neurotrophin factor (BDNF) has been implicated in neuronal survival, differentiation and activity-dependent
synaptic plasticity in the central nervous system. It was suggested that during postnatal development BDNF regulates neu-
ronal architecture and spine morphology of neurons within certain brain areas but not others. Particularly striking are the
differences between striatum, cortex and hippocampus. Whether this is due to region- or cell type-specific effects is so far
not known. We address this question using conditional bdnf knock-out mice to analyze neuronal architecture and spine mor-
phology of pyramidal cortical and hippocampal neurons as well as inhibitory neurons from these brain areas and excitatory
granule neurons from the dentate gyrus. While hippocampal and cortical inhibitory neurons and granule cells of the dentate
gyrus are strongly impaired in their architecture, pyramidal neurons within the same brain regions only show a mild pheno-
type. We found a reduced TrkB phosphorylation within hippocampal interneurons and granule cells of the dentate gyrus,
accompanied by a significant decrease in dendritic complexity. In contrast, in pyramidal neurons both TrkB phosphorylation
and neuronal architecture are not altered. The results suggest diverse levels of responsiveness to BDNF for different hip-
pocampal and cortical neuronal populations within the same brain area. Among the possible mechanisms mediating these
differences in BDNF function, we tested whether zinc might be involved in TrkB transactivation specifically in pyramidal
neurons. We propose that a BDNF-independent transactivation of TrkB receptor may be able to compensate the lack of
BDNF signaling to modulate neuronal morphology in a cell type-specific manner.
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Introduction

Brain-derived neurotrophin factor (BDNF) has been pro-
posed to be a crucial factor in promoting neuronal survival,
differentiation and activity-dependent synaptic plasticity
in the central nervous system (CNS). A role of BDNF in
regulating neuronal architecture and spine morphology in
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in vivo role of BDNF has been very difficult to confirm in
the postnatal brain as bdnf conventional knockouts die early
after birth (Jones et al. 1994) before the increase in BDNF
expression during the first three postnatal weeks (Castren
et al. 1992) and the structural maturation of the neuronal
circuitry. Thus, a number of studies have been performed
using different conditional gene targeted mouse lines and
Cre-loxP-mediated excision of bdnf (Rios et al. 2001; Gor-
ski et al. 2003; Baquet et al. 2004; He et al. 2004a; Chan
et al. 2006, 2008; Monteggia et al. 2007; Unger et al. 2007,
Rauskolb et al. 2010). Surprisingly, analyzing the effect on
the architecture of neurons of a global BDNF deprivation
throughout the CNS revealed an astonishing selectivity in
the brain areas requiring BDNF for their postnatal devel-
opment. Rauskolb et al. (2010) showed that in a Tau-bdnf
ko mouse the volume of the cortex is only slightly reduced
and the one of the hippocampus is unchanged. Accordingly,
dendritic complexity of CA1 pyramidal cells is only mildly
reduced and while no changes could be observed in den-
dritic spine density the spine type distribution is significantly
shifted toward a more immature phenotype, pointing to a
specific role of BDNF in the maintenance of dendritic spines
in the hippocampus. On the other hand, the volume of the
striatum in Tau-bdnf ko mice is strongly reduced and striatal
neurons show a significant reduction in dendritic length and
complexity as well as a dramatic decrease in dendritic spine
density (Rauskolb et al. 2010). The results obtained from
Rauskolb et al. (2010) indicate a fundamental difference in
the role of BDNF in regulating the dendritic architecture of
striatal versus hippocampal neurons. Whether this is due to
an area-specific effect or rather a cell type-specific effect of
BDNF remains an open question and is addressed in our cur-
rent study. Moreover, the molecular mechanisms mediating
the different sensitivity of neurons to BDNF are still largely
unexplored. The effects of BDNF in regulating neuronal
architecture and dendritic spine maturation have been shown
to be mediated by its binding to and activating of the TrkB
receptor (Tyler and Pozzo-Miller 2001, 2003; Ji et al. 2010;
Kellner et al. 2014; Zagrebelsky and Korte 2014). BDNF is
indeed, considered to be the prototypical neurotrophin ligand
for the TrkB receptor. However, the divalent cation zinc has
been shown to transactivate TrkB in a BDNF-independent,
Src family kinase-dependent manner and thus resulting in
the potentiation of the mossy fiber-CA3 synapses (Huang
et al. 2008). Interestingly, zinc is present at glutamatergic
synapses throughout the cortex and hippocampus (Fred-
erickson and Danscher 1990; Choi and Koh 1998; Freder-
ickson et al. 2005) and is co-released with glutamate in an
activity-dependent manner. The results presented here sup-
port the possibility that zinc-mediated TrkB transactivation
may be involved in controlling the neuronal architecture in
cortical and hippocampal pyramidal neurons upon a global
BDNF deletion.
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Materials and methods
Mice

The conditional bdnf knock-out mouse (chdnf ko) was
generated in the group of Yves-Alain Barde by using the
Cre-loxP recombination system (Rauskolb et al. 2010).
Briefly, mice carrying two floxed bdnf alleles (bdnf°¥
1%y were crossed with a mouse line expressing a Cre-
recombinase on one allele of the tau locus tau::cre line
(Korets-Smith et al. 2004); and which additionally car-
ries one floxed bdnf allele. Genotypes of the animals were
determined by PCR as previously described (Rauskolb
et al. 2010) using a tail biopsy. Mice were housed under
standard laboratory conditions with controlled temperature
(20-22 °C), a 12 h light—dark cycle and with ad libitum
access to food and water. All animals used in this study
were kept on a C57BL/6J-SV 129 genetic background and
littermate mice with the following genotype bdnf®"1* or
bdnf"" used as controls. All experiments were carried out
at the age of 8 weeks. All procedures concerning animals
were approved by the animal welfare representative of the
TU Braunschweig and the LAVES (Oldenburg, Germany,
Az. §4 (02.05) TSchB TU BS).

Cell culture and treatments

Primary cultures of mouse hippocampal, cortical and
striatal neurons were prepared from mice carrying two
floxed bdnf alleles at embryonic day E16.5. Embryos were
rapidly decapitated and the brains were kept in ice-cold
Gey’s balanced salt solution (GBSS) containing 50% glu-
cose and adjusted to pH 7.3. The hippocampi, striata and
cortices were dissected, the different brain regions were
incubated for 30 min in trypsin/EDTA at 37 °C and then
mechanically dissociated. Cells were plated at a density
of 70 x 10* cells/cm? on poly-L-lysine-coated coverslips
(12 mm) and kept in neurobasal medium supplemented
with 200 mM glutamine, 1% N, supplement, 2% B27
supplement. For mixed cortico-striatal cultures the cells
suspension from the striatum and from the cortex were
mixed in 1:1 ratio before plating. 3 h after preparation the
primary cultures were transduced with a CMV-driven Cre-
recombinase/eGFP expressing lentivirus. The expression
of the Cre-recombinase was visualized by the co-expres-
sion of eGFP starting 7 days after transduction. Trans-
duced hippocampal neurons were incubated for 3 weeks at
37 °C and 5% CO, and 99% humidity. In a set of experi-
ments hippocampal primary neurons were treated with
0.5 pg/ml TrkB-Fc receptor bodies (R&D Systems) every
second day, starting at 2 days in vitro (DIV 2) up to DIV20
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or with 40 ng/ml recombinant BDNF (R&D Systems) at
DIV2, 4, 6 12 and 16. In another set of experiments, the
hippocampal neurons were treated with 1.5 mM CaE-
DTA (Sigma-Aldrich) during the first week in culture and
repeatedly treated with or without 50 pM ZnCl, or 0.5 uM
SKF-inhibitor PP1 (Sigma-Aldrich; Huang et al. 2008;
Frederickson et al. 2002) every 7 days starting at DIV 1 up
to DIV 20. The health of the neurons was assessed looking
at their morphology upon transfection with mCherry. Only
neurons not showing any sign of degeneration (dendrite
fragmentation, retraction bulbs and a hairy soma) were
imaged and included in the analysis.

Transfection and immunohistochemistry

At 20 DIV, cultured neurons were transfected with 0.8 pg
of the DNA expression plasmid for mCherry under a CMV
promoter using Lipofectamine® 2000 transfection reagent
(ThermoFisher Scientific) according to the manufactures’
instructions. 24 h after the transfection, primary hippocam-
pal cultures were fixed in 4% PFA in 0.2 M PB at 4 °C for
15 min followed by a blocking and permeabilization step
performed at room temperature in PBS containing 1%
bovine serum albumin, 10% goat serum and 0.2% Triton
X-100 for 1 h. All primary antibodies were diluted in PBS
containing 10% goat serum and incubated overnight at 4 °C.
The following primary antibodies were used: against BDNF
(1:1000, Yves Barde), phospho-TrkA (Tyr674/675)/TrkB
(Tyr706/707) (1:500, Cell Signaling Technology), Prox-1
(1:500; Millipore), CamKinasell (1:500, Life technologies),
Ctip2 (1:500, Abcam) calbindin (1:7000, Swant), calretinin
(1:5000, Swant) and parvalbumin (1:5000, Swant). Appro-
priate secondary antibodies and conjugated fluorochromes
were selected for double immunofluorescence analysis. After
washing the cultures were counterstained using 4',6-diamid-
ino-2-phenylindole (DAPI) to label cell nuclei and mounted
in aqueous medium containing anti-fading agents (Biomeda,
CA, USA). In one set of experiments DIV 8 cultured neu-
rons were transfected with 0.5 pg each of DNA expression
plasmid for mCherry and for specific ShRNAs for the zinc
transporter ZnT-3 (Santa Cruz Biotechnology). At DIV21
the neurons were fixed in 4% PFA and the downregulation of
ZnT-3 was assessed by immunohistochemistry using a mon-
oclonal antibody against ZnT-3 (1:100, Synaptic Systems).

BDNF immunoassay

In order to quantify the amount of BDNF within the super-
natant of primary hippocampal cultures, BDNF sandwich
ELISA (BEK-2003-2P, Biosensis) was performed accord-
ing to the manufactures’ instructions. Recombinant mouse
BDNF was used as standard (7.8—-1000 pg/ml recombinant
BDNF). Briefly, 100 pl/well of BDNF standard and the

respective samples were applied to the pre-coated micro-
titer plate and incubated overnight at 4 °C gently shacking.
The plate was then washed with 0.01 M PBS, incubated
with a biotinylated BDNF antibody for 2 h at room tempera-
ture (RT) and incubated with an avidin—biotin—peroxidase
complex for 1 h at RT. Finally, TMB (3,3',5,5'-tetramethylb-
enzidine) solution was added to the plate and after 15 min
the reaction was stopped with a TMP stop solution. Extinc-
tion of the color reaction was measured immediately at a
wavelength of 450 nm using a microplate reader (Dynatech
Laboratories). The BDNF concentration within the cell cul-
ture supernatant was interpolated from the BDNF standard
curve using linear regression analysis. Statistical analyses
were performed with Microsoft Excel and GraphPad Prism.
Data obtained were tested for significance using either with
a two-tailed unpaired Student’s ¢ test for the comparison of
two independent means, or with a one-way ANOVA and
Tukey’s post hoc test for multiple comparison. All data are
presented as mean + SEM. Significance levels are indicated
as *p <0.05; **p <0.01; ***p <0.001.

BDNF depletion in primary hippocampal cultures

To verify the extent of depletion for the BDNF protein,
immunoreactivity for BDNF was compared for 21 DIV
hippocampal primary cultures derived from BDNF floxed
mice either transduced (BDNFA) or not transduced (control)
with lentiviruses to express the Cre-recombinase as well as
eGFP (Ubc CRIG). In control cultures eGFP was completely
absent and BDNF immunohistochemistry showed a strong
diffuse signal within most of the neurons (Fig. 1j, above).
In 21 DIV cultures, transduced with Ubc CRIG most hip-
pocampal neurons were positive for eGFP and completely
lacked the BDNF immunoreactivity (Fig. 1j, below). Moreo-
ver, the changes over time in BDNF concentration within the
supernatant of control and Ubc CRIG transduced hippocam-
pal primary cultures were analyzed using ELISA. While,
as expected the BDNF concentration in the supernatant of
control cultures (grey) progressively increased during the
3 weeks of cultivation, upon Ubc CRIG transduction BDNF
(red) concentrations slightly decreased over time being sig-
nificantly lower than under control conditions by DIV 21
(p<0.05; Fig. 1k; DIV7: 16 +7.48 vs. 24+5.81, DIV14:
29+7.66 vs. 15+3.86, DIV21 41 +7.45 vs. 11 +2.80).

Brain slice preparation and DiOlistic

DiOlistic technique was performed as previously described
(Rauskolb et al. 2010). Briefly, 8-week-old wild type and
cbdnf ko mice were transcardially perfused with 0.1 M
phosphate buffer (PB) pH 7.4, containing 4% PFA and 4%
sucrose. The brains were dissected, kept for 30 min in 4%
PFA in 0.1 M PB for post-fixation at 4 °C, embedded in
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«Fig. 1 Dendritic morphology of cortical and hippocampal inhibi-
tory neurons from control and BDNF-depleted primary cultures.
Representative tracings, respectively, showing the neuronal mor-
phology of parvalbumin- (a), calbindin- (d) and calretinin-positive
(g) control (grey) and BDNF-depleted (BDNFA, red) interneurons
in the hippocampus. F values written in grey refer to the control
vs. BDNFA comparison, those in orange refer to the BDNFA ver-
sus BDNFA +BDNF comparison. Sholl analysis showing dendritic
complexity plotted against the distance from the soma and total
dendritic complexity (inserts) for control and BDNF-depleted hip-
pocampal interneurons expressing parvalbumin (b, n=16 control,
17 BDNFA), calbindin (e, n=17 control, 17 BDNFA) or calretinin
(h, n=15 control, 17 BDNFA) and for BDNF-depleted hippocampal
interneurons treated with BDNF (b, BDNFA + BDNF, orange n=14
BDNFA +BDNF). Sholl analysis showing dendritic complexity plot-
ted against the distance from the soma and total dendritic complexity
(inserts) for cortical interneurons expressing parvalbumin (¢, n=10
control, 10 BDNFA), calbindin (f, n=7 control, 9 BDNFA) or cal-
retinin (i, n=28 control, 9 BDNFA) in hippocampal primary cultures.
Jj Micrograph showing the expression of eGFP in BDNF-depleted
(below) but not in control (above) hippocampal primary cultures.
In control cultures most of the neurons express BDNF (red, above)
while they are negative in BDNF-depleted cultures (below). Scale bar
is 100 um. k Graph showing the results of the ELISA measurements
for BDNF in the supernatant of primary hippocampal cultures. While
in control cultures BDNF (control grey, n=4) progressively increases
from DIV 7 to DIV21, in cultures transduced with the Ubc-CRIG
virus (BDNFA red, n=3) BDNF concentration in the supernatant
progressively decreases. All data are presented as mean+SEM. Sta-
tistical analysis was performed using an unpaired two-tailed Student’s
t test: *p <0.05; *#p <0.01, ***p <0.001

low-melting point agarose (2%) and cut transversally in
400-um-thick slices using a vibrating microtome (VT1200S,
Leica Microsystems). After cutting the brain slices were
fixed in 4% PFA for 2 h at 4 °C. Hippocampal and corti-
cal neurons were labeled with the lipophilic dye Dil (3 mg
diluted in 100 pl methylene chloride) coated on tungsten
particles (50 mg, M-25, 1.7 um in diameter; Bio-Rad). Dil-
coated tungsten particles were coated onto the walls of TEF-
ZEL tubing and cut into 13-mm-long pieces. The tungsten
particles were delivered to the tissue using a hand-held gene
gun (Helios Gene Gun System, Bio-Rad) at a pressure of
120 psi. To prevent large particle clusters from damaging
the tissue, a membrane filter (3 um, Millipore) was inserted
between the barrel aligner and the brain slice. After shoot-
ing, the brain slices were kept overnight in PBS at room
temperature for the dye to diffuse. Slices were washed with
PBS and post-fixed for 2 h with 4% PFA at 4 °C, counter
stained with DAPI and mounted with a water-based anti-
fading mounting medium (Biomeda).

Imaging

To analyze the dendritic architecture of Dil-labeled pyrami-
dal neurons from the CA1 region of the Hippocampus, Layer
II/IIT and V of the somatosensory cortex and dentate gyrus
granule cells were imaged using an Axioplan 2 imaging

microscope (Zeiss) equipped with an ApoTome module
(Zeiss) and optical sections spaced 1 um apart were taken
from each neuron with a 20x objective (0.8 NA Plan-APO,
Zeiss) with an x—y and z resolution of 0.32 and 1 um, respec-
tively. For analysis of the spine density and morphology,
images were acquired with the Olympus system BX61WI
FluoView 1000 (FV1000, Olympus) using a 40X oil immer-
sion objective (1.3 NA U PlanFL N, Olympus) with zoom
4, with a x—y resolution of 0.138 um and sectioned in the
z-direction spaced 0.3 um apart.

To acquire the neuronal morphology of GABAergic
neurons in primary hippocampal and cortical cultures fluo-
rescent images of parvalbumin-, calbindin- and calretinin-
positive neurons were taken using the Axioplan 2 imaging
microscope with a 20x objective (0.8 NA Plan-APO, Zeiss)
with an x—y and z resolution of 0.32 and 1 pum, respectively.
For the medium spiny neurons of the striatum images of
Ctip2-positive neurons in cortico-striatal cultures were
taken using the Axioplan 2 imaging microscope with a
20x objective (0.8 NA Plan-APO, Zeiss) with an x—y and z
resolution of 0.32 and 1 um, respectively. The positivity to
CTIP2 was complemented with an observation of the den-
dritic morphology. CTIP2-positive neurons were selected
as medium spiny neurons only when their dendritic length
from the soma did not exceed 300 um, they had a small
and round cell body as well as low spine density with thin
and long spines to clearly distinguish them from the cor-
tical neurons also present in these cultures. For the mor-
phological analysis of pyramidal cortical and hippocampal
neurons images of mCherry-positive neurons clearly show-
ing a bipolar dendritic tree and one long “apical” dendrite
were taken using the Axioplan 2 imaging microscope with
a 20x objective (0.8 NA Plan-APO, Zeiss) with an x—y and
zresolution of 0.32 and 1 um, respectively. For the analysis
of dendritic spine density, dendritic stretches of mCherry-
expressing primary neurons were imaged at the Axioplan 2
imaging microscope using a 63X objective (1.4 N.A., Zeiss)
and optical sections were spaced 0.5 um apart with a x—y
resolution of 0.1 um. To examine the BDNF-TrkB signal-
ing pathway, phospho-TrkB immunoreactivity was acquired
by confocal sequential scanning with an Olympus system
BX61WI FluoView 1000. Images were acquired with a 40x
oil immersion objective (1.3 NA U PlanFL N, Olympus),
z-sectioned 0.5 um apart with a x—y resolution of 0.497 pm.
The exposure time was set on the control cells and kept
constant.

Morphological analysis
Morphological reconstruction of the neurons was per-
formed using the Neurolucida software (MicroBrightField)

and Sholl analysis (Sholl 1953) was applied to quantify
the dendritic complexity using Neuroexplorer software

@ Springer
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(MicroBrightField). As an index for the total dendritic
complexity, the total number of crossings for each cell
obtained in the Sholl analysis was used. Density and archi-
tecture of dendritic spines were quantified on secondary
or tertiary dendrites branches of Dil or mCherry-labeled
neurons using the ImageJ software (NIH). The number
of dendritic spines was counted using the multipoint tool
and the dendritic length were measured by the segmented
line tool. Spine density was measured for basal and api-
cal dendrites by determining the number of spines per
micrometer of dendritic length. The activation status of
the BDNF receptor TrkB was analyzed by measuring the
mean fluorescence intensity of the phospho-TrkB signal in
neuronal cell bodies (Kellner et al. 2014) using the area
selection tool of the ImagelJ software (NIH). All treatments
were performed in triplicates for each one of at least three
independent neuronal preparations. Sample size is cur-
rently defined by an a priori power analysis using G power
with a statistical power (1—/) of 0.95. During the analy-
sis the experimentation was blind to the mouse genotype
and treatment. Neurons were excluded from the analysis
only if they were showing clear signs of degeneration such
as fragmented dendrites, retraction bulbs and/or a hairy
(growth of numerous short membrane protrusions) soma.
The statistical significance was determined by using an
unpaired two-tailed Student’s 7 test and a one-way ANOVA
followed by a post hoc Tukey’s multiple comparison test
for the analysis of more than two experimental conditions.
Kolmogorov—Smirnov test was use to evaluate statistical
significance for the cumulative distribution of dendritic
spine density. The analysis was performed with Microsoft
Excel and GraphPad Prism 5 software. All data shown
are represented as mean + SEM. Asterisks indicate the
statistical significance levels as *p <0.05; **p <0.01;
*%p <0.001.

Results

Previous work using a conditional knock-out mouse essen-
tially lacking BDNF throughout the neurons of the CNS
(cbdnf ko) revealed a surprising selectivity in the role of
BDNF in modulating neuronal architecture within different
brain areas (Rauskolb et al. 2010). Indeed, while medium
spiny neurons of the striatum strongly depend on BDNF for
their development hippocampal pyramidal neurons are not
significantly affected by a global BDNF deprivation. The
question of whether these observations derive from an area
or a cell type-specific activity of BDNF and the molecu-
lar mechanisms mediating the differential responsiveness
to BDNF of different neuronal populations remained so far
elusive.

@ Springer

cbdnf ko GABAergic interneurons show marked
alterations in their dendritic architecture

First a possible cell type-specific activity of BDNF in
modulating dendritic architecture was addressed by
analyzing the morphology of GABAergic interneurons
derived from the hippocampus or the cerebral cortex
upon BDNF depletion. To this aim hippocampal and cor-
tical primary hippocampal cultures prepared from BDNF
floxed mice were transduced or not with lentiviruses to
express Cre-recombinase (Ubc GRIG) upon prepara-
tion. The dendritic architecture of different GABAergic
interneuron types was analyzed at 21DIV in control and
BDNF-depleted (BDNFA) hippocampal cultures. The
different interneuron subtypes were identified by their
immunoreactivity to different calcium-binding pro-
teins. These experiments revealed that in comparison
to control (grey), parvalbumin-(PV), calbindin-(Calb)
and calretinin-positive (Calr) GABAergic interneurons
in BDNF-depleted (red) primary hippocampal cultures
were markedly smaller (Fig. 1a, d, g). Total dendritic
complexity was determined by Sholl analysis and found
to be significantly reduced by ~50% upon BDNF deple-
tion in all types of GABAergic interneuron analyzed
(Fig. 1b, e, h inserts; p <0.001; PV: 347.0 +36.19 vs.
181.3 +7.20, Calb: 214.5+7.52 vs. 99.04 +5.14, Calr:
203.5 £8.11 vs. 96.18 +5.33 intersections). When the
number of intersections was plotted against the distance
from the cell body, a significant reduction in length
and complexity could be observed especially for the
distal portion of the dendritic tree of BDNF-depleted
GABAergic hippocampal interneurons (Fig. 1b, e, h; PV:
p<0.001 Fy ¢ =18.40; Calb: p<0.001 F|3,=6.428;
Calr: p<0.001 F| 3o=11.36). Moreover, treating BDNF-
depleted parvalbumin-positive hippocampal interneu-
rons during the entire culturing time with recombinant
BDNEF resulted in the complete rescue of their dendritic
complexity (orange, Fig. 1b; PV: p <0.001 Fis0= 16,42;
total complexity 450.8 +36.19, p <0.001 to control and
to cbdnf ko). GABAergic interneurons from cortical pri-
mary cultures depleted of BDNF showed also a signifi-
cant reduction in total dendritic complexity (Fig. Ic, f, i
inserts; p < 0.01 for PV and Calr, p <0.001 for Calb; PV:
290.6 £24.05 vs. 194.7+17.77, Calb: 178.6 + 14.34 vs.
98.56 +8.31, Calr: 194.0+15.91 vs. 134.3 +9.74 inter-
sections). When the number of intersections was plot-
ted against the distance from the cell body, a significant
reduction in length and complexity could be observed
especially for the distal portion of the dendritic tree of
BDNF-depleted parvalbumin- and calretinin-positive
interneurons (Fig. lc, i; PV: p <0.01 Fiis= 15.04; Calr:
p<0.01 Fy ;5=10.51) and both proximal and distal for
calbindin-positive cortical interneurons (Fig. 1f Calb:
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p<0.001 F, ,=9.148). Thus, independently of their
subtype all interneurons showed a similar reduction in
dendritic complexity after depletion of BDNF.

Taken together these observations indicate that the post-
natal development of the dendritic architecture of several
subtypes of GABAergic interneurons in different brain areas
strongly depends on BDNF suggesting a cell type-specific
rather than an area-specific activity of BDNF in the postnatal
CNS.

Minimal morphological alterations in cbdnf ko
glutamatergic neurons in hippocampal and cortical
primary cultures

Primary hippocampal and cortical cultures were used to
gain better mechanistic insights into the role of BDNF/
TrkB signaling in controlling neuronal architecture. We
started by validating the in vitro system by analyzing the
dendritic architecture of excitatory neurons in control and
BDNF-depleted primary hippocampal cultures and com-
paring it to the phenotype previously observed in vivo. To
this aim pyramidal neurons in control and BDNF-depleted
DIV21 hippocampal cultures were transfected with an
expression plasmid for mCherry and their positivity or
negativity for the Ubc CRIG virus was confirmed by the
presence or absence of eGFP. These experiments revealed
no difference in total dendritic complexity (Fig. 2a insert,
242.54+10.32 vs. 239.2 + 16.32 intersections) as well as in
the distribution of complexity relative to the distance from
the soma (Fig. 2a, b) between control (grey) and BDNF-
depleted (red) cultures (confirming in vivo results from,
e.g., Rauskolb et al. 2010). Moreover, while BDNF treat-
ment during the entire culturing time did not affect total
dendritic complexity in BDNF-depleted neurons (Fig. 2b’,
orange, 239.9 +7.44 intersections) it resulted in a sig-
nificant increase in dendritic complexity (Fig. 2b’, blue,
298.8 + 14.22 intersections, p <0.01 versus control) when
performed in control neurons. We next analyzed dendritic
spine density and morphology and could not observe any
obvious alteration (Fig. 2¢, d, Suppl. Figure 1 and Table 1).
Indeed, analyzing the density of dendritic spines in second-
order dendritic branches of BDNF-depleted hippocampal
pyramidal neurons did not reveal any difference when
compared to control conditions (Fig. 2c, c’; 0.91 +0.02
vs. 0.91 +£0.01 spines/um, Suppl. Figure 1 and Table 1).
A 3-week BDNF treatment did not influence spine den-
sity in BDNF control and depleted hippocampal neurons
(Fig. 2¢’; blue, 0.93+0.02 and grey, 0.94 +0.01 spines/
pum, Suppl. Figure 1A and Table 1). Next dendritic spines
were divided into three different subtypes (mushroom,
thin or stubby) depending on their length and their head/
neck width ratio as previously described (Rauskolb et al.
2010; Zagrebelsky et al. 2010). When the distribution of

dendritic spine types was compared, neurons from BDNF-
depleted cultures (red) showed a significant reduction in
the proportion of mushroom spines (Fig. 2d, p <0.001;
51.3+2.00 vs. 36.67 +1.44%) with a correspondingly
higher proportion of thin spines (Fig. 2d, p <0.001;
14.88 +1.37 vs. 31.16 = 1.73%). No changes were observed
in the proportion of stubby spines (Fig. 2d; 33.99 +2.11
vs. 32.82 +1.39%). Interestingly, the dendritic spine type
distribution observed in neurons from control or BDNF-
depleted cultures (orange) treated 3 weeks with BDNF did
not show any difference when compared to neurons from
control cultures (Fig. 2d, blue, 54.39 +2.26, 14.18+0.82
and 31.42 +2.20; grey; 53.77+1.25, 16.12+1.14 and
30.10+1.07%). Next the effects of a BDNF depletion were
analyzed also for pyramidal neurons in cortical primary
cultures (Fig. 2e). As observed for hippocampal pyramidal
neurons also for cortical pyramidal neurons both dendritic
complexity (Fig. 2f, f'; 214.5 +14.53 vs. 199.5 +18.35
intersections) as well as dendritic spine density (Fig. 2g,
2';0.97+0.05 vs. 1.00 + 0.05 spines/um, Suppl. Figure 1B
and Table 1) in BDNF-depleted cultures (red) did not dif-
fer from the one of control cultures (grey). However, the
distribution of dendritic spine types of cortical neurons
showed an identical shift as in BDNF-depleted hippocam-
pal cultures. Indeed, while significantly less mushroom
spines could be observed upon BDNF depletion (Fig. 2h;
red; p <0.05; 80.59 +£5.49 vs. 59.92 +4.07%), the propor-
tion of thin spines was significantly increased (Fig. 2h,
p<0.01; 20.47 £4.57 vs. 30.06 +2.94%) compared to
control cultures (grey). No alterations could be observed
in the proportion of stubby spines (Fig. 2h; 8.92 +2.08
vs. 10.00 +2.23%). This observation indicates that in both
cortical and hippocampal pyramidal neurons in vitro, as
already observed in vivo BDNF expression is crucial for
the development of the mature spine type distribution but
not for dendritic complexity and spine density. Indeed,
application of BDNF specifically rescues spine type dis-
tribution without affecting the other aspects of dendritic
architecture.

In order to assess whether the effect of BDNF deple-
tion observed in vivo on striatal medium spiny neurons
could be observed in the in vitro system the dendritic
architecture of mCherry-expressing medium spiny neu-
rons, defined by their positivity to Ctip2 was compared
in mix cortico-striatal cultures transduced or not with
Ubc CRIG. The experiments showed that compared to
medium spiny neurons in control cultures (grey), those
in BDNF-depleted preparations were markedly smaller
(red; Fig. 2i). Indeed, total dendritic complexity deter-
mined by Sholl analysis was significantly lower in
BDNF-depleted medium spiny neurons (red, MSN) when
compared to control ones (Fig. 2k #; grey; p <0.001;
147.2+9.43 vs. 78.73 £ 6.12 intersections). Moreover,
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when the number of dendritic intersections was plotted
against the distance from the cell body dendritic com-
plexity of MSN was found to be significantly lower in
BDNF-depleted cultures (red), especially for the more
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distal portion when compared to control cultures (Fig. 2j;
grey; p<0.01 F|,5=6.47). Treatment with recombi-
nant BDNF of BDNF-depleted MSN (orange) resulted
in the complete rescue of the dendritic phenotype with
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«Fig. 2 Role of BDNF in regulating neuronal architecture and den-
dritic spine morphology of cultured hippocampal and cortical
pyramidal neurons and medium spiny neurons of the striatum. a
Representative tracing showing the morphology of pyramidal neu-
rons from control (grey) and BDNF-depleted (red BDNFA) primary
hippocampal cultures. Scale bar 100 pm. b Graph showing the Sholl
analysis where the number of intersections is plotted against the dis-
tance from the cell body and total dendritic complexity (b') of con-
trol (grey, n=235), BDNF-depleted (red, BDNFA, n=19), BDNF-
depleted neurons treated with BDNF (orange, BDNFA +BDNF,
n=18) as well as control neurons treated with BDNF (blue, con-
trol + BDNF, n=26) in primary hippocampal pyramidal cultures.
¢ Confocal images showing representative stretches of apical den-
drites from hippocampal pyramidal primary neurons of all treat-
ments. Scale bar 10 um. ¢’ Graph showing dendritic spine density
of control (grey, n=24), BDNF-depleted (red, BDNFA, n=39),
BDNF-depleted treated with BDNF (orange, BDNFA + BDNF,
n=20) and control treated with BDNF (blue n=24) hippocam-
pal pyramidal primary neurons. d Graph showing the distribution
of different dendritic spines (mushroom, thin and stubby) in con-
trol (grey. n=23), BDNF-depleted (red, BDNFA, n=34), BDNF-
depleted neurons treated with BDNF (orange, BDNFA + BDNF,
n=11) and control neurons treated with BDNF (blue, n=12) hip-
pocampal cultures. e Representative tracing showing the morphol-
ogy of pyramidal neurons from control (grey) and BDNF-depleted
(red BDNFA) primary cortical cultures. Scale bar 100 um. f Graph
showing the Sholl analysis where the number of intersections is
plotted against the distance from the cell body and total dendritic
complexity (f') of control (grey, n=12) and BDNF-depleted (red,
BDNFA, n=13) cortical pyramidal primary cultures. g Confo-
cal images showing representative stretches of apical dendrites
from cortical pyramidal primary neurons of all treatments. Scale
bar 10 ym. g’ Graph showing dendritic spine density of control
(grey, n=14) and BDNF-depleted (red, BDNFA, n=14) corti-
cal cultures. h Graph showing the distribution of different den-
dritic spines (mushroom, thin and stubby) in control (grey, n=38)
and BDNF-depleted (red, BDNFA, n=7) cortical pyramidal pri-
mary neurons. i Representative tracing showing the morphology of
medium spiny neurons from control (grey) and BDNF-depleted (red
BDNFA) primary cortico-striatal co-cultures. Scale bar 100 pum. j
Graph showing the Sholl analysis where the number of intersec-
tions is plotted against the distance from the cell body and total
dendritic complexity (k) of control (grey, n=12) BDNF-depleted
(red, BDNFA, n=15) and BDNF-depleted medium spiny neurons
treated with BDNF (orange, BDNFA + BDNF, n=11) from cortico-
striatal primary cultures. F' values written in grey refer to the con-
trol vs. BDNFA comparison, those in orange refer to the BDNFA
versus BDNFA + BDNF comparison. All results are presented
as mean+SEM. And statistical significance is shown as follows:
*p <0.05; ¥¥p <0.01, ***p <0.001

a significantly higher complexity than both control and
not-treated BDNF-depleted neurons (Fig. 2j, p <0.001 to
cbdnf ko and p <0.001 to control and Fig. 2k; p <0.001
204.8 + 16.18 intersections).

Taken together the above observations confirm the
cell type-specific effects of BDNF suggested by the
in vivo analysis. Indeed, while the mature dendritic
architecture of GABAergic neurons in different brain
areas strongly depends on BDNF availability, hippocam-
pal glutamatergic neurons only show minor alterations
in its absence.

TrkB phosphorylation in glutamatergic
versus GABAergic neurons of hippocampal primary
cultures

The role of BDNF in positively regulating neuronal mor-
phology has been shown to depend on its ability to activate
the TrkB receptor (Alonso et al. 2004). To test whether the
differential sensitivity to BDNF shown by excitatory ver-
sus inhibitory neurons of the hippocampus and cerebral
cortex might be due to differences in TrkB receptor acti-
vation, we next compared its phosphorylation levels upon
BDNF depletion in the two neuron types. Indeed, measure
of phosphorylation of distinct tyrosine residues (phospho-
TrkB) has been shown to provide a readout for TrkB activa-
tion (Segal et al. 1996). Thus, the intensity of phospho-TrkB
immunoreactivity was measured in CamKII- (Fig. 3a) or
calbindin-positive (Fig. 3c) neurons and compared between
control and BDNF-depleted DIV21 primary hippocampal
cultures. Upon quantification of TrkB immunoreactivity no
differences could be observed for CamKII-positive neurons
in BDNF-depleted (red) versus control hippocampal cultures
(Fig. 3b; grey; 100+ 2.41 vs. 100 +£6.44%). On the contrary,
when compared to control (grey) cultures a significantly
lower intensity of TrkB immunoreactivity was measured
in calbindin-positive interneurons upon BDNF depletion
(Fig. 3d; red; p <0.001; 100 +2.56 vs. 75.76 +2.56%).

The data above indicate that while in GABAergic hip-
pocampal interneurons BDNF depletion results in alteration
in their dendritic architecture associated to a reduced TrkB
activation, in glutamatergic neurons the lack of morphologi-
cal changes is combined with the maintenance of TrkB acti-
vation at control levels.

Possible role of neurotrophin-4/5 in modulating
dendritic architecture of BDNF-depleted excitatory
hippocampal neurons

The observations above may suggest that the absence
of BDNF is compensated specifically in excitatory hip-
pocampal neurons by the activity of a different ligand able
to activate the TrkB receptor. Indeed, neurotrophin-4/5
(NT-4/5) has been shown to bind with high specificity
to the TrkB receptor (Ip et al. 1992) and is expressed in
the mouse hippocampus (Friedman et al. 1998). Thus, we
next tested this hypothesis using the application of TrkB
receptor bodies (TrkB-Fc) to scavenge NT-4/5 in BDNF-
depleted hippocampal primary cultures. When compared
to mCherry-expressing neurons under control condi-
tions depletion of BDNF and NT-4/5 did not influence
total dendritic complexity (Fig. 4a insert; 242.5 +10.42
vs. 244.1 +£13.10 intersections) as well as the distribu-
tion of dendritic complexity relative to the distance from
the cell body determined by the Sholl analysis (Fig. 4a).
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Fig.3 Quantification of TrkB phosphorylation in excitatory and
inhibitory neurons in control and BDNF-depleted hippocampal pri-
mary cultures. a Confocal images showing immunoreactivity for
phospho-TrkB (Y705/Y706; left) and CamKII as a marker for excita-
tory neurons (right) in primary hippocampal cultures. Scale bar,
100 pm. b Quantification of fluorescence intensity for phospho-TrkB
in CamKII-positive hippocampal neurons for control (grey, n=28)
and BDNF depleted (red, BDNFA, n=28). ¢ Confocal images show-

Similarly, dendritic spine density upon TrkB-Fc treat-
ment in BDNF-depleted cultures was comparable to the
one in control, not-depleted hippocampal neurons (Fig. 4b;
0.91+0.02 vs. 0.92 +0.02 spines/um, Suppl. Figure 1C
and Table 1). When spine type distribution was ana-
lyzed, an equally significant decrease could be observed
for mushroom spines both for only BDNF (Fig. 2d) or
BDNF and NT-4/5-depleted hippocampal neurons (Fig. 4c,
p<001; 51.13+1.44 vs. 36.67+1.73 vs. 36.17 +1.32%)
when compared to the control conditions. In addition,
the two treatments resulted in a significant increase in
thin (Fig. 4c, p<0.001; 14.88+1.37 vs. 31.16 +1.73 vs.
32.86 +1.16%) and no changes in stubby spines (Fig. 4c;
33.98+2.11 vs. 32.82+1.39 vs. 30.95 +£1.17%). Next,
the levels of TrkB phosphorylation were compared in
CamKII-positive neurons between control and BDNF
and NT-4/5-depleted hippocampal cultures (Fig. 4d). The
quantification of phospho-TrkB immunoreactivity showed
no significant differences in the levels of TrkB phospho-
rylation (Fig. 4e; 100+2.41 vs. 91.41 +£6.59%) between
the two conditions.
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ing immunoreactivity for phospho-TrkB (Y705/Y706; left) and
calbindin as a marker for a subtype of inhibitory neurons (right) in
primary hippocampal cultures. Scale bar, 100 pm. d Quantification
of fluorescence intensity for phospho-TrkB in calbindin-positive hip-
pocampal neurons for control (grey, n=37) and BDNF depleted (red,
BDNFA, n=40). Data obtained are represented as mean+SEM and
significance is shown as follows: ***p <0.001

Taken together the data so far suggest that the absence
of BDNF is compensated specifically in excitatory hip-
pocampal neurons by ligand-independent mechanisms
resulting in TrkB phosphorylation.

Role of zinc-dependent TrkB transactivation
in modulating dendrite architecture in excitatory
hippocampal neurons upon BDNF depletion

The TrkB receptor has been shown to be activated in the
absence of BDNF by a variety of stimuli in a process known
as transactivation (Jeanneteau and Chao 2006; Puehringer
et al. 2013). Previous reports have shown that the divalent
cation zinc can transactivate TrkB in cultured cortical neu-
rons and heterologous cells through a BDNF-independent
mechanism (Huang et al. 2008). Zinc is expressed at glu-
tamatergic synapses in the hippocampus (Frederickson
et al. 2005) and the zinc transporter ZnT-3 has been shown
to regulate hippocampal-dependent memory formation
(Adlard et al. 2010; Sindreu et al. 2011) suggesting the pos-
sibility that a zinc-dependent TrkB transactivation might
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Fig.4 Role of neurotrophin-4/5 in maintaining neuronal morphol-
ogy and TrkB receptor phosphorylation in BDNF-depleted primary
hippocampal cultures. a Graph showing the Sholl analysis where the
number of intersections is plotted against the distance from the cell
body and total dendritic complexity (insert) of control (grey, n=35)
and BDNF-depleted neurons treated with TrkB receptor bodies to
scavenge NT4/5 (green, BDNFA +TrkB-Fc, n=14) in hippocampal
primary cultures. b Graph showing dendritic spine density of con-
trol (grey, n=24) and BDNF-depleted primary hippocampal cultures
treated with TrkB-Fc (green, BDNFA + TrkB-Fc, n=15). ¢ Graph
showing the distribution of different dendritic spines (mushroom,

compensate the BDNF deletion in pyramidal hippocampal
neurons. To test this hypothesis the dendritic architecture of
mCherry-expressing excitatory neurons was analyzed in con-
trol and BDNF-depleted hippocampal cultures treated or not
with the zinc chelator Ca EDTA. Upon Ca EDTA treatment
both control and BDNF-depleted neurons showed a clear
alteration of their dendritic architecture characterized by a
very short and simplified dendritic tree (Fig. 5a). Indeed,
compared to control neurons both control and BDNF-
depleted neurons upon Ca EDTA treatment showed a signifi-
cantly lower total dendritic complexity (Fig. Sb insert; both
p<0.001; 242.5+10.42 vs. 149.7+9.06 vs. 106.5+6.29
intersections). Moreover, total dendritic complexity of
BDNF-depleted neurons treated with Ca EDTA was sig-
nificantly lower than the one observed for Ca EDTA-treated
WT neurons (Fig. 5b insert; p <0.01). Similarly, when den-
dritic complexity was plotted relative to the distance from
the cell body Ca EDTA-treated control and BDNF-depleted
pyramidal hippocampal neurons showed a lower complex-
ity throughout the entire dendritic tree (Fig. 5b, p <0.001
F, ¢;=10.84). Next, dendritic spine density was analyzed
and showed that while Ca EDTA treatment did not influ-
ence it in WT neurons, treatment of BDNF-depleted neurons

thin and stubby) in control (grey, n=23) and BDNF-depleted neurons
treated with TrkB-Fc (green, BDNFA +TrkB-Fc, n=14) primary
hippocampal cultures. d Confocal images showing immunoreactiv-
ity for phospho-TrkB (Y705/Y706; left) and CamKII as a marker for
excitatory neurons (right) in primary hippocampal cultures. Scale bar,
100 um. e Comparison of fluorescence intensity levels for phospho-
TrkB immunoreactivity in control (grey, n=28) and BDNF-depleted
cultures treated with TrkB-Fc (green, n=24). All results are pre-
sented as mean+SEM. Statistical significance is shown as follows:
*#%p <0.001

resulted in a significantly reduced dendritic spine density
when compared to neurons from control and from Ca EDTA-
treated cultures (Fig. Sc; both p <0.001; 0.91 £0.02 vs.
0.93+0.02 vs. 0.77 +0.02 spine/um, Suppl. Figure 1D and
Table 1). The analysis of the distribution of dendritic spine
types revealed that when compared to control conditions
(Fig. 5d; grey; mushroom 51.13 +2, thin 14.88 +2.37%)
the treatment with Ca EDTA of control neurons (Fig. 5d;
blue; mushroom 47.22 +0.84, thin 17.93 +1.15%) did not
influence it. In contrast, application of Ca EDTA to BDNF-
depleted hippocampal primary cultures (green) resulted in
a significant decrease in the proportion of mushroom spines
(Fig. 5d, p<0.001; 34.38 + 1.5%) and a significant increase
in thin spines in hippocampal neurons (Fig. 5d, p <0.001;
Fig. 5d; 32.68 + 1.54%). These changes were indistinguish-
able from those observed in pyramidal neurons from not-
treated BDNF-depleted hippocampal cultures (Fig. 5d; red;
mushroom 36.67 + 1.44, thin 31.16 +1.73). No differences
could be observed for the proportion of stubby spines under
all conditions (Fig. 5d; 33.98 +2.11 vs. 32.84 34.84 +1.09
1.39 vs. 34.84 +1.09 vs. 32.92 +0.82%). In an additional set
of experiments Ca EDTA was applied to BDNF-depleted
primary hippocampal neurons with or without ZnCl,.
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«Fig.5 Role of ligand-independent TrkB transactivation in regulat-
ing dendritic morphology and spine density of primary hippocampal
excitatory neurons. a Representative tracings comparing the mor-
phology of control (left), Ca EDTA-treated (middle) and BDNF-
depleted hippocampal neurons treated with Ca EDTA (right). Scale
bar, 100 um. b Graph showing the Sholl analysis where the number
of intersections is plotted against the distance from the cell body and
total dendritic complexity (insert) of control (grey, n=29), Ca EDTA-
treated control (blue, +Ca EDTA, n=29) and BDNF-depleted neu-
rons treated with Ca EDTA (green, BDNFA +Ca EDTA, n=26) in
hippocampal primary cultures. F values written in grey refer to the
control versus+ Ca EDTA comparison, those in blue refer to the+Ca
EDTA versus BDNFA +Ca EDTA comparison. ¢ Graph showing
dendritic spine density of control (grey, n=21), control (blue, +Ca
EDTA, n=17) and BDNF-depleted (green, BDNFA +Ca EDTA,
n=26) hippocampal primary neurons treated with Ca EDTA. d
Graph showing the distribution of different dendritic spines (mush-
room, thin and stubby) in control (grey, n=23), BDNF-depleted (red,
BDNFA, n=34), control (blue, +Ca EDTA, n=17) and BDNF-
depleted (green, BDNFA +Ca EDTA, n=21) primary hippocampal
neurons treated with Ca EDTA. e Graph showing the Sholl analy-
sis where the number of intersections is plotted against the distance
from the cell body and total dendritic complexity (f) of control (grey,
n=10), BDNF-depleted primary hippocampal neurons treated with
Ca EDTA (green, BDNFA +Ca EDTA, n=11) or with Ca EDTA
and ZnCl, (dark blue, BDNFA +CaEDTA +Zn, n=13). F values
written in grey refer to the control versus +Ca EDTA comparison,
those in green refer to the +Ca EDTA versus BDNFA +Ca EDTA
and Zn comparison. g Graph showing dendritic spine density of con-
trol (grey, n=21), BDNF-depleted neurons treated Ca EDTA (green,
BDNFA +Ca EDTA, n=19) or with Ca EDTA and ZnCl, (dark blue,
BDNFA + CaEDTA +Zn, n=21) in primary hippocampal cultures. h
Graph showing the Sholl analysis where the number of intersections
is plotted against the distance from the cell body and total dendritic
complexity (insert) of control (grey, n=14), control treated with the
SFK inhibitor PP1 (dark blue, +PP1, n=17) and BDNF-depleted
neurons treated with PP1 (light blue, BDNFA +PP1, n=22) in hip-
pocampal primary cultures. F values written in light blue refer to the
control BDNFA +PP1 comparison. h’ Quantification of TrkB phos-
phorylation level in control hippocampal neurons non-treated (grey,
n=12) and treated (dark blue, n=14) with the SFK inhibitor PP1
as well as BDNF-depleted neurons treated with SFK inhibitor (light
blue, n=9). i Graph showing dendritic spine density of control (grey,
n=12), control neurons treated with SFK inhibitor PP1 (dark blue,
+PP1, n=11) and BDNF-depleted neurons treated with PP1 (light
blue, BDNFA +PP1, n=13) primary hippocampal cultures. All
results are presented as mean + SEM, statistical significance is shown
as follows *p < 0.05; **p <0.01, ***p <0.001

While the treatment did not significantly rescue dendritic
complexity (Fig. 5e; dark blue BDNFA + Ca EDTA + Zn)
resulting in a significantly lower complexity distribution
(Fig. Se, p<0.001, F; 1o=17.47 for ctrl vs. Ca EDTA and
F,,,=20.82 for ctrl vs. Ca EDTA +Zn) and total com-
plexity (Fig. 5f; ctrl 313.0+36.18, Ca EDTA 134.0+9.02
and Ca EDTA +Zn 166.0+20.57 intersections) than con-
trols, it partially rescued dendritic spine density (Fig. 5g;
ctrl 1.49+0.07 vs. BDNFA 0.65+0.11; p<0,001 and
BDNFA +Zn 0.91 +0.04, Suppl. Figure 1E and Table 1).
Finally, in a set of BDNF-depleted hippocampal cultures
the zinc transporter ZnT-3 (Schen et al. 2007) was down-
regulated via shRNA expression starting at DIV 7. ZnT-3

is known to be localized at glutamatergic synapses (Wenzel
et al. 1997) and its deletion prevents zinc uptake at synaptic
vesicles (Cole et al. 1999). Indeed, the targeted deletion of
ZnT-3 results in reduced zinc levels in fibers normally con-
taining zinc (Cole et al. 1999; Linkous et al. 2008). While
the Sholl analysis confirmed the absence of a dendritic
phenotype in BDNF-depleted (red) mCherry-expressing
hippocampal pyramidal neurons when compared to the
control (grey), downregulation of ZnT-3 in BDNF-depleted
hippocampal neurons resulted in a significantly reduced
dendritic complexity throughout the entire dendritic tree
(Fig. 6a, blue). Indeed, while total dendritic complexity was
not different between control (Fig. 6b, grey, 337.1 +£27.61)
and BDNF-depleted (Fig. 6b, red, 281.2 + 35.49) pyramidal
hippocampal neurons, it was significantly lower in BDNF-
depleted neurons upon ZnT-3 downregulation (Fig. 6b,
blue 80.33 +22.05, p <0.0001 vs. control and p <0.001 vs.
BDNFA). Next, dendritic spine density was analyzed and
showed that while BDNF-depleted neurons (Fig. 6¢ red,
Suppl. Figure 1G and Table 1) did not show a significantly
reduced dendritic spine density when compared to neurons
from control (Fig. 6¢, grey, Suppl. Figure 1G and Table 1),
upon ZnT-3 downregulation in BDNF-depleted neurons
spine density was significantly reduced (Fig. 6¢; blue, both
p<0.05; 1.24+0.09 vs. 1.20+0.16 vs. 0.57 +£0.06 spine/
pum, Suppl. Figure 1G and Table 1).

Our results so far indicate that while in hippocampal
pyramidal neurons distribution of dendritic spine types
depends purely on BDNF availability, zinc might indeed be
involved in rescuing the dendritic architecture and dendritic
spine density in BDNF-depleted cultures. Src family kinases
(SFK) have been shown to be required for zinc-induced
phosphorylation of Tyr-706 residue of TrkB (Huang et al.
2008; Huang and McNamara 2010). Thus, we next tested
whether inhibition of Src kinases via the application of the
SFK inhibitor PP1 influences dendritic complexity and spine
density in pyramidal hippocampal neurons. When compared
to a treatment with the inactive analog PP3 (grey) inhibi-
tion of SFK resulted in a reduced dendritic complexity both
in control and BDNF-depleted neurons (Fig. Sh). However,
this became significant only for PP1-treated BDNF-depleted
neurons (Fig. 5h, p<0.05; 177.3+19.28 vs. 145.2+11.92
vs. 134.7 +10.56 intersections). Interestingly, while TrkB
phosphorylation was only slightly reduced in PP1-treated
control neurons (Fig. 5h’; blue; 95.35 +1.47%), it was sig-
nificantly lower in PP1-treated BDNF-depleted neurons
(Fig. 5h'; p<0.05; light blue; 83.43 +6.53%) when com-
pared to the control conditions (Fig. 5h’; grey; 100 +2.02%).
The analysis of dendritic spine density revealed a significant
decrease both in control (Fig. 5i; blue; p <0.05; 1.26 +0.07
spines/um, Suppl. Figure 1F and Table 1) and BDNF-
depleted (Fig. 5i; light blue; p <0.01; 1.24 +0.06 spines/
pum, Suppl. Figure 1F and Table 1) hippocampal pyramidal
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architecture and dendritic spine density for pyramidal hippocampal
neurons in vitro. a Graph showing the Sholl analysis where the num-
ber of intersections is plotted against the distance from the cell body
and total dendritic complexity (b) of control (grey, n=9), BDNF-
depleted (red, BDNFA, n=9) and BDNF-depleted neurons trans-
fected with shRNAs for ZnT-3 (blue, BDNFA +shRNA ZnT-3, n=6)

neurons treated with PP1 compared to controls (Fig. 5i; grey;
1.51+0.07 spines/um, Suppl. Figure 1F and Table 1).

Taken together these data suggest that zinc-mediated
TrkB transactivation might indeed, at least partially con-
tribute to maintain dendritic spine density in BDNF-depleted
pyramidal neurons.

Morphological analysis of cortical pyramidal
neurons and granule neurons of the dentate gyrus
in cbdnf ko mice

In view of the mild alterations observed for hippocam-
pal pyramidal neurons both in vivo in the cbdnf ko mice
and in vitro in BDNF-depleted primary cultures, we set
out to explore if pyramidal neurons are in general only
mildly affected if BDNF is missing. Very early on after
the discovery of BDNF, it was shown, that in the ferret
developing cortex, the application of BDNF does increase
dendritic complexity reviewed in (McAllister et al. 1999).
However, an effect of a gain-of-function approach could
not be observed in hippocampal primary cultures (Kellner
et al. 2014). In addition, preparation techniques (Danzer
et al. 2004) and culture conditions (Chapleau et al. 2008)
have been shown to influence the level of expression as
well as the cellular response to BDNF, possibly confound-
ing the analysis of the role of endogenous BDNF under
culture conditions. We therefore analyzed the morphology
of single pyramidal neurons from the cortical Layer II/III
and Layer V of cbdnf ko mice. Pyramidal neurons were
labeled with Dil in 8-week-old WT and cbdnf ko mice, vir-
tually lacking BDNF throughout the CNS (Rauskolb et al.
2010). When qualitatively compared with WT neurons
no obvious alterations in the gross dendritic architecture
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in hippocampal primary cultures. ¢ Graph showing dendritic spine
density of control (grey, n=6), BDNF-depleted (red, BDNFA, n=06)
and BDNF-depleted neurons transfected with shRNAs for ZnT-3
(blue, BDNFA +shRNA Znt-3, n=4) hippocampal primary neurons
treated with Ca EDTA. All results are presented as mean=+SEM,
statistical significance is shown as follows *p<0.05; **p<0.01,
*#%p <0.001

could be observed for both Layer II/III (Fig. 7a) and Layer
V pyramidal neurons (Fig. 7d). This qualitative impres-
sion was confirmed comparing total dendritic complexity
analyzed by Sholl analysis. Due to their different connec-
tivity the apical and basal dendrites were analyzed sepa-
rately. Mutant Layer II/III pyramidal neurons showed only
a slightly, but not significant reduction in total complexity
for the apical dendrite (Fig. 7b insert; 106.38 +£7.57 vs.
83.66 +21.4 intersections) and no difference for the basal
dendrite when compared to WT neurons (Fig. 7c insert;
114.07 £ 8.95 vs. 108.12 + 11.21 intersections). Similarly,
no significant differences in total dendritic complexity
could be observed both for the apical and basal dendrites
of Layer V mutant and WT pyramidal neurons (Fig. 7e, f;
apical 109.5+9.24 vs. 109.7 +11.34; basal 98.27 + 11.38
vs. 100.11 +£12.01 intersections). A more detailed Sholl
analysis performed by plotting the number of dendritic
intersections against the distance from the cells body
showed only a mild reduction in the most distal portion of
the apical dendrite of Layer II/III mutant neurons (Fig. 7b)
when compared to WT Layer II/III neurons. No other
differences in dendritic complexity could be observed
between WT and cbdnf ko cortical neurons (Fig. 7c, e,
f). Analysis of dendritic spine density showed no differ-
ences between WT and cbdnf ko-derived pyramidal neu-
rons both for cortical Layer II/IIT (Fig. 7g; 1.15+0.07
vs. 1.16 +0.06 spines/um, Suppl. Figure 2A and Table 1)
and Layer V (Fig. 7h; 1.12+0.10 vs. 1.21 +0.08 spines/
pm, Suppl. Figure 2B and Table 1). However, when the
distribution of dendritic spine types was analyzed a sig-
nificant decrease in mushroom spines (Fig. 71, p <0.05;
48.53 +£2.95 vs. 38.42 +2.58%) associated to a significant
increase in thin spines (Fig. 7i, p <0.01; 25.99 + 1.56 vs.
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Fig.7 Analysis of neuronal architecture and dendritic spine density
for pyramidal neurons from Layer II/IIl and Layer V of the soma-
tosensory cortex of wild type and chdnf knock-out mice. Representa-
tive tracings showing the morphology of Dil-labeled cortical Layer
II/III (a) and Layer V (d) pyramidal neurons from wild type (light
grey) and cbdnf ko mice (dark grey). Scale bar, 100 um. b, ¢ Graphs
showing Sholl analysis where the intersections are plotted against the
distance from the soma and as total dendritic complexity (inserts) of
both apical and basal dendrites from wild type (light grey, n=13 api-
cal and n=13 apical) and cbdnf ko (dark grey, n=9 basal and n=28
basal) pyramidal cortical neurons in Layer II/IIII. e, f Graphs showing
Sholl analysis where the intersections are plotted against the distance

35.26 +2.25%) could be observed in mutant vs. WT cor-
tical pyramidal neurons (Fig. 7i). This result very much
resembles the data we obtained from hippocampal pyrami-
dal neurons in vivo (Rauskolb et al. 2010) and from our
in vitro results (Fig. 2). These results indicate that BDNF
deprivation in vivo fails to cause major alterations in the
dendritic architecture of pyramidal cortical neurons.

from the soma and as total dendritic complexity (inserts) of both api-
cal and basal dendrites from wild type (light grey, n=12 apical and
n=10 apical) and cbdnf ko (dark grey, n=11 basal and n=9 basal)
pyramidal cortical neurons in Layer V. g Graphs showing dendritic
spine density of wild type (light grey, n=4) and cbdnf ko mice (dark
grey, n=>5) for neurons in Layer II/III and h Layer V (n=6 control
and n="7 cbdnf ko). f, i Graph showing the distribution of different
spine types for cortical Layer II/IIl and V of wild type (light grey,
n=15) and cbdnf ko mice (dark grey, n=8). All data obtained are
presented as mean + SEM, statistical significance is shown as follows:
*p<0.05; **p<0.01

Taken together our results so far strongly suggest that
in vitro as well as in vivo excitatory and inhibitory neurons
from different brain regions show different levels of sen-
sitivity to BDNF depletion indicating a cell type-specific
role of BDNF during postnatal development. To confirm
this hypothesis, we next analyzed the dendritic architecture
of another type of excitatory neurons from the hippocampus,
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Fig. 8 Neuronal morphology of dentate gyrus granule cells from wild
type and cbdnf knock-out mice and quantification of TrkB phospho-
rylation in Prox-1-positive primary hippocampal neurons. a Repre-
sentative tracings showing the morphology of dentate gyrus gran-
ule cells in wild type (grey) and cbdnf ko mice (black). Scale bar,
100 um. b Graphs showing Sholl analysis where the intersections
are plotted against the distance from the soma and as total dendritic
complexity (inserts) of Dil-labeled wild type (light grey, n=22)
and chdnf ko (dark grey n=16) granule cells of the hippocampus.
¢ Graphs showing dendritic spine density of Dil-labeled wild type
(light grey, n=8) and cbdnf ko (dark grey, n=10) granule cells of
the dentate gyrus. d Confocal images showing immunoreactivity for
phospho-TrkB (Y705/Y706; left) and Prox-1 as a marker for granule

namely granule cells of the dentate gyrus in WT and cbdnf
ko mice. At a qualitative analysis Dil-labeled mutant gran-
ule cells seemed to have a shorter and less complex den-
dritic tree that WT neurons (Fig. 8a). Indeed, when total
dendritic complexity was analyzed it surprisingly resulted
to be significantly lower in mutant granule cells than in
WT neurons (Fig. 8b insert; p <0.01; 133.5+12.22 vs.
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Quantification of TrkB phosphorylation level in control (grey, n=44)
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mCherry-transfected wild type (grey, n=_8) and BDNF-depleted (red,
BDNFA, n=10) Prox1-positive granule cells of the dentate gyrus.
All results are presented as mean+SEM, statistical significance is
shown as follows*p <0.05; **p <0.01, ***p <0.001

90.38 + 6.7 intersections). Similarly, when the number of
intersections was plotted against the distance from the cell
body, cbdnf ko granule cells showed a significantly lower
dendritic complexity, especially in the distal two-thirds of
the dendritic tree (Fig. 8b, p <0.001 F 3=21.90). Moreo-
ver, dendritic spine density was significantly lower in cbdnf
ko derived than in WT granule cells (Fig. 8c, p<0.01;
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1.724+0.03 vs. 1.44 +0.05 spines/um, Suppl. Figure 2C
and Table 1). Interestingly, TrkB phosphorylation analyzed
in granule cells identified by their positivity to Prox-1 was
significantly lower in BDNF depleted (p <0.01) than in con-
trol primary hippocampal cultures (Fig. 8e; 100 +3.18 vs.
80.29 +5.11%). Moreover, dendritic architecture and spine
density were analyzed in Prox1-positive mCherry-express-
ing neurons in hippocampal cultures. While dendritic com-
plexity (Fig. 8f, ', grey control 142.1 +8.64, red BDNFA
140.7 +5.57), did not show any significant alteration,
dendritic spine density was significantly lower in BDNF-
depleted cells vs. control (Fig. 8g, grey control 1.71 +0.05
and red BDNFA 1.56+0.06; p <0.05, Suppl. Fig. sD and
Table 1).

These results clearly indicate that in contrast to other hip-
pocampal and cortical glutamatergic neurons granule cells
of the dentate gyrus depend on BDNF for the postnatal
development of their dendritic architecture.

Discussion

Our results give strong evidence for a cell type-specific TrkB
signaling in modulating neuronal architecture. Indeed, while
BDNF deprivation both in vivo and in vitro fails to cause
major alterations in the dendritic architecture of pyramidal
hippocampal and cortical neurons, it significantly affects
both granule cells of the dentate gyrus as well as cortical
and hippocampal inhibitory interneurons, as well as inhibi-
tory neurons in the striatum. The results strongly suggest
that in vitro as well as in vivo excitatory pyramidal neu-
rons, granule cells from the DG and inhibitory interneu-
rons from the cortex and hippocampus show different levels
of sensitivity to BDNF. Moreover, our results suggest that
zinc-dependent, ligand-independent transactivation of TrkB
receptors might explain the cell-specific BDNF sensitivity
and could possibly compensate the lack of BDNF-mediated
signaling specifically in pyramidal cortical and hippocampal
neurons.

BDNF modulates neuronal architecture in a cell
type-specific manner

Global deprivation of BDNF throughout the entire CNS
results in specific reduction in the volume of specific areas
of the brain, i.e., the striatum and not in others, i.e., hip-
pocampus and cortex (Rauskolb et al. 2010). The reduction
in volume of the striatum in the absence of BDNF is due to
a highly significant reduction of the total length and volume
of dendrites as well as in dendritic spine density for medium
spiny neurons (MSN, Rauskolb et al. 2010), comprising
about 90% of the neurons in the striatum. On the other hand,
pyramidal neurons of the CA1 area of the hippocampus did

not show major alterations in their architecture (Rauskolb
et al. 2010). Moreover, BDNF markedly promotes the
growth of cultured striatal neurons and of their dendrites,
but not of those of hippocampal neurons (Rauskolb et al.
2010), suggesting that the differential responsiveness to
BDNEF is part of a neuron-intrinsic program but leaving
open the question of whether BDNF modulates neuronal
architecture in a region- or cell type-specific manner. The
results of the current study indicate that in vivo, BDNF spe-
cifically regulates the architecture of several subtypes (par-
valbumin-, calbindin- and calretinin-positive) of GABAergic
neurons of the cortex, hippocampus and striatum, but does
not play a major role in this context for pyramidal, gluta-
matergic neurons within the same regions. These results
are in line with previous evidence obtained in vitro indicat-
ing that BDNF promotes the phenotype differentiation of
GABAergic neurons in hippocampus and striatum (Mizuno
et al. 1994; Marty et al. 1996; Ivkovic and Ehrlich 1999;
Yamada et al. 2002), facilitates dendritic development of
hippocampal GABAergic neurons in culture (Bartrup et al.
1997; Vicario-Abejon et al. 1998; Kohara et al. 2003, 2007,
Turrigiano 2007; Hong et al. 2008), increases the density
of inhibitory synapses (Marty et al. 2000) or the size of
inhibitory terminals (Bolton et al. 2000) of hippocampal
neurons. Due to the lack of BDNF synthesis in GABAer-
gic interneurons, it can be concluded that in this context it
acts in a paracrine manner. On the other hand, while several
in vitro studies also suggested a role for exogenous BDNF
in modulating dendritic architecture of pyramidal neurons of
the cortex and hippocampus (McAllister et al. 1995, 1996,
1997; Horch et al. 1999; Tyler and Pozzo-Miller 2001, 2003;
Jiet al. 2005, 2010; Kellner et al. 2014), we could not repro-
duce these observations in vivo. However, we did observe a
surprising significant reduction in dendritic complexity and
dendritic spine density for the granule cells of the dentate
gyrus. While this result is in agreement with previous obser-
vations showing a role of BDNF in regulating dendritic com-
plexity in the dentate gyrus (Tolwani et al. 2002; Gao et al.
2009; Wang et al. 2015), it does not support our hypothesis
of a specific activity of BDNF on inhibitory but not excita-
tory neurons. On the other hand, several reports indicate
that BDNF regulates dendritic development and synaptic
formation of postnatal-born dentate gyrus granule neurons
(Gao et al. 2009; Waterhouse et al. 2012; Wang et al. 2015)
leaving open the possibility that the phenotype observed in
the dentate gyrus of cbhdnf ko mice derives from an activity
of BDNF in modulating adult neurogenesis.

TrkB receptor activation
Extensive in vitro and in vivo evidence indicates that BDNF

influences neuronal architecture via the activation of the
TrkB receptor both in glutamatergic (Horch et al. 1999;
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Yacoubian and Lo 2000; Tyler and Pozzo-Miller 2001, 2003;
Ji et al. 2005, 2010; Chakravarthy et al. 2006; Kellner et al.
2014) and GABAergic neurons (Mizuno et al. 1994; Widmer
and Hefti 1994; Marty et al. 1996; Rutherford et al. 1997,
Vicario-Abejon et al. 1998; Seil and Drake-Baumann 2000;
Yamada et al. 2002). Activation of TrkB depends upon its
dimerization and the consequent phosphorylation of tyrosine
residues within its intracellular domain (McAllister et al.
1999; Huang and Reichardt 2001; Minichiello 2009). Thus,
measuring phosphorylation of distinct tyrosine residues pro-
vides a way to measure TrkB activation (Segal et al. 1996).
We observe that while TrkB phosphorylation is significantly
reduced within the cell body of BDNF-depleted GABAergic
hippocampal neurons as well as in granule cells of the hip-
pocampus, it is not altered within pyramidal neurons both
in the hippocampus and in the cortex. Thus, it can be con-
cluded that a BDNF-dependent TrkB activation is required
to control dendritic architecture of GABAergic cortical and
hippocampal neurons and granule cells of the dentate gyrus.
On the other hand, the lack of a reduction in TrkB phospho-
rylation associated with the limited dendritic phenotype of
BDNF-depleted pyramidal neurons indicates the existence
of a BDNF-independent activation of TrkB able to compen-
sate for the lack of BDNF and maintain dendritic complex-
ity and spine density specifically for pyramidal neurons in
the absence of BDNF both in vitro and in vivo. Moreover,
scavenging of both BDNF and NT-4/5, the second ligand
for TrkB, did not result in reduced TrkB phosphorylation
or dendritic complexity suggesting a neurotrophin-inde-
pendent mechanism. Indeed, this is in line with previous
reports showing TrkB receptor activation in the mossy fiber
pathway during epileptogenesis in the absence of BDNF or
both NT-4/5 and BDNF (He et al. 2004b, 2006) indicating
the existence of an alternative, non-neurotrophin-dependent
TrkB receptor signaling.

Zinc-mediated TrkB transactivation

Transactivation refers to a process whereby a given recep-
tor and its downstream signaling is activated by a stimulus
that does not interact directly with the receptor (Carpenter
1999). Prior work demonstrated the transactivation of TrkB
in cultured hippocampal neurons by two G protein-coupled
receptor ligands, adenosine, pituitary adenylate cyclase-
activating peptide (PACAP) and epidermal growth factor
receptor (EGFR) (Lee and Chao 2001; Lee et al. 2002; Raja-
gopal et al. 2004; Puehringer et al. 2013). Transactivation
of TrkB has been shown to have biological consequences
as it modulates survival of motoneurons after facial nerve
lesioning (Wiese et al. 2007) and regulates migration of
early neuronal cells to their final position in the develop-
ing cortex (Puehringer et al. 2013). Moreover, the divalent
cation, zinc has been shown to transactivate TrkB by a
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neurotrophin-independent and Src- and activity-dependent
mechanism resulting in the potentiation of the hippocam-
pal mossy fiber-CA3 pyramidal cell synapse (Huang et al.
2008). The divalent cation zinc is a biologically essential
element for brain physiology from early neonatal develop-
ment to adulthood (Frederickson et al. 2000; Maret and
Sandstead 2006). While the majority of zinc in the CNS is
permanently bound to zinc-dependent enzymes and other
proteins (Berg and Shi 1996) about 10% of it is suggested to
be not ligand-associated and to be mostly localized within
glutamatergic synaptic vesicles in the hippocampus (Franco-
Pons et al. 2000; Takeda 2000) and the cortex (Frederick-
son and Moncrieff 1994; Frederickson et al. 2000). Here we
show that inhibition of Src family kinases as well as scav-
enging of zinc or depleting zinc by downregulating the zinc
transporter ZnT-3 results in impairment in their dendritic
complexity and spine density specifically in BDNF-depleted
pyramidal neurons. Thus, we suggest the hypothesis that in
the absence of BDNF zinc may be able to at least partially
compensate the BDNF function by promoting the transac-
tivation of TrkB via the phosphorylation of tyrosine resi-
dues Y705/Y706 by the Src family kinases. Interestingly,
the hippocampus appears to be the most responsive region
to either a deficiency or an excess of zinc (Suh et al. 2009;
Takeda and Tamano 2014). Perturbation of zinc homeostasis
in hippocampal neurons is also linked to cognitive decline
under stress or in pathological conditions (Flinn et al. 2005;
Linkous et al. 2009a, b; Takeda and Tamano 2014). In addi-
tion, zinc as also BDNF (Castren and Kojima 2017) exhib-
its antidepressant-like effects in chronic mild stress animal
models of depression (Kroczka et al. 2001; Nowak et al.
2003; Rosa et al. 2003) as well as in human depression by
the beneficial effect of zinc supplementation in antidepres-
sant therapy (Nowak et al. 2003). While we cannot exclude
that other transactivators of TrKB may also play a role in
compensating the absence of BDNF for glutamatergic corti-
cal and hippocampal neurons, our results are in agreement
with a possible role of zinc in modulating TrkB activation
in a BDNF-independent manner and thus contribute at clari-
fying how a possible functional convergence between zinc
and BDNF signaling via the TrkB receptor at synapses can
impact nervous system function both in health and disease.
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