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Abstract

Brain-derived neurotrophic factor (BDNF) is a secreted messenger molecule that is crucial for neuronal function and induction of
synaptic plasticity. Although altered availability of BDNF underlies many neurological deficits and neurodegenerative disorders,
secretion dynamics of endogenous BDNF are unexplored. We generated a BDNF-GFP knock-in (KiBE) mouse, in which GFP-
labeled BDNF is expressed under the control of the unaltered endogenous mouse BDNF gene regulatory elements. This KiBE
mouse model enables for the first time live cell imaging analysis of endogenous BDNF dynamics. We show that BDNF-GFP
release and biological activity in vivo are unaffected by the GFP tag, since homozygous KiBE mice, which lack wild-type BDNF,
are healthy and have a normal life expectancy. STED superresolution microscopy shows that 70% of BDNF-GFP vesicles in
KiBE mouse neurites are localized in dendrites, being typically 200 nm away from synaptic release sites. Live cell imaging in
hippocampal slices also reveals prominent targeting of endogenous BDNF-GFP vesicles to dendrites. Fusion pore opening and
cargo release of dendritic BDNF vesicles start within 30 s after a strong depolarizing stimulus and continue for > 100 s thereafter,
revealing an astonishingly delayed and prolonged release of endogenous BDNF.
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Introduction BDNF expression is observed exclusively in glutamatergic

neurons, while it is absent from inhibitory neurons. With

The neurotrophin brain-derived neurotrophic factor (BDNF)
regulates survival and differentiation during neural develop-
ment and is crucially involved in synaptic plasticity, learning,
and memory formation in the adult brain [1-5]. In the brain,
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few exceptions, BDNF is expressed at extraordinarily low
levels, ensuring its strong command for regulation once a
small amount is locally released. Due to its low abundance,
dynamics of targeting and release of endogenous BDNF
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vesicles are to date unexplored. Using overexpression of
GFP-tagged BDNF, it was suggested that BDNF is released
either constitutively or in an activity-dependent manner [6—12].
The activity-dependent release of BDNF is assumed to be a key
mechanism for the induction and expression of synaptic plasticity
in many areas of the mammalian brain [3, 13]. Similar to other
neuropeptides and secreted proteins, BDNF synthesis and post-
translational modifications involve intracellular trafficking and
processing of BDNF in the endoplasmic reticulum (ER), Golgi
apparatus, and trans-Golgi network (TGN). Accordingly, BDNF
protein is assumed to be stored in TGN-derived secretory
vesicles that undergo exocytosis in response to electrical
activity-driven rise of intracellular Ca** levels [10].

In fixed tissue, BDNF protein has been detected by immu-
nohistochemistry in somata, axons, dendrites, and spines of
mammalian neurons, e.g., in hippocampus, cortex, and amyg-
dala [14-18]. Likewise, overexpression of GFP-labeled
BDNF suggested dendritic as well as axonal targeting of
BDNF vesicles [8, 9, 11, 19], and the presence of BDNF
vesicles in spines [13, 18]. However, whether this localization
reflects the targeting of endogenous BDNF in intact neurons
under physiological conditions is unknown.

In this study, we set out to address the localization of
endogenous BDNF-GFP vesicles in living brain slices as well
as the exocytosis of BDNF-GFP containing vesicles with a
method that does neither rely on potentially unspecific BDNF
antibody detection nor on overexpression of fluorescent
protein-labeled BDNF. To reach this aim, we generated a
knock-in mouse model in which the endogenous BDNF exon
9 (coding for the entire protein) is replaced by BDNF-GFP. This
mouse expresses BDNF-GFP under the control of the unaltered
BDNF gene regulatory elements and allows detection of
endogenous BDNF by the inherent GFP fluorescence of the
fusion protein. Our analysis provides novel insights into the
strong dendritic targeting and the unexpectedly slow kinetics
of exocytosis of single vesicles containing endogenous BDNF.

Our study provides a proof of concept that C-terminal
knock-in of GFP into secreted proteins can be used to visual-
ize their release in vivo.

Results

Targeting Construct to Replace Endogenous BDNF
with BDNF-GFP on Chromosome 2 of the Mouse
Genome

The mouse BDNF gene is located on chromosome 2 and
contains eight 5’ non-coding exons and one 3’ coding exon
(exon 9 [20]). This exon 9 is translated into protein and con-
tains the entire pre-pro-BDNF sequence. BDNF mRNA tran-
scripts consist of either of the 5’ exons 1-8 that are spliced to
the protein encoding exon 9. Expression of the different
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transcripts is regulated in an activity-dependent fashion by
specific promoter regions upstream of exons 1-8, respective-
ly. Due to alternative splicing and polyadenylation, at least 18
distinct mRNA species were identified in mice with either
short or long 3'UTR [20]. To enable detection of BDNF by
endogenous GFP fluorescence, we generated a targeting con-
struct consisting of the mouse BDNF exon 9 sequence fused at
its C-terminus in frame to the enhanced GFP (EGFP) coding
sequence (compare [21]). This targeting vector contained the
left (1.63 kb) and the right (4.84 kb) arm of homology of the
mouse BDNF gene. The exon 9 sequence flanked BDNF-GFP
with 21 bp to the 5" and 2.82 kb to the 3', thus, comprising
approximately half of the sequence of the right homology arm
(see Fig. la). After homologous recombination in ES cells,
blastocyst injection, and germline transmission of the con-
struct, we obtained homozygous knock-in BDNF-EGFP
(KiBE) mice. In these KiBE mice, the wt BDNF coding se-
quence on chromosome 2 is replaced by BDNF-GFP, thus
driving the expression of green fluorescent BDNF under the
control of the endogenous BDNF gene regulatory elements.
Accordingly, all BDNF expressed in these mice is directly
visible by the now endogenous EGFP fluorescence. Male
and female heterozygous KiBE mice (KiBE*") were mated
and gave rise to homozygous KiBE animals (KiBE™™).
Heterozygous and homozygous KiBE mice develop normally
without any obvious defects compared to their wt littermates,
including intact BDNF-dependent LTP in the CA1 area of the
hippocampus (Suppl. Fig.1). Moreover, we did not observe
any deficits in long-term survival of KiBE mice that reach an
age of 15 months and beyond (Suppl. Fig.1).

Western Blot Analysis of BDNF-GFP Expression

To check the expression level and posttranslational modifica-
tions of BDNF in KiBE mice, whole brain lysates of hetero-
zygous and homozygous animals as well as their wt litter-
mates were subjected to western blot analysis (Fig. 1b—e).
Using an anti-BDNF antibody, we detected pro-BDNF with
an apparent molecular weight of 32 kD and mature BDNF
(mBDNF) as a 14-kD band, being consistent with published
values for wt BDNF (see e.g., [22]). As expected, both bands
were absent from lysates of homozygous KiBE animals and
from homozygous BDNF knockouts (used as negative con-
trols; compare Fig. 1b). In lysates from KiBE animals, the
BDNF antibody detected an additional band at 58 kD
reflecting the pro-BDNF-GFP variant inserted by the knock-
in procedure (compare [6, 19]). At the expected position for
mature BDNF-GFP (mBDNF-GFP; mBE) at 43 kD and also
at 26 kD, the BDNF antibody detected unspecific non-BDNF-
related bands that were also present in lysates of homozygous
BDNF ko mice. The unspecific band at 43 kD was previously
reported in mammalian cells (compare e.g., [19]) and
prevented the proper detection of mBDNF-GFP at the same
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Fig. 1 Targeting construct and BDNF western blots. a BDNF-GFP
knock-in mouse targeting strategy. Targeting construct harboring the left
arm (LA) and right arm (RA) to mediate homologous recombination, the
BDNF-GFP sequence, and 5’ a fit-flanked neomycin resistance (Neo-fit)
as well as a HSV-TK cassette (TK). Homologous recombination took
place between EcoRV and Xbal site of the genomic locus, whereas
Bglll sites were used for Southern Blot analysis of the targeted genomic
locus. After crossbreeding with flipase (Flp) deleter mice, the post-Flp
genomic locus still harbors one fit site 5’ to the introduced BgllI site.
Exon IX is delineated as a light gray box flanking BDNF-GFP
sequence. b Anti-BDNF western blot analysis of wt BDNF and BDNF-
GFP (BE) in hippocampus lysates from heterozygous (hetl, het2) and
homozygous KiBE mice (homl, hom2), compared to wt littermates and

position. However, probing the blots with an anti-GFP anti-
body allowed to clearly detect pro-BDNF-GFP at 58 kD and
mBDNF-GFP at 43 kD, being consistent with the results from
the BDNF western blots (Fig. 1c—e).

Since pro-BDNF and mBDNF both exert distinctly differ-
ent and partially even opposing biological functions (for a
recent review see [23]), the pro-BDNF/mBDNF ratio critical-
ly determines intact development and proper adult nervous

homozygous BDNF ko mice (ko, negative control). The arrows indicate
the expected positions for pro-BDNF-GFP, pro-BDNF, and mature
BDNF. ¢ Anti-GFP western blot analysis of BDNF-GFP in
hippocampus lysates of heterozygous and homozygous KiBE mice,
compared to wt littermates and homozygous BDNF ko mice. d
Quantitative analysis of western blots as shown in (b) and (c¢): ratio of
mature BDNF vs. pro-BDNF in hippocampal lysates of wt and
heterozygous KiBE mice (red bars), and ratio of mature BDNF-GFP vs.
pro-BDNF-GFP in heterozygous and homozygous KiBE mice (n=8
animals). e Densitometric quantification of pro-BDNF and pro-BDNF-
GFP after detection with the anti-BDNF antibody compared to the
respective tubulin signal, n =4 wild-type and 4 homozygous KiBE mice

system function. Using the BDNF antibody, we determined
a mature/pro-BDNF ratio of 2.25+0.32 (n=8) in wt mice
(Fig. 1d). Likewise, using the GFP antibody, we detected a
mature/pro-BDNF-GFP ratio of 2.19+0.19 in homozygous
KiBE mice (KiBE**, n = 8), which was not significantly dif-
ferent from the respective ratio in wt mice. These results sug-
gest that the C-terminal GFP tag does not affect the proper
processing of pro-BDNF-GFP by protein convertases and
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other intra- and extracellular proteinases known to contribute
to cleavage of pro-neurotrophins to their mature counterparts
(reviewed e.g. in [24]). However, in heterozygous KiBE mice,
we detected less efficient conversion of pro-BDNF to mature
BDNF, whereas the pro-BDNF-GFP to mature BDNF-GFP
ratio remained unaffected in the same animals (Fig. 1d).
This might indicate competition between both BDNF species
for protein convertase binding sites.

When comparing pro-BDNF bands in wt mice with
pro-BDNF-GFP bands in homozygous KiBE animals in the
same blots, we observed similar intensities (Fig. 1b) and obtained
no significant difference in expression level when compared to
tubulin (Fig. 1e). Together with the unchanged ratio of mature/
pro-BDNF-GFP (Fig. 1d), these results suggest that the expres-
sion level of BDNF-GFP in homozygous KiBE"* mice is
comparable with the expression of untagged BDNF in wt mice.

Expression Pattern of BDNF-GFP in the Hippocampus
of BDNF-GFP Knock-in Mice

Using confocal and bright field microscopy, BDNF-GFP was
detected in hippocampal brain slices of KiBE mice subjected
to anti-GFP immunohistochemistry (Fig. 2a, b; Suppl. Fig.2).
BDNF-GFP immunoreactivity was visible most prominently
in the pyramidal cell layer of CA3, in the granule cell layer of
the dentate gyrus (DG), and in neurons of the hilar region
(CA4). Moreover, BDNF-GFP immunoreactivity was clearly
detected in the pyramidal cells in CA1 (Suppl. Fig.2a), albeit
in a lower percentage of cells as compared to CA3, and with
slightly lower intensity per cell compared to the CA3 area.
BDNF-GFP expression was restricted to the soma (excluding
the nucleus) and extended in CA3 neurons most obviously
into proximal dendrites (approx. 30 um; Suppl. Fig.2c).
Using amplification of the GFP antibody signal by enzymatic
labelling with an avidin-biotin-peroxidase-complex followed
by diaminobenzidine (DAB) conversion yielded similar re-
sults (Suppl. Fig.2e). This somato-dendritic pattern of
BDNF-GFP localization in hippocampal subfields was ob-
served in all sections (> 20) of the 8 homozygous KiBE mice
processed independently for anti-GFP THC.

Most importantly, also the endogenous BDNF-GFP fluo-
rescence was clearly detectable in the hippocampus without
the need to use any labeling or amplification procedures
(Fig. 2c—f; observed in 15 of 15 slices from 6 homozygous
KiBE mice). Although the signal strength (signal/noise ratio)
was slightly lower than observed in anti-GFP IHC experi-
ments, the distribution within cells throughout all hippocam-
pal subfields was indistinguishable from the IHC results (com-
pare Fig. 2 and Suppl. Fig.2). Taken together, this BDNF-GFP
distribution in KiBE mice is in line with previous results ob-
tained with BDNF antibody staining in rats and mice (see e.g.,
[14, 17]), suggesting that the expression pattern of BDNF-
GFP in different hippocampal subfields and regarding the
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somato-dendritic targeting is apparently not altered by the
GFP tag.

Cellular Localization of BDNF-GFP in Brain Slices
of BDNF-GFP Knock-in Mice

Using confocal imaging in brain slices of young adult (2—
3 months old) KiBE mice, we next determined axonal vs.
somato-dendritic targeting of BDNF-GFP by counterstaining
with antibodies directed against dendritic (MAP2) and axonal
marker proteins (SMI 312). We observed colocalization of the
endogenous BDNF-GFP fluorescence with MAP2 in the
perinuclear somatic region (arrowheads) and in proximal den-
drites (arrows) in all hippocampal subfields (see Fig. 3a). The
BDNF-GFP fluorescence did not colocalize with the axonal
marker SMI312 (Fig. 3b), being consistent with localization
of BDNF-GFP in the soma and proximal dendrites of CA1l
and CA3 pyramidal neurons rather than in adjacent axons
innervating the soma area.

Most importantly, localization of endogenous BDNF-GFP
could also be determined in vital acute transversal hippocam-
pal slices ex vivo using confocal imaging of A-stacks followed
by linear unmixing (Fig. 4). This unmixing procedure was
used to better distinguish GFP signals from green background
fluorescence. The pattern of GFP fluorescence observed in
living slices (KiBE** CA1: 12 slices/9 animals, CA3: 11
slices/8 animals, DG: 12 slices/9 animals; WT littermates
CAT1: 9 slices/7 animals, CA3: 11 slices/7 animals, DG: 11
slices/8 animals) resembled in all subfields of the hippocam-
pus very much the results obtained in fixed slices (Figs. 2 and
3; Suppl. Fig.2), with BDNF-GFP most prominently
expressed in the somato-dendritic compartment of the pyra-
midal cell layer in CA3 (Fig. 4b), in the granule cell layer, the
hilar region of the dentate gyrus (Fig. 4c), and in the pyramidal
cell layer of CA1 (Fig. 4a). These recordings in acute hippo-
campal slices revealed dendritic BDNF-GFP vesicles also in
distal apical dendrites of CA3 and CA1l pyramidal neurons
(Fig. 4, arrows), proving for the first time the existence of
endogenous BDNF-containing vesicles in pyramidal cell den-
drites in living hippocampal slices.

Subcellular Localization of BDNF-GFP Vesicles Using
Super Resolution Microscopy in Cultured
Hippocampal Neurons of BDNF-GFP Knock-in Mice

To allow exact subcellular allocation of BDNF-GFP ves-
icles to different cellular compartments, we performed
colocalization studies with different axonal, dendritic,
and synaptic markers in cultured hippocampal neurons
from homozygous KiBE mice (Suppl. Fig.3). Staining
of homozygous KiBE neurons with the same anti-GFP
antibody used for hippocampal slices (compare Fig. 2,
Suppl. Fig.2) showed complete colocalization of BDNF-



Mol Neurobiol (2019) 56:6833-6855

6837

Fig. 2 Detection of BDNF-GFP
in different hippocampal
subfields. a, b Anti-GFP
immunofluorescent detection of
BDNF-GFP in homozygous
KiBE mouse hippocampal slices
(left) vs. wt littermate control
(right) at low magnification. GFP
immunopositive cells are most
numerous in the CA3 layer and in
the DG area but are also clearly
visible in CAl. e—f Confocal
imaging followed by linear
unmixing of endogenous BDNF-
GFP fluorescence in different
hippocampal subfields as
denoted. ¢, d CA3 area of
homozygous KiBE mice
compared to wt littermate control.
Endogenous BDNF-GFP
fluorescence in CA3 pyramidal
neurons (pyr) shows somato-
dendritic localization of BDNF-
GFP whereas no such GFP
fluorescence is visible in wt
controls. e, f BDNF-GFP
fluorescence was also detected in
CALl pyramidal neurons (e) as
well as in hilar mossy cells (in
CA4 area) and granule cells (gc)
in the DG (f), and showed a GFP

similar subcellular localization as fluorescence
in CA3 (compare Suppl. Fig.2)

anti-GFP

GFP
fluorescence

GFP fluorescence with the GFP antibody, and absence of
unspecific staining in axons and dendrites of wt litter-
mates. The punctate structures observed in the neuronal
processes of KiBE neurons resembled BDNF vesicles
previously described in BDNF-GFP overexpressing hip-
pocampal neurons [6, 19]. Counterstaining of KiBE neu-
rons with MAP2 antibodies revealed that the majority of
these BDNF-GFP vesicles were located within dendrites
(Suppl. Fig.3a). Co-staining of KiBE neurons with anti-
bodies directed against the presynaptic marker Bassoon
disclosed rare but clearly existing colocalization, whereas
we observed a more frequent colocalization with the
postsynaptic marker of glutamatergic synapses PSD9S5.

A

~anti-GFP

GFP
fluorescence

<

GFP
fluorescence

To better resolve dendritic and axonal targeting of BDNF-
GFP vesicles, KiBE mouse hippocampal cultures were coun-
terstained with antibodies directed against different markers
and imaged with STED microscopy (Figs. 5, 6, 7, and 8).
Staining with an antibody detecting the axonal marker SMI
312 (Fig. 5) showed decoration of dendrites of the cultured
neurons with SMI 312-positive presynaptic boutons and axo-
nal segments running partially attached to dendrites (see e.g.,
Fig. 5a, ROI 1). In the same neuron, another dendrite not
colocalizing with SMI 312, which is therefore not attached
to an axon, can be clearly identified (Fig. 5a, ROI 2). This
pattern of axon-attached as well as axon-free dendrites was a
typical finding in all cultured KiBE** neurons investigated
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<« Fig. 3 Endogenous BDNF-GFP fluorescence reveals subcellular
localization of BDNF-GFP vesicles in dendrites in different
hippocampal subfields. a Right: BDNF-GFP fluorescence observed
with linear unmixing in adult homozygous KiBE mice in CA3
pyramidal cells, CA1 pyramidal cells, and in DG granule cells,
compared to wt littermates CA3 neurons (left). Middle panel: anti-
MAP2 immunofluorescent (red) detection of dendrites. Lower panel:
merged GFP and red anti-MAP2 fluorescence. Note the localization of
BDNF-GFP fluorescence in soma (white arrowheads) and dendrites
(white arrows) of the different types of excitatory hippocampal neurons.
b Right: BDNF-GFP fluorescence observed with linear unmixing in adult
homozygous KiBE mice in CA3 pyramidal cells, CA1 pyramidal cells,
and in DG granule cells, compared to wt littermates CA3 neurons (/eff).
Middle panel: anti-SMI 312 immunofluorescent detection of axons.
Lower panel: merged GFP and red anti-SMI 312 signal. Note the absence
of axonal BDNF-GFP signals in the different BDNF-GFP expressing
excitatory hippocampal neurons, whereas somata (white arrowheads)
and dendrites (white arrows) contain BDNF-GFP vesicles (sr: stratum
radiatum, sl: stratum lucidum, h: hilus)

and has been reported previously by others [25]. When
looking with STED imaging at axon-free dendritic stretches
at higher magnification (Fig. 5c), we can unequivocally assign
the BDNF-GFP vesicles in ROI 2 of this neuron to being
dendritic. In case of ROI 1, we most likely observed an axon
attached to the BDNF-GFP vesicle-containing dendrite.
However, given the very close association of vesicles with
SMI 312 puncta in the STED images, we cannot exclude that
some of the vesicles in ROI 1 are also present in the attached
axon.

Figure 6 shows the corresponding results of the STED
analysis for co-staining with antibodies detecting the dendritic
marker MAP2. BDNF-GFP vesicles were present in all 3
proximal dendrites. STED analysis of ROI 1 in such a dendrite
revealed the presence of BDNF-GFP vesicles throughout the
whole width and length of the dendrite (Fig. 6a—c). Also, some
of these BDNF-GFP vesicles completely colocalized with the
MAP2 spots even at this super resolution (Fig. 6¢, left). This
intimate colocalization of BDNF-GFP and MAP?2 signals can
only be reconciled with many of the vesicles being present
inside of the dendrite rather than in a hypothetical attached
axon. Importantly, we could also recognize a stretch of the
axon of this neuron, identified by the absence of MAP2 co-
staining (Fig. 6a, ROI 2). Obviously, there are some vesicles
present also in this process, suggesting that also in this neuron,
some additional BDNF-GFP vesicles can be found in the pre-
sumed axon. To quantify the dendritic localization of BDNF-
GFP vesicles, anti-MAP2 STED image z-stacks of all neuro-
nal processes of cells as shown in Fig. 6 were analyzed (see
Experimental Procedures). This quantification (11 z-stacks
from 4 KiBE mouse neurons were analyzed) revealed that
70.6 +4.1% of the vesicles were contained within MAP2
delimited dendritic structures, matching the percentage of den-
dritic BDNF-GFP vesicles in hippocampal neurons overex-
pressing BDNF-GFP [6]. Thus, dendritic localization of
BDNF-GFP vesicles expressed under the control of the

endogenous BDNF gene regulatory elements seems to prevail
in KiBE mouse derived dissociated hippocampal cultures. Of
note, this dendritic localization of BDNF-GFP vesicles is also
observed in acute and fixed KiBE mouse hippocampal slices
(compare Figs. 2, 3, and 4).

To assess the synaptic localization of BDNF-GFP, we
counterstained KiBE mouse hippocampal cultures with anti-
bodies directed against pre- and postsynaptic markers. Anti-
PSD95 immunocytochemistry performed under the same
STED z-stack recording conditions as described above
allowed us to detect very closely apposed signals for PSD95
spots and BDNF-GFP vesicles at numerous locations within
the dendrites (Fig. 7), being consistent with prevalent dendrit-
ic targeting of BDNF-GFP vesicles in our hippocampal neu-
rons (compare Fig. 6). In a final STED analysis, we aimed at
determining colocalization of BDNF-GFP vesicles with the
presynaptic marker Bassoon. Here, Bassoon-positive puncta
decorated BDNF-GFP vesicle-containing dendrites of KiBE
neurons (Fig. 8a). When imaging with STED resolution, many
Bassoon puncta were found in the neighborhood of BDNF-
GFP vesicles. To determine the proximity of PSD95 and
Bassoon, respectively, to BDNF-GFP vesicles, we quantified
the colocalization in the images (see Experimental
Procedures). Nearest neighbor analysis of BDNF-GFP vesi-
cles in relation to PSD95-positive vs. Bassoon-positive puncta
(Suppl. Fig.4) revealed no significant difference between
BDNF-GFP vesicle proximity to the presynaptic or the post-
synaptic marker. The long tails in the nearest neighbor analy-
sis for both markers suggest that BDNF-GFP vesicles are not
specifically clustered at either presynaptic release sites or
close to the postsynaptic membrane (Suppl. Fig.4c).

Altogether, our colocalization experiments (i.e., Figs. 5, 6,
7, and 8) suggest a strong dendritic localization of BDNF-GFP
vesicles in the vicinity of postsynaptic structures in hippocam-
pal neurons. In many neurons, we also find indications for
additional axonal localization of BDNF vesicles, which is,
however, less prominent than dendritic targeting.

The high magnification STED images obtained for exper-
iments as shown in Figs. 5, 6, 7, and 8 were also used to
approximate the size of BDNF-GFP granules, and yielded
an apparent vesicle diameter of 50—100 nm. This suggests that
BDNF-GFP vesicles are only slightly larger than small clear
transmitter vesicles.

Live Cell Imaging of BDNF-GFP Vesicles
in Hippocampal Neurons of BDNF-GFP Knock-in Mice

Low density hippocampal microcultures of homozygous
KiBE animals were recorded at 14 DIV using epifluorescence
microscopy, as described previously [26]. In a first series of
experiments, we compared distribution and characteristics of
BDNF-GFP vesicles in homozygous and heterozygous KiBE
mice with results obtained when overexpressing BDNF-GFP
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Fig. 4 Live cell imaging of
BDNF-GFP vesicles in dendrites
of acutely isolated native
hippocampal slices from
homozygous KiBE mice. a—¢
Confocal images of endogenous
BDNF-GFP fluorescence in
homozygous KiBE mice (lef?),
age-matched wt littermates
(right), and higher magnification
views (middle; different slices
than on the left) of BDNF-GFP
expressing CAl and CA3
pyramidal neurons, and dentate
gyrus granule cells. Transversal
hippocampal slices were isolated
from 2 to 3 months old
homozygous KiBE mice or wt
littermate controls, and
continuously superfused with
5%C0,/95% O, equilibrated
artificial cerebrospinal fluid
(ACSF). The depicted regions
(CA1 pyramidal cell layer, CA3
pyramidal cell layer, dentate gy-
rus granule cell layer) in these
acute hippocampal slices show
patterns of BDNF-GFP vesicle
distribution that are reminiscent
of results obtained with anti-GFP
immunohistochemistry in fixed
slices (sr: stratum radiatum, sl:
stratum lucidum, h: hilus).
Confocal images were analyzed
using linear unmixing as de-
scribed in the Experimental
Procedures section. Note the
BDNF-GFP vesicles in the soma
(white arrowheads) and in
dendrites (white arrows) in CA1,
CA3, and DG neurons (lower
part: granule cells; upper part:
hilar mossy cells in CA4)

in wt hippocampal neurons (Suppl. Fig.5). Incubation of
KiBE mouse neurons with 5 mM NH,CI, which neutralizes
intravesicular pH thereby unquenching GFP, elicited a rough-
ly 2.4-fold increase in BDNF-GFP fluorescence (Suppl.
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Live cell images of endogenous BDNF-GFP fluorescence in
acute hippocampal slices

KiBE

KiBE

WT

Fig.5d). This is almost identical to the 2.2-fold respective in-
crease observed for BDNF-GFP overexpressing wt neurons
[26], and implies an intravesicular pH of 5.8 also for
endogenous BDNF-GFP vesicles in KiBE mice (compare
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Fig. 5 STED co-imaging of the axonal marker SMI 312 does not reveal
prominent localization of BDNF-GFP vesicles in axons of cultured
hippocampal KiBE mouse neurons. a Confocal image of a homozygous
KiBE mouse neuron double immunostained at 7 DIV for GFP and SMI
312, and b respective wt control. ¢ Confocal and STED images of white
boxed regions of interest (ROIs 1-3) marked in (a) and (b), shown at
higher magnification with super resolution microscopy (merge: top view
(xy); xz: side view; lower panel: white boxed regions in merged pictures

[26]). Under identical illumination and exposure conditions,
average fluorescence intensity of vesicles in neurons from
homozygous KiBE mice was twice as high as in heterozygous
KiBE animals. This suggests that the loading efficacy of the
BDNF-GFP vesicles budding off from the TGN is

dendrite without axon

axonal region in WT

shown at higher magnification). While at confocal resolution BDNF-GFP
vesicles in (a) appear to be very close to the axonal SMI 312 staining,
STED imaging reveals no prominent colocalization between BDNF-GFP
and SMI 312 signals. The yellow signals in (a) rather indicate dendritic
stretches where SMI 312 positive axons are wrapped around BDNF-GFP
vesicle-containing dendrites. STED images of wt neurons (ROI 3) do not
show any colocalization of SMI 312 and anti-GFP staining

proportional to the expression level of GFP-tagged BDNF
(i.e., ~50% fluorescence in vesicles of mice with 1 knock-in
allele (heterozygotes) compared to 100% with 2 alleles in
homozygotes; Suppl. Fig.5f, g). Interestingly, under identical
recording conditions, we found that fluorescence intensity of
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Fig. 6 STED co-imaging of the dendritic marker MAP2 supports the
presence of BDNF-GFP vesicles in dendrites of cultured hippocampal
KiBE mouse neurons. a Confocal image of a homozygous KiBE mouse
neuron double immunostained at 7 DIV for GFP and MAP2 and b
respective wt littermate control. ¢ Confocal and STED images of white
boxed regions of interest (ROIs 1-3) marked in (a) and (b), shown at
higher magnification with super resolution microscopy (merge: top view

vesicles in BDNF-GFP overexpressing wt neurons is roughly
30 times higher than in homozygous KiBE animals (Suppl.
Fig.6). Surprisingly, these data indicate that only the concen-
tration of BDNF-GFP in TGN-derived secretory granules
strongly depends on BDNF-GFP expression, while neither
the size nor the density of BDNF-GFP containing vesicles in
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KiBE

axon without dendrite

dendritic region in WT

(xy); xz: side view; lower panel: white boxed regions in merged pictures
shown at higher magnification). In the KiBE mouse neuron,
colocalization of BDNF-GFP and MAP2 is evident in dendrites (ROI
1) but not in axons (ROI 2; identified by absence of MAP2 staining). In
wt littermate neurons (ROI 3), there is no colocalization of the red MAP2
staining and any background GFP antibody labeling

neuronal processes are affected (Suppl. Fig.5h, i). It is there-
fore a challenging task to image BDNF-GFP vesicles in KiBE
neurons with good signal to noise ratio.

Next, we analyzed fusion pore opening (FPO) in response
to depolarization induced by elevated extracellular potassium
(50 mM K, see Methods). These measurements were



Mol Neurobiol (2019) 56:6833-6855

6843

a EnliEeld=

anti-PSD95

| o

anti-GFP

confocal

anti-PSD95

anti-GFP

anti-PSD95

STED

500 nm

Fig. 7 STED co-imaging of PSD95 reveals BDNF-GFP vesicles in
postsynaptic glutamatergic structures of cultured hippocampal KiBE
mouse neurons. a Confocal image of a homozygous KiBE mouse neuron
double immunostained at 7 DIV for GFP and PSD95 and b respective wt
littermate control. ¢ Confocal and STED images of white boxed regions
of interest (ROIs 1-3) marked in (a) and (b), shown at higher

performed in the presence of extracellular bromphenol blue
(BPB, 0.3 mM [21]). Under these conditions, single vesicle
exocytotic events can be detected as a sudden decrease of
vesicular fluorescence intensity after fusion pore opening
(FPO), resulting from BPB-induced quenching of
intravesicular BDNF-GFP fluorescence (Fig. 9). This sudden
decline in fluorescence of individual BDNF-GFP vesicles
commenced within 10 s after start of the depolarization,

KiBE

magnification with super resolution microscopy (merge: top view (xy);
xz: side view; lower panel: white boxed regions in merged pictures shown
at higher magnification). In the KiBE mouse neuron, colocalization of
BDNF-GFP and PSD95 is evident in dendrites (ROIs 1 and 2). In the wt
littermate neuron (ROI 3), there is no colocalization of the red PSD95
signal and any background GFP antibody labeling

reaching maximum probability at 20-30 s (see Fig. 9f). At
the level of vesicle clusters (yellow arrow in Fig. 9b), FPO
events in KiBE mouse neurons were visible as a decrease in
fluorescence intensity occurring with a similar time course as
the single vesicle events (compare Fig. 9c, d). Since such
vesicle clusters contain also non-fusing vesicles, the average
decline in fluorescence intensity of these clusters (Fig. 9d) is
less pronounced than fluorescence decrease of individual

@ Springer



6844

Mol Neurobiol (2019) 56:6833-6855

W anti-GFP anti-Bassoon

KiBE

| o

anti-GFP

confocal

anti-Bassoon

anti-GFP

X

|
.

Fig.8 STED based co-imaging of Bassoon reveals that most BDNF-GFP
vesicles are not present in presynaptic terminals of cultured hippocampal
KiBE mouse neurons. a Confocal image of a homozygous KiBE mouse
neuron double immunostained at 7 DIV for GFP and Bassoon and b
respective wt littermate control. ¢ Confocal and STED images of white
boxed regions of interest (ROIs 1-3) marked in (a) and (b), shown at
higher magnification with super resolution microscopy (merge: top view
(xy); xz: side view; lower panel: white boxed regions in merged pictures

STED

fusing vesicles (Fig. 9¢). The proportion of dendritic BDNF-
GFP vesicles showing depolarization-induced FPO was iden-
tical in cultures from heterozygous KiBE*~ and homozygous
KiBE"* mice (Fig. 9f-h). Notably, this percentage was also
indistinguishable from the respective results obtained in
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shown at higher magnification). In the KiBE mouse neuron, no exact
colocalization of BDNF-GFP and Bassoon is evident (ROIs 1 and 2).
The close proximity of some green BDNF-GFP vesicles and the red
fluorescence of the presynaptic marker results most likely from the
apposition of Bassoon-positive presynaptic terminals with postsynaptic
dendritic structures containing BDNF-GFP vesicles. In the wt littermate
neuron (ROI 3), there is no colocalization of the red Bassoon signal with
any background GFP antibody labeling

BDNF-GFP overexpressing hippocampal neurons from wt
mice (Fig. 9h). Likewise, the average decline of fluorescence
intensity of dendritic vesicle clusters was indistinguishable
between the three preparations (Fig. 9¢). Overall, this suggests
that BDNF-GFP vesicles in KiBE mice are fusion competent
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Fig. 9 Measurement of fusion pore openings of BDNF-GFP vesicles in
dendrites of cultured hippocampal KiBE mouse neurons. a Live cell
imaging of elevated K* (50 mM) depolarization-induced BDNF-GFP
vesicle fusion pore openings (FPOs) in cultured hippocampal neurons
from KiBE mice recorded at 14 DIV with epifluorescence microscopy
in the presence of the green fluorescence quencher BPB (0.3 mM). b
White boxed ROI in (a) is shown at higher magnification at indicated
time points during time lapse movie. Arrows depict individual BDNF-
GFP vesicles or vesicle clusters (yellow). ¢ Plot of normalized
fluorescence intensities of vesicles/clusters marked by colored arrows in
(b). d Average decline in fluorescence intensity of dendritic branches as
shown in (b) for ROIs in homozygous (n=48) or heterozygous KiBE

and show similar probability, time course, and quenching re-
sponses of fusion pore openings as BDNF-GFP overexpress-
ing neurons from wt mice.

FPO alone is not a direct proof for secretion of vesicle
content (i.e., diffusion of the vesicle cargo into the

mouse cultures (7 =51). e Average amplitude of fluorescence decay after
FPO of dendritic branches at 100—160 s after the start of depolarization in
(d) (heterozygous KiBE™™: 16.8 £2.1%; homozygous KiBE*'*:
17.4 £2.3%; BDNF-GFP (BE) transfected wt neurons: 16.2+2.7%,
one-way ANOVA F; 3, =0.05, p=0.95). f Total FPO events normalized
to the total number of vesicles within each region (KiBE*": 192/856
vesicles showed FPO; KiBE**: 271/1314 vesicles showed FPO). g
Cumulative probability plot for data collected as described in (f). h
Total incidence of FPO for KiBE mouse and wt littermate neurons
(KiBE"": 22.6 +2.2%; KiBE*"*: 20.7 +2.2%; BDNF-GFP transfected
wt neurons: 19.4+3.7%, one-way ANOVA: F, 3, =0.18, p=0.83)

extracellular space). Therefore, we next investigated BDNF-
GFP release that can be monitored as the decrease in fluores-
cence intensity of BDNF-GFP containing vesicles after FPO
in the absence of BPB. Since intravesicular pH of secretory
granules in hippocampal neurons amounts to 5.8 [26], FPO
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under these conditions is visible as a sudden increase in fluo-
rescence intensity, due to unquenching of GFP fluorescence
when intravesicular pH equilibrates to the extracellular pH of
7.4 (Supplemental movie 1). Indeed, depolarization of KiBE
mouse hippocampal neurons led to a FPO induced sudden

increase in fluorescence intensity that was followed by a
mono-exponential decay reflecting release of BDNF-GFP
(Fig. 10a—c). Note the large scatter in the delay of FPO follow-
ed by subsequent cargo release between individual vesicles in
the same dendrite (Fig. 10c). Neither the FPO associated
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Fig. 10 Measurement of BDNF-GFP release from BDNF-GFP vesicles
in dendrites of cultured hippocampal KiBE mouse neurons. a Live cell
imaging of elevated K* (50 mM) depolarization-induced BDNF-GFP
release from vesicles in cultured hippocampal neurons from KiBE mice,
recorded at 14 DIV with epifluorescence microscopy. b White boxed ROI
in (a) is shown at higher magnification (scale bar: 1.5 um). Colored
arrows and corresponding color coded magnified views on the right
depict individual BDNF-GFP vesicles at different time points after start
of the fusion event (at 20 s; time line of all fusion events was aligned to
0 s = last image before FPO). ¢ Fluorescence traces of fusing (green, blue,
yellow) or non-fusing vesicles (red) marked in (b) without aligning FPO
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of the vesicles. The sequential fusion events occur between 10 and 100 s
after start of depolarization, indicating highly delayed FPO of
endogenous BDNF-GFP vesicles. d Average decline in fluorescence
intensity of single BDNF-GFP vesicles as shown in (b) (KiBE"": 61
vesicles, KiBE**: 69 vesicles). e Normalized fluorescence increase
(due to pH neutralization) after FPO at 100-160 s after start of the
depolarization (KiBE*": 2.3 +0.1/KiBE**: 2.2+0.1; ¢ test: £=0.65,
p=0.53). f BDNF-GFP release amplitude as shown in (d) (fluorescence
intensity at 20 s vs. 300 s). KiBE*'": 58.9 + 1.9%; KiBE"*: 56.2 £ 5.0%; t
test: t=0.58, p=0.58)
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increase in fluorescence, nor the decay time course or the net
release were significantly different between homozygous and
heterozygous KiBE mouse neurons, respectively. The ob-
served long delays for FPO (10-200 s; Fig. 9f) and the ongo-
ing BDNF release at time points beyond 100 s after start of
depolarization (Fig. 10d) suggest that BDNF secretion pro-
ceeds several orders of magnitude more slowly than neuro-
transmitter release.

These are the first live cell imaging measurements of a
GFP-tagged neuropeptide in a knock-in mouse that
synthetizes the neuropeptide at physiologically low levels.
The results reveal that synaptic secretion even of the extraor-
dinarily sparsely expressed neurotrophin BDNF can be mon-
itored with high temporal and spatial resolution in a BDNF-
GFP knock-in mouse.

Discussion

The dynamics of endogenous BDNF secretion from neurons
has thus far remained elusive. We now addressed this question
with a completely novel approach. We knocked in GFP-
tagged BDNF (KiBE) into the endogenous mouse BDNF
gene locus. The obtained KiBE mouse model allows to direct-
ly detect BDNF expression by intrinsic fluorescence without
the need to use potentially artifact-prone immunocytochemical
or other staining procedures. Moreover, BDNF-GFP ex-
pression in this mouse model is regulated by the
endogenous BDNF gene regulatory elements, thereby ex-
cluding any potential artifacts that might be introduced
when overexpressing BDNF-GFP.

KiBE mice survive well and do not show any obvious def-
icits, thus pointing to a largely intact secretion and biological
function of BDNF-GFP in KiBE mice as compared to BDNF
in wt animals. Also, protein expression levels and efficacy
of cleavage of pro-BDNF-GFP to mBDNF-GFP in KiBE
mice are not different from untagged BDNF in wt mice
(see Fig. 1).

Using confocal and STED super resolution microscopy in
KiBE mice allowed us to assign endogenous BDNF-GFP ves-
icles in neuronal processes of hippocampal neurons predom-
inantly to dendrites, whereas axonal targeting was less prom-
inent. Accordingly, BDNF-GFP vesicles were frequently ob-
served close to postsynaptic structures. Live cell imaging of
BDNF-GFP vesicles in KiBE mouse hippocampal neurons
allowed us for the first time to visualize release of the low
levels of endogenous BDNF in living cells under in all
aspects physiological conditions. These results unambigu-
ously pinpoint a prominent dendritic localization of
endogenous BDNF and clearly rule out an exclusive axo-
nal expression of BDNF that has previously been much
emphasized by one study [27].

Absence of BDNF ko Phenotype

Homozygous BDNF ko mice were reported to die mostly
within the first week after birth due to severe sensory neu-
ron dysfunctions leading to obvious problems with breath-
ing, cardiac function, body weight, and movement abnor-
malities [28-30], and survive only in extremely rare cases
until puberty. In contrast, heterozygous BDNF ko mice
(BDNF*") do not show any lethal malfunctions but rather
develop impaired synaptic plasticity that seems to underlie
deficits in memory formation, cognitive functions, and al-
tered social behavior in these mice (see e.g., [30-33]).
Since homozygous KiBE mice (KiBE**) survive until
old ages without any signs of the above mentioned live
threatening dysfunctions (Suppl. Fig. 1), we conclude that
BDNF-GFP retains by large the biological function of wt
BDNF in the KiBE animals. This is in line with our previ-
ous report that BDNF-GFP released from HEK293 cells
supports TrkB signaling with similar efficacy as wt
BDNF [6]. This is also consistent with our observation in
the present study that the levels of pro-BDNF-GFP and
the efficacy of pro-BDNF-GFP processing to mBDNF-
GFP are, both, indistinguishable from the respective re-
sults for wt BDNF (Fig. 1). This intact processing of
BDNF-GFP is important to assure a physiological bal-
ance between the partially counteracting pro-BDNF-
GFP/p75N™ and mBDNF-GFP/TrkB signaling path-
ways. Nevertheless, future additional studies will be re-
quired to resolve the complete spectrum of the KiBE
mouse phenotype.

Distribution of BDNF-GFP in Hippocampus Is Identical
to Endogenous BDNF

Expression of wt BDNF was reported previously to be con-
fined to specific subsets of cells in the brain and this expres-
sion pattern can be explained by the (in part activity-
dependent) tight regulation of BDNF expression by the spe-
cific promoter elements controlling the transcription of un-
translated upstream exons 1-8 [20]. For example, wt BDNF
mRNA and protein are expressed in many types of gluta-
matergic neurons throughout the brain but are under physio-
logical conditions not found in GABAergic or other types of
inhibitory interneurons (see e.g., [34, 35]). Rather, develop-
ment of interneurons depends on BDNF supply provided by
synaptic contacts of inhibitory neuron presynaptic terminals
onto glutamatergic neurons [36]. Moreover, while this is still a
matter of debate, astrocytes or other glial cells were reported to
lack de novo BDNF synthesis under physiological conditions,
although re-use for exocytosis of previously endocytosed
BDNF by glial cells has been suggested (reviewed by [10,
35]). Our results in KiBE mice provide strong evidence that
the above mentioned cellular expression pattern of wt BDNF
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is completely retained for BDNF-GFP. Like for wt BDNF, we
observe within the hippocampus the strongest BDNF-GFP
expression (meaning both, incidence of expressing cells and
signal strength per cell) in CA3 pyramidal neurons, followed
by dentate gyrus granule cells, and CA1 pyramidal neurons
(see Fig. 2 and Suppl. Fig.2). Apart from these cell layers,
only selected cell bodies in the hilar region (i.e., CA4) are
strongly positive for BDNF-GFP, while there was no indica-
tion of BDNF-GFP expression in GABAergic interneurons in
stratum radiatum and/or stratum oriens in KiBE mice. This
cell-specific expression of BDNF-GFP in the hippocampus
of KiBE mice is in line with previous results obtained with
different BDNF antibodies (see e.g., [14, 16, 17]).

Subcellular Targeting of BDNF-GFP

It could be argued that attaching the 29 kD C-terminal GFP tag
to the 32 kD pre-pro-BDNF sequence might interfere with
targeting of the protein in neurons and, specifically, with the
subcellular targeting to axons and the somato-dendritic region.
Previous studies addressing the colocalization of BDNF-GFP
with numerous subcellular markers speak against a general
mistargeting but rather identified the presence of BDNF-
GFP selectively in cellular compartments that are typical for
the transit of secreted proteins [6, 19]. Also, these previous
studies suggested axonal as well as dendritic targeting of
overexpressed BDNF-GFP (see e.g., [8, 9, 19]), but also for
wt BDNF (see e.g., [37-39], reviewed in [3]). Our results in
KiBE mice stress the combined axonal and dendritic targeting
of BDNF-GFP vesicles also in the absence of overexpression.
In cultures of postnatal hippocampal neurons from KiBE
mice, dendritic expression (~70%; compare Fig. 6) seems to
be more prominent than targeting to axons (~30%).
Accordingly, we observed in acute and in fixed hippocampal
slices BDNF-GFP vesicles in primary dendrites of CA1 and
CA3 pyramidal neurons as well as in granule cell dendrites of
the dentate gyrus (Figs. 2, 3, and 4). These results clearly
establish dendritic targeting of endogenous BDNF-GFP vesi-
cles in all hippocampal principle neurons. Nevertheless, due to
the extremely low expression of BDNF under physiological
conditions and the resulting dim fluorescence of BDNF-GFP
vesicles in KiBE mice, the presence of BDNF-GFP vesicles in
thin distal dendrites and also in axons of KiBE mouse neurons
in hippocampal slices cannot be excluded.

Targeting of BDNF-GFP to Synaptic Structures

The colocalization analysis with the presynaptic marker
protein Bassoon (Fig. 8) and the postsynaptic marker pro-
tein PSD95 (Fig. 7) is overall consistent with presynaptic
as well as postsynaptic localization of BDNF-GFP vesi-
cles in KiBE mice. However, together with the more
prominent dendritic (i.e., 70%) than axonal (30%)
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localization of BDNF-GFP vesicles in hippocampal slices
and cultured neurons of KiBE mice (Figs. 3, 4, 5, and 6),
these data establish postsynaptic targeting and secretion as
an important feature of endogenous BDNF in the brain.
This is in line with prominent dendritic and postsynaptic
secretion of endogenous BDNF-GFP in cultured KiBE
mouse neurons (Figs. 9 and 10, Suppl. Fig.5). The nearest
neighbor analysis of STED imaged BDNF-GFP vesicles
relative to Bassoon and PSD95, respectively, does not
allow assigning an exclusive pre- or postsynaptic locali-
zation to BDNF vesicles (Figs. 7 and 8; Suppl. Fig.4).
Interpretation of these results needs to take into account
that—unlike transmitter vesicles—BDNF-GFP secretory
granules are not accumulated directly underneath pre- or
postsynaptic membranes, like PSD95 and Bassoon. At
glutamatergic synapses, the average distance between
postsynaptic PSD95 and presynaptic Bassoon is ~
100 nm (see e.g., [40, 41]) whereas BDNF-GFP vesicles
can be found up to 1 um away from Bassoon or PSD95,
respectively (Suppl. Fig. 4). Only ~10% of BDNF-GFP
vesicles are found within a perimeter of 100 nm around
the pre- or the postsynaptic marker, respectively, and can
thereby be judged to be close to the pre- or postsynaptic
membrane. However, the majority of BDNF-GFP vesicles
is located 100—-1000 nm away from Bassoon and could be
present in apposed postsynaptic spines, like the ones be-
ing 100-1000 nm away from PSD95 could be present in
the corresponding presynaptic terminal.

Taken together, our colocalization analysis suggests pre-
and postsynaptic localization of endogenous BDNF vesicles
in KiBE mouse hippocampal neurons, being consistent with
the localization of ~ 70% of BDNF-GFP vesicles in dendrites
and 30% of BDNF-GFP vesicles being present in axons.
These results are in line with axonal [27] as well as parallel
axonal and dendritic targeting [18] of endogenous BDNF in
EM sections of hippocampal slices. It remains to be deter-
mined whether the quantitative differences in presynaptic vs.
postsynaptic targeting observed in our and in these two previ-
ous studies result from distinct sensitivities of the three detec-
tion methods towards axonal and dendritic BDNF vesicles,
respectively, or from differences in the biological status of
the mice prior to slice preparation [39, 42, 43].

Properties of BDNF-GFP Vesicles and Release

This is the first study that visualizes with live cell imaging the
release of endogenous BDNF (Figs. 9 and 10). Theoretical
considerations suggested that the GFP tag on BDNF might
slow down diffusion of BDNF-GFP by a factor of 1.8 com-
pared to wt BDNF [6]. Nonetheless, the GFP tag does appar-
ently not interfere with the release of sufficient quantities of
biologically active BDNF-GFP in vivo, as is obvious from the
healthy maturation of homozygous KiBE mice (KiBE*'*)



Mol Neurobiol (2019) 56:6833-6855

6849

compared to early postnatal death of homozygous BDNF ko
mice (see e.g., [28]). Whether the kinetics and amplitudes of
BDNF-GFP release are identical to BDNF without GFP tag
can for obvious reasons not be answered, since wt BDNF
cannot be detected with live cell imaging. Therefore, our re-
lease results for BDNF-GFP in KiBE mice can only be com-
pared to data obtained with overexpressed BDNF-GFP, or
between heterozygous (KiBE* ") and homozygous
(KiBE**) KiBE mice (Figs. 9 and 10, Suppl. Fig.5). We ob-
served that probability, dilation, and kinetics of fusion pore
openings, as well as the time course and magnitude of release
are indistinguishable between KiBE*~ and KiBE*"* animals.
Likewise, the release properties of both genotypes cannot be
distinguished from properties of overexpressed BDNF-GFP in
wt mouse neurons. Interestingly, the average fluorescence in-
tensity of BDNF-GFP vesicles in KiBE*~ animals matches
exactly 50% of the value recorded in KiBE"* neurons (see
Suppl. Fig. 5). This suggests that wt BDNF and BDNF-GFP
are targeted together into the same vesicles and compete for
the available space therein. Alternatively, the reduced fluores-
cence in KiBE™™ neuron vesicles might indicate that loading
of individual BDNF-GFP granules is controlled by the expres-
sion level of the peptide, which is lower in KiBE*"~ neurons
compared to BE overexpressing cells, but also lower than in
KiBE** neurons.

To our knowledge, we describe here for the first time the
direct visualization of neuropeptide secretion from single
vesicles using a knock-in approach with fully retained tran-
scriptional regulation of the endogenous gene locus. This
strategy has not been used for any other neuropeptide be-
fore, and our study is a proof of concept for analyzing
secretion of endogenous neuropeptides with a GFP
knock-in. We selected BDNF-GFP for this approach be-
cause the release of BDNF in the CNS is key to under-
standing cellular mechanisms regulating learning and
memory as well as neurological and neurodegenerative
diseases ranging from major depression and dementia, over
Huntington’s disease and autism to schizophrenia [44—48].
We think that this mouse model will enable to unambiguously
answer many long-standing and so far controversially debated
questions where, when, and to what extent endogenous BDNF
is expressed, transported, and released in the brain—under
physiological conditions as well as in case of disease.

Materials and Methods
Targeting Strategy and Generation of KiBE Mice

To generate the targeting vector harboring the two homology
arms of the mouse BDNF gene (NCBI RefSeq ID:
NW _001030694.1), the BAC clone RP23-390F19 (Bacpac
Resources Center Children Hospital, Oakland Research

Institute, CA) was used. In the first cloning step, a polymerase
chain reaction (PCR) was performed to amplify the left ho-
mology arm with part of the BDNF coding sequence yielding
a 2.5-kb fragment comprising the 5’ EcoRV restriction site
outside and the 3" Xmal site inside the coding sequence.
This fragment was then cloned into the pBluescript vector
KSII- (Stratagene) via EcoRV and Xmal. An overlap PCR
was performed first with primers to amplify a 1.25-kb frag-
ment from the Clontech vector pEGFP N1 harboring the cod-
ing sequence of mouse pre-pro-BDNF-eGFP [6, 21] generat-
ing overlaps to the right homology arm and comprising the
Xmal site inside the BDNF coding sequence. When using the
BAC clone as template DNA in a second PCR, a 5’ overlap to
GFP sequence was produced obtaining a 4.9-kb fragment
which contained the respective Xbal site in the right homolo-
gy arm (see targeting construct scheme, Fig. 1a). Both obtain-
ed DNA fragments served then as template for a third PCR
reaction with both outside primers to generate a 6.15-kb long
fragment, which was then subcloned via Xmal and Xbal into
the pBluescript KSII vector, which contained already the left
homology arm and the 5’ part of the BDNF coding sequence.
Furthermore, a fit-flanked PGK neomycin resistance cassette
(from pSVaZ11-PGK-Neo vector) for positive ES cell selec-
tion was introduced 5’ to the BDNF-GFP sequence. In addi-
tion, to guarantee negative selection in ES cells with ganciclo-
vir, a HSV-TK cassette (MC1 TK) was subcloned 5’ to the frt-
flanked PGK neomycin resistance cassette. The targeting vec-
tor was constructed to achieve that a BgllI digest could serve
for the subsequent analysis of ES cell clones and founder mice
by Southern blotting. Linearization of the targeting construct
for electroporation into ES cells (C57BL/6) was achieved by
Notl digestion. The targeting vector was completely se-
quenced to ensure the functional integrity of the construct.
Southern blotting of selected ES cell clones was performed
as described previously [49] after BgllI restriction digest of
genomic DNA. Hybridization probes were generated by PCR
with appropriate DNA templates and the following primer
pairs: S'probe fw: 5'-AGCAAATGGCTGTCATGGAG-3', 5'
probe rev: 5-AGCCTCATTCCTTCTGTCC-3'; 3'probe fw:
5'-ATCTATTTATGTGGCATGAC C-3', 3'probe rev: 5'-
CTTCAGACACATCCTGTCAT-3’; Neo probe fw: 5'-
TGCTCGACGTTGTCACTGAAGC-3' and Neo probe rev:
5'-TACCGTAAAGCACGAGGAAGC-3'. Recombined ES
cell clones were injected into blastocysts yielding chimeric
animals which were then crossbred with wt C57BL/6J animals
to yield germline transmission. Animals of the F1 generation
containing the knock-in construct were crossbred with flipase-
deleter mice [50], carrying the germline expression of the
recombinase flipase in order to delete the fit-PGK-Neo selec-
tion cassette.

Generation of recombinant ES cells, blastocyst injection,
and production of founder animals were performed by
Genoway, Lyon, France.
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Genotyping of KiBE Mice

Genotyping was performed by PCR from tail genomic DNA
using three different primers in a single PCR reaction (1 x
94 °C 3 min; 30 x 94 °C 30 s/61 °C 45 s/72 °C 45 s; and
1 x72 °C 3 min). A wild-type band of 532 bp was detected
by the BDNF-forward primer (BDNF fw2: 5'-GGGA
GCTGAGCGTGTGTGACAGTA-3") and a reverse primer,
located in the 3" untranslated region of the BDNF gene
(BUTR rev: 5-TCCTTTCAGGTCATGGGATATGTCC-3’).
In case of presence of the knock-in allele, a fragment of
621 bp was obtained by use of the reverse primer detecting
GFP sequences (GFP rev: 5'-ATGGCGGACTTGAA
GAAGTCGTG-3'). In case of presence of the Ki allele, a
fragment of 621 bp was yielded by usage of the reverse primer
against GFP sequence (GFP rev: 5-ATGGCGGACTTGAA
GAAGTCGTG-3").

Breeding Scheme and Keeping of Animals

All experiments were performed with homozygous, heterozy-
gous, and wild-type littermates derived from heterozygous
KiBE (KiBE*") breeding pairs that had been backcrossed
for more than 10 generations with C57BL/6J mice (JAX mice,
Charles River, Sulzfeld, Germany). Animals (all three geno-
types together) aged 1 to 18 months were housed in groups of
2 to 4 animals per cage. Mice were kept on a 12:12 h circadian
rhythm (light onset at 7 am). They had access to food and
water ad libitum. Cages were equipped with enriched environ-
ment (running wheel with cot; tunnels and different toys) and
nesting material. Experiments were conducted in accordance
with the guidelines for the use of animals (Directive 2010/63/
EU).

Homozygous BDNF knockouts used for control lysates
were obtained by breeding of heterozygous BDNF knockout
animals [30] and were used at postnatal day 2.

Hippocampal Microcultures

Microcultures were prepared as described previously [51].
Primary cortical astrocytes from PO-P3 Sprague-Dawley rats
were isolated and cultured for 2-3 weeks in BME medium
supplied with 10% FCS. After confluence was reached, astro-
cytes were split and seeded on glass coverslips at a density of
50,000 cells and cultured in a 3.5-cm culture dish. At DIV 3,
proliferation was inhibited by adding 3-5 uM AraC to the
medium. After 2-3 weeks, hippocampal neurons of
KiBE"*, KiBE"™ mice, or their wt littermates were isolated
from PO—P2 mice and seeded onto the astrocyte islands.
Neurons were enabled to attach to astrocytes before the culture
medium was replaced by Neurobasal medium containing 2%
B27 supplement. Microcultures were used for live
cell imaging 11-14 days after plating of neurons.
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Transfection of Cultured wt Neurons

Hippocampal neurons from wt mice were transfected at DIV
6-8 with the respective plasmids using calcium phosphate
precipitation [19]. In brief, up to 4.5 pg plasmid DNA per
3.5 cm culture dish was used to form precipitates in the pres-
ence of 10 mM CaCl, in BES buffer. Cells were incubated in
NB/B27 containing the transfection mix for 2.5 h in the pres-
ence of 10 uM DNQX and 100 uM D,L-APS. Conditioned
medium was reapplied after washing the cells in PBS.
Neurons were used for imaging experiments 5 days after
transfection (DIV 11-14).

Preparation of Hippocampal Slices for IHC

Coronal slices were prepared from young adult male and fe-
male KiBE*", KiBE**, or wt littermates at an age of 3—
4 months. Animals were anesthetized using isoflurane and
decapitated. After opening, the cranium brains were quickly
removed and placed in ice-cold ACSF solution. Brains were
cut to 350 um thick acute coronal or transversal brain slices
using a vibratome (Leica VT 1200 S). Slices containing the
hippocampus were selected, fixed in 4% PFA for 1 h and
incubated in 30% sucrose over night at 4 °C. Slices were then
cryosectioned to 40 um thick slices using a microtome (Leica)
and either processed for antibody stainings or kept unstained.
For imaging experiments, slices were transferred to slides
(Superfrost) and imaged without mounting using a 63x water
immersion objective.

Western Blotting

Lysates of brain tissue were prepared from 4- to 8-week-old
KiBE animals and from postnatal day 2 animals in case of
homozygous BDNF knockouts. Preparation of lysates, SDS-
acrylamide gel electrophoresis, and Western blotting was per-
formed as previously described [52]. The following primary
antibodies were used: rabbit anti-BDNF (Abcam) 1:3000,
mouse anti-GFP 1:500 (Roche), and mouse anti-tubulin
1:5000 (Sigma). Signal detection was achieved by ECL
Prime Western blotting detection reagent (GE healthcare)
and the Peqlab FUSION-SL Advance 4.2 MP analyzer.
Quantification was performed by densitometric analysis using
the BiolD 15.02 software (Vilber Lourmat).

Immunocytochemistry/Immunohistochemistry

Staining procedures were performed on cultured hippocampal
neurons at 7-14 DIV, or on coronal hippocampal slices.
Hippocampal neuron cultures or slices were fixed in the pres-
ence of 4% PFA in PBS and permeabilized with 0.1%
TritonX. Cells were stained with primary antibodies over
night at 4 °C. Primary antibodies were mouse anti-MAP2
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(1:1000, MAB3418, Merck Chemicals, UK), mouse anti-SMI
312 (1:1000, Synaptic Systems), mouse antiPSD95 (1:300,
Thermo Scientific), chicken anti-GFP (1:400, 1020, Aves)
for slices, and rabbit anti-GFP polyclonal serum (1:3300,
kindly provided by Dr. Matthias Klugmann, Sydney) for pri-
mary neurons. Secondary antibodies conjugated with Alexa
Fluor 488 (1:1000), Alexa Fluor 568 (1:1000), and Alexa
Fluor 633 (1:1000) (Life technologies, Carlsbad, CA) were
incubated at room temperature for 2 h. For STED experi-
ments, Atto 594 anti-mouse (1:200, Sigma-Aldrich) and
Atto 647N anti-rabbit (1:200, Sigma-Aldrich) conjugated sec-
ondary antibodies were used. Colocalization studies were per-
formed using a confocal imaging system (LSM 780, Zeiss,
Germany) attached to an upright fluorescence microscope
(Axio examiner Z1, Zeiss, Germany) equipped with 20x and
60x water immersion objective (NA: both 1.0, Zeiss,
Germany). Green fluorescence was excited using 488 nm laser
line from an Argon laser and red or infrared fluorescence was
excited using 543 nm or 633 nm laser lines from a Helium/
Neon laser. Signals were detected by a photon multiplier using
a GaAsP-detector array or PMT detectors.

Immunoperoxidase labeling was performed as described
previously [53]. Free-floating formaldehyde-fixed sections
were treated with 50% methanol and 1% H202 in PBS for
20 min, washed in PBS, incubated in a solution containing
10% normal goat serum (NGS) and 0.3% Triton X-100 for
60 min followed by the anti-GFP antibody (Invitrogen,
1:2000) solution supplemented with 0.1% sodium azide
for 72 h at 6 °C. After washing and incubation in PBS
containing 0.2% bovine serum albumin (PBS-A, 1h), sec-
tions were incubated with biotinylated secondary goat-
anti-rabbit antibody (Vector, 1:2000 in PBS-A) for 20 h
at RT. After washing, sections were incubated for 4 h with
ABC complex (Vector Elite ABC kit, 1:1000) in PBS-A,
followed by incubation with peroxidase substrate solution
(1.4 mM 3,3’-diaminobenzidine tetrahydrochloride DAB,
0.015% H,0, in Tris/HCI buffer) for 4 min.

Linear Unmixing

Due to the low fluorescence intensity of endogenous BDNF-
GFP compared to background fluorescence in hippocampal
slices, the linear unmixing feature of the Zeiss LSM 780 op-
erated by the ZEN software was employed. This procedure
enabled us to separate the unique turquoise part of the GFP
spectrum (wavelength range: 505-520 nm) from a strong
background fluorescence when using the 488 nm line of the
Argon laser for excitation. For linear unmixing, the 32-
channel GaAsP detector of the Zeiss LSM 780 was used.
Linear unmixing was performed on A-stacks (usually 11 slices
separated by 1 um) using reference spectra extracted from A-
coded reference images (specific green-turquoise GFP spectra
obtained from unstained homozygous KiBE slices, red Alexa

568 spectra obtained from stained wt slices, unspecific green-
yellow background spectra obtained from unstained wt
slices). The portion of the green fluorescence that was
assigned by the ZEN software algorithm exclusively to GFP
is shown as green fluorescence in all pictures processed with
the linear unmixing procedure.

STED Imaging

Stained cultured hippocampal neurons of KiBE*'* or wt litter-
mates were imaged using a Leica TSC SP8 STED 3% micro-
scope equipped with a 63x oil immersion objective (NA = 1.4,
Leica) for confocal and a 100x oil immersion objective (NA =

1.4, Leica) for STED imaging. Fluorescence of the antibody
staining was excited using a white light laser at wavelengths of
580 and 650 nm under simultaneous depletion of fluorescence
using a 775-nm pulsed STED laser source. Images were ac-
quired using LasX software (Leica) as z-stacks (100 nm/
plane) with an xy resolution of about 40 nm. Deconvolution
of z-stack data was performed using Huygens Professional
software (Scientific Volume Imaging). Deconvolved images
were analyzed in 3D using Imaris (Bitplane) and processed for
top view (xy) and orthogonal projections (xz).

Quantification of Dendritic Localization

Using adapted ImageJ macros, z-stacks of anti-MAP2 STED
images of a cell (excluding the soma) were collapsed into one
image plane and defined as the 2-dimensional representation
of the dendritic area of a cell. Z-stacks of BDNF-GFP vesicles
of the same cell were combined in the same way into one
plane and thresholded using 2x the standard deviation of
green background fluorescence. Colocalization analysis of
both images was performed and quantified as the percentage
of BDNF-GFP fluorescence coinciding with MAP2 (ImageJ
macro).

Quantification of Proximity Between Synaptic
Markers and BDNF-GFP Vesicles

For nearest neighbor analysis of PSD95 and BDNF-GFP
structures, z-stacked STED images of PSD95 were combined
as described above into one image plane, using Imagel
macros. Neuritic structures of a cell were defined by ROIs,
in which PSD95 particles were detected by thresholding. Z-
Stacks of BDNF-GFP vesicles of the same cells were
thresholded and detected (compare above) within the same
ROIs defined for PSD95. For nearest neighbor analysis, the
number of PSD95 particles (reference point: center of mass)
within a certain distance (bin size: 20 nm) to the center of mass
of BDNF-GFP particles of the same cell was calculated and
plotted in a histogram (Suppl. Fig. 4). An identical procedure
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was used to quantify the average distance between Bassoon
particles and BDNF-GFP particles in other cells.

Preparation and Recording of Acute Hippocampal
Slices for Live Cell Imaging Ex Vivo

Transversal slices were prepared from young adult male
and female KiBE*", KiBE*"*, or wt littermates at an age
of 8-16 weeks. Animals were anesthetized using
isoflurane. After cervical dislocation, brains were quickly
removed in ice-cold ACSF of the following composition
(in mM): NaCl, 125; KC1, 3; NaHCOs3;, 25; NaH,POy,,
1.25; CaCl2, 2.5; MgCl,, 1.5; Glucose, 10; equilibrated
with 5%C0,/95%0, to a pH of 7.35. Hippocampal slices
were prepared as transversal sections (thickness: 350 pm)
on a vibratome (Model 1000, The Vibratome Company, St.
Louis, USA), and kept submerged first for 30 min at 33 °C
and subsequently at room temperature. For live cell imag-
ing, slices were transferred to an experimental chamber
mounted on the stage of the LSM 780 and constantly
superfused with fresh ACSF at room temperature.

Live Cell Imaging/Fluorescence Microscopy
of Cultured Neurons

Coverslips containing KiBE or WT neurons were transferred
into a bath chamber (Luigs & Neumann, Germany) filled with
HEPES (20 mM HEPES, 100 mM NaCl, 4 mM KCI, 1 mM
Na,HPO,, 2 mM CaCl,, 1 mM MgCl,, 100 uM Glycine) and
inspected with a fluorescence microscope (BXS1W, Olympus,
Melville, NY) using a 60x water immersion objective
(LUMFI, NA 1.1, Olympus, Melville, NY). Wavelength se-
lection was accomplished by using filter sets (Chroma Techn.
Corp.) for green (excitation: 470 +20 nm, emission: 525 =+
25 nm) and red (excitation: 572 +17.5 nm, emission: 632 +
30 nm) fluorescence mounted on filter wheels. Image capture
was performed using a CCD camera (CoolSnap HQ?, 14bit
dynamic range, PhotoMetrics, Huntington Beach, CA) con-
trolled by VisiView software (Visitron Systems, Germany).
Unless otherwise specified, the exposure times for recordings
(between 0.3 and 1.5 s) were adjusted for every cell. Image
acquisition rates ranged from 0.3 to 0.1 Hz [6].

BDNF-GFP Release and Related Assays

KiBE mouse neurons or wt neurons transfected with plasmids
driving expression of BDNF-GFP were prepared for live cell
imaging of activity-dependent fusion pore opening (FPO) and
BDNF-GFP cargo release. The magnitude and time course of
FPO and cargo release from BDNF-GFP vesicles is not dif-
ferent between elevated potassium (50 mM K*)-induced de-
polarization and action potential stimulation [54].
Nevertheless, to evenly stimulate release events throughout
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the field of view, we used the elevated potassium stimulation
here. After recording baseline fluorescence levels, BDNF-
GFP release was stimulated by applying HEPES buffer con-
taining 50 mM KCl (adjusted for equal osmolarity) to a single
recorded cell by a local perfusion system [8]. The superfusion
system consisted of a multi-barreled application pipette con-
taining control and depolarizing solutions with a common
outlet and an opposed drain pipette creating a laminar flow
of solution [55]. The superfusion system was positioned at a
distance of ~400 um from the recorded cell allowing com-
plete exchange of applied solutions within 10 s [21]. Using
this superfusion system, we observed similar delays, kinetics,
and time courses of BDNF-GFP secretion as described previ-
ously for depolarization induced and electrically induced
BDNF release in hippocampal neurons [8, 13, 26]. At the
end of a measurement, HEPES buffer containing 0.3 mM
BPB was superfused to discriminate content release from re-
acidification. Negative controls were obtained by analyzing
closed BDNF-containing granules showing no change in fluo-
rescence intensity throughout the recording. Kinetics of vesi-
cle fusion events were measured by applying HEPES buffer
containing 50 mM KClI in the presence of 0.3 mM BPB.
Single vesicle fusion events were observed by immediate
quenching of GFP fluorescence after fusion pore opening
[21]. Either dendritic regions containing vesicle clusters (3—
15 vesicles) or single vesicles were analyzed for each
measurement.

Image Processing

Image analysis was performed using MetaMorph software
(Universal imaging Corporation, West Chester, PA).
Between 8 and 20 regions of interest (single vesicles/
dendritic branches) were selected to cover the average change
in fluorescence intensity of a single cell. Background fluores-
cence intensities were subtracted for each region and the av-
erage intensity was normalized to the time point before stim-
ulation/treatment. A mono-exponential extrapolation of the
photobleaching observed during baseline recordings was ap-
plied to correct the normalized fluorescence data [6]. Single
cell fluorescence data were averaged to obtain the mean fluo-
rescence intensity changes (BDNF-GFP release and related
assays, live cell pH titration).

Statistical Analysis

Statistical analysis was performed by using GraphPad Prism
(GraphPad Software Inc., La Jolla CA, USA) software.
Experiments were analyzed either by two-sided ¢ test compar-
isons or in case of multiple comparisons by one-way ANOVA
(analysis of variances). All data were checked for normal dis-
tribution by using Shapiro-Wilk test. If not otherwise indicat-
ed, all data followed the normal distribution. Statistical
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significance was determined as p < 0.05. The sample size was
calculated with G-Power (University of Diisseldorf,
Germany) based on our previous experience with BDNF-
GFP vesicle properties. In the release experiments, a total
sample size of 10 was calculated given a significance level
(alpha) of 0.05, and a power of 0.8. All data are depicted as
mean + standard error of the mean (SEM).

Reagents

AraC, bromphenol blue, CaCl,, glucose, glycine, KCI, NH,4CI
(Sigma, St. Louis, MO); B27, DNQX, DL-APS5 (Tocris
Bioscience, UK); Bafilomycin A1 (Merck Chemicals, UK);
BME, FCS, NB, Nigericin, PBS, (Life technologies,
Carlsbad, CA); pEGFP-N1 (CloneTech, Palo Alto, CA).
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