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Summary

In the developing brain, mature brain derived neurotrophic factor
(mBDNF) and its precursor (proBDNF) exhibit prosurvival and
proapoptotic functions, respectively. However, it is still unknown
whether mBDNF or proBDNF is a major form of neurotrophin
expressed in the immature brain, as well as if the level of active
caspase-3 correlates with the levels of BDNF forms during normal
brain development. Here we found that both proBDNF and
mBDNF were expressed abundantly in the rat brainstem,
hippocampus and cerebellum between embryonic day 20 and
postnatal day 8. The levels of mature neurotrophin as well as
mBDNF to proBDNF ratios negatively correlated with the
expression of active caspase-3 across brain regions. The
immature cortex was the only structure, in which proBDNF was
the major product of bdnf gene, especially in the cortical layers
2-3. And only in the cortex, the expression of BDNF precursor
positively correlated with the levels of active caspase-3. These
findings suggest that proBDNF alone may play an important role
in the regulation of naturally occurring cell death during cortical
development.
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Introduction

Mature brain derived neurotrophic factor
(mBDNF) is an important regulator of cell survival and
plasticity in the immature brain (Ghosh et al 1994,
Dekkers et al. 2013). It is thought that the cerebral levels of
mBDNF can affect the levels of key apoptotic executor
enzyme — active caspase-3 under pathological and trauma
conditions (Han et al 2000). Thus, for example, the
pretreatment with mBDNF prevents caspase-3 activation
induced by hypoxic-ischemia or axotomy in the developing
cortex (Han ez al. 2000, Han and Holtzman 2000, Giehl et
al. 2001, Hung et al. 2013, Nakajima et al. 2010). The
increased levels of endogenous mBDNF also provide the
resistance to ischemic brain damage (Kokaia et al. 1996).

However, in vivo absence of mBDNF expression
during normal development of cortex resulted in the
enhanced cell death of subventricular zone neurons only,
while other cell populations in this brain region remained
unaffected (Linnarsson et al. 2000). Moreover, the death
of transplanted cortical interneurons was not affected by
the cell-autonomous disruption of TrkB, the main
neurotrophin receptor expressed by neurons in the CNS
(Southwell et al. 2012), making the role of mBDNF in
the normal brain development less clear.

Recent studies have shown that BDNF precursor
— proBDNF is able to avoid conversion by furin, plasmin
or prohormone convertases, can be secreted from the cell
like its molecular descendant — mBDNF, and exerts

biological proapoptotic activity as a specific ligand for
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p75NTR receptor (Teng et al. 2005, Fayard et al. 2005,
Kenchappa et al. 2006, Wang et al. 2006, Fan et al. 2008,
Lessmann and Brigadski 2009, Yang et al. 2009, Xu et
al. 2011). Several reports demonstrated the presence of
the proneurotrophin in the immature CNS (Tang et al.
2008, 2010, Muzyka et al. 2012), but the ratio of mBDNF
to proBDNF was not yet defined during perinatal brain
development (Perovic et al. 2013).

Both forms of BDNF exert their apoptotic
effects via a caspase-3-dependent molecular pathway, and
the predominance of one form over the other may
influence the caspase-3 activation in the immature
nervous system (Han et al. 2000, Madeddu et al. 2004,
Koshimizu et al. 2010). Proapoptotic action of proBDNF
could be antagonized by mBDNF (Koshimizu et al.
2010). ProBDNF is also suspected to play a functional
role in anesthesia-induced apoptosis of neurons (Head et
al. 2009). However, it is still unknown if the levels of
mBDNF or proBDNF correlate
expression of active caspase-3 in the brain regions that

in vivo with the

differ in the age-related pattern of developmental
naturally occurring cell death, like cortex and brainstem
(Mooney and Miller 2000, Menshanov et al. 2006).

Therefore, the aim of the study is to determine
the levels of BDNF forms — proapoptotic proneurotrophin
and antiapoptotic mature neurotrophin in the immature
brain during perinatal development, and to find out if the
expression of the key apoptotic marker — active caspase-3
is correlated with the levels of these proteins across brain
regions.

Materials and Methods

Materials

For western blotting, polyclonal primary rabbit
antibodies (N-20 antibody for mBDNF and proBDNF;
H-277 for procaspase-3 and active caspase-3; [-19-R for
actin) and secondary goat anti-rabbit alkaline phosphatase
conjugated antibodies were obtained (Santa Cruz, USA).
For immunohistochemistry, polyclonal primary chicken
ab78367 antibody for proBDNF (Abcam, UK),
polyclonal rabbit H-117 antibody for mBDNF (Santa
Cruz, USA) and monoclonal rabbit SA1E antibody for
active caspase-3 (Cell signaling, USA), as well as
secondary donkey anti-chicken DyLight 594 and donkey
anti-rabbit ~ Dylight 488
ImmunoResearch Europe Ltd) were purchased. Tissue-

antibodies (Jackson

Tek optimal cutting temperature (OCT) embedding
matrix was obtained from Sakura Finetek Europe B.V.

(Leiden, Netherlands). All other chemicals and reagents
were of analytical grade and were purchased from Sigma
Chemical Company (St. Louis, USA) or Bio-Rad
Laboratories (Hercules, USA).

Animals

Wistar rats bred in the animal facilities at the
Institute of Cytology and Genetics, Novosibirsk, were
used. The colony was maintained under natural
illumination at 22-24 °C with food and water available
ad libitum. All animal use procedures were in compliance
with the European Directive 2010/63/EU. The study was
approved by the Bioethical Committee of the Institute of
Cytology and Genetics Siberian Branch of Russian
Academy of Sciences, Novosibirsk. All efforts were
made to minimize animal suffering and to use only the
number of animals necessary to produce reliable data.

Adult female rats weighing 200-250 g were
mated with males in late afternoon. Vaginal smears were
taken in the morning. The day of conception was defined
as embryonic day 1, and the day of birth — as postnatal
day 1. Litters were culled after birth to 8 pups of both
sexes on the postnatal day 2. No more than two pups
from any one litter were used for experiment.

For immunoblot, tissue samples of frontal cortex
and brainstem were taken from 20-day-old fetuses (E20;
n=7), 4 and 8-day-old pups (P4; n=7 and P8; n=7) and
115-day-old adult rats (P115; n=7). For that purpose,
animals were rapidly decapitated and samples were
dissected out on a cooled plate and frozen in liquid
nitrogen until further processing. Frontal cortex sample
included 1.5 mm thick cut from the upper surface of the
frontal half of the hemispheres. Brainstem sample
included pons and medulla oblongata. Hippocampi and
cerebella were taken from the same P4 animals for
interregional comparison. In addition, another five P4
animals were used for immunohistochemistry.

Immunoblot analysis

Brain tissue was homogenized in lysis buffer
containing 150 mM NaCl, 50 mM Tris, 1 % Triton X-100
and following protease inhibitors: 2 mM phenylmethyl-
sulfonylfluoride and 2 pg/ml of leupeptin, pepstatin and
aprotinin. Electrophoresis was used to separate aliquots
(50 pg) of total protein on 16.5 % sodium dodecyl sulfate
polyacrylamide gel in Mini-Protean 3 Dodeca Cell
(Bio-Rad Laboratories, USA). The resolved proteins were
transferred on to nitrocellulose membrane by Transblot
Cell (Bio-Rad Laboratories, USA). Ponceau S staining
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was used to control equal loading of the samples and
protein transfer to membrane. Detection of apoptotic
proteins was performed as it was described previously
(Menshanov et al. 2006, Men’shanov et al. 2011) with
polyclonal primary rabbit antibodies (dilution 1:200 for
mBDNF and proBDNF; 1:200 for procaspase-3 and
active caspase-3; 1:1000 for actin) and secondary alkaline
phosphatase conjugated goat anti-rabbit antibody (1:500).
ProBDNF was detected as a single band at 32 kDa,
mBDNF at 14 kDa and procaspase-3 at 32 kDa. Active
caspase-3 bands were detected at 20, 17 and 12 kDa.
Actin with a single band at 42 kD was used as an internal
loading control. Intensities of the signals for mBDNF,
proBDNF, procaspase-3 and active caspase-3 bands were
in a range of a linear dependence on these proteins levels.
Specificity of mBDNF and proBDNF detection with N20
antibodies was confirmed by their absence in BDNF
knockout brain lysates previously in several reports (for
example Nagappan et al. 2009, Egashihara et al. 2010).

Immunohistochemistry, microscopy, and image analysis

At P4 pups were anesthetized with avertin and
transcardially perfused with 1x PBS followed 4 % PFA in
PBS. Brains were postfixed with 4 % paraformaldehyde,
cryoprotected with 30 % sucrose overnight, and embedded
in Tissue-Tek OCT embedding matrix. A total of 15 um
coronal sections were processed for immunohistochemistry
as it was described previously (Lanshakov et al. 2009).
Briefly, slides were incubated with primary chicken
antibody for proBDNF (1:100) and primary rabbit antibody
for mBDNF (1:100) / primary rabbit antibody for active
caspase-3 (1:200), followed by incubation with a donkey
anti-chicken DyLight 594-conjugated antibody (1:500) and
secondary donkey anti-rabbit DyLight 488-conjugated
antibody (1:500), respectively. All cryosections were
counterstained with DAPI. Tissue sections were viewed on
a Zeiss LSM 780 microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany), and images were collected
and analyzed with ZEN Software (Carl Zeiss Microscopy
GmbH, Jena, Germany). Mean optical density was
calculated in ZEN, as a rectangular profile through frontal
cortex. Dimensions of rectangular zone were equal for all
measurements. Images were optimized for size, color, and
contrast using Photoshop CS4 (Adobe Systems Inc., San
Jose, USA).

Data analysis
All data are represented as means = SEM. Data
on protein levels were analyzed by 1-way (simple factor —

Region), 2-way (simple factors — Age and Region) or
2-way mix-design ANOVA (simple factor — BDNF form,
repeated measures factor — Distribution). Statistical
comparison of between group differences was performed
using Fisher LSD post-hoc test. The relationship between
protein levels was estimated by the Spearman rank
correlation test followed by the linear regression analysis.
The results were considered significant at probability
level less than 0.05. All data analysis was performed
using the Statistica 12.

Results

mBDNF and proBDNF levels in the cortex and brainstem

The levels of mBDNF and proBDNF were
analyzed in the cortex and brainstem of E20, P4 and P8
animals by immunoblot, and were compared to the levels
of these proteins in the adult brain. The expression of
proBDNF
significantly between E20 and P8 days and was two to

in the cerebral cortex did not change

three times lower in comparison with the proneurotrophin
expression in the adult brain (Fig. la,c; Age -—
F3.20)=33.18, p<0.0001). Unlike proBDNF, mBDNF
was almost undetectable in all samples of the cortices of
E20, P4 and P8 animals (Fig. la,b; BDNF form -
Fa,15=210.98, p<0.0001). Mean cortical ratio of
mBDNF to proBDNF did not exceed 0.05-0.10 during
perinatal development (Fig. 1d; Age — Fg 5 = 11.42,
p<0.0002). In contrast with the developing cortex, mature
neurotrophin was readily detectable in all cortical
samples obtained from adult rats (Fig. la,b; Age —
Fa3,190=158.57, p<0.0001), and mBDNF to proBDNF
ratio was five to ten times higher at this age in
comparison with this ratio in the perinatal samples
(Fig. 1d; Age — F3,15) = 11.42, p<0.0002).

The levels of proBDNF in the developing
brainstem did not vary significantly on E20, P4 and P8
days (Fig. la,c; Age — Fg3,1y=18.61, p<0.0001), and
were two times higher than levels of proneurotrophin in
the immature cortex (Fig. lc; Region — F(j 34y = 95.45,
p<0.0001). However, the expression of proBDNF in the
brainstem samples was about two times lower than the
expression of the mature neurotrophin (Fig. la-c; BDNF
form — F(,109)=18.91, p<0.0015). This resulted in the
high, equal to 1.5-2.0, mBDNF to proBDNF ratio in this
brain region during perinatal development (Fig. 1d; Age —
F,16)= 8.64, p<0.0013). The mBDNF to proBDNF ratio
in the developing brainstem was three to five times higher
than in the adult brainstem and cortex, in which it was
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about 0.4-0.5, and more than one order of magnitude
higher than in the developing cortex (Fig. 1d).
These data suggested that, in contrast to adult
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brain, the immature cortex had the Ilow
mBDNF/proBDNF ratio, which was constant through all

perinatal development.
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mBDNF, proBDNF and active caspase-3 levels in the
neonatal brain regions

To find out if the prevalence of proBDNF over
mBDNF was unique to immature cortex, the cortical
levels of BDNF forms were compared to the levels of
these proteins in the brain structures that differ in the
expression of active caspase-3 during development
(Menshanov et al. 2006). The amount of active caspase-3
on P4 was highest in the cortex and lowest in the
(Fig. 2a;  F3321y=9.18,

cerebellum and Dbrainstem

mBDNF/proBDNF ratio

p<0.0005). Developing cortex also had the lowest levels
of mBDNF, proBDNF and the lowest mBDNF/proBDNF
ratio in comparison with other brain regions of 4-day old
rat pups, as it was revealed by immunoblot (Fig. 2a;
mBDNF Faon=12.79, p<0.0001; proBDNF -
F321y=5.50, p<0.006; mBDNF/proBDNF ratio -
Fao1=9.85, p<0.0003). In addition, developing cortex
was the only region, in which proBDNF was expressed as
the main form of bdnf gene (Fig. 2a).

Across studied brain regions, the expression of
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proBDNF was not associated with the expression of
active caspase-3 (Fig. 2c; R=-0.179, n.s.). At the same
time, the levels of mBDNF protein were negatively
linked with the levels of active form of apoptotic protease

proBDNF

(a) mBDNF

proBDNF

E—
100
200

E 3001

£

£ 400

o
5001

£ 6001
7004
8001
9001

d hippocampus
(d) mBDNF (e)

Cortical dept

mBDNF proBDNF

cortex

hippocampus

Immunohistochemical  detection
mBDNF
Cerebral
structure. To find out which of the layers contributes the
most to the unique cortical mBDNF to proBDNF ratio,

radial

of proBDNF and

cortex had the complex layered

the immunohistochemical analysis of the
distribution of BDNF forms was performed at this brain
structure. In agreement with the immunoblot data,
proBDNF was the main BDNF form detected in the
cortex by immunohistochemistry, and its expression

reached the highest levels in the layers 2-3 (Fig. 3a-c;

c) Integral fluorescence
(rel. units)

0 250 500 750 1000

—— mBDNF

DAPI

throughout the immature brain (Fig. 2b; R =-0.662,
p<0.001), resulting in the strong association between
mBDNF to proBDNF ratio and the levels of active
caspase-3 (Fig. 2d; R =—0.804, p<0.001).

Fig. 3. Immunostaining for mBDNF and
proBDNF in the developing brain of
P4 pups. (@) Immunostaining for mBDNF
and proBDNF proteins in the whole brain —
frontal section, lambda —2. Both proteins
were mainly localized in upper layers of
the cerebral cortex. Scale bar = 200 pm.
(b) Immunostaining pattern of mBDNF and
proBDNF in the developing cortex.
(c) Integral quantification of fluorescence
signal intensity for mBDNF and proBDNF
protein levels. * — p<0.05 vs mBDNF levels
at the same depth. Data are presented as
the means + SEM. (d) Immunostaining
pattern of mBDNF in the developing
hippocampus and adjacent cortex. Scale bar
= 200 um. (e) High-magnification images of
cells expressing mBDNF and proBDNF in the
layer 2-3 of developing cortex and CA3 field
of hippocampus. Scale bar = 20 pm.

merge

proBDNF

merge

Cortical distribution —  F(g785424) = 5.68, p<0.0001;
Cortical distribution*BDNF form — Fe75 5404) = 18.37,
p<0.0001; BDNF form — F(; 5 =4.07, p<0.079). Though,
mBDNF staining was weaker through the cortical layers,
nevertheless, its spatial distribution was positively
correlated with the spatial distribution of proBDNF
(Fig. 3b-c; R=0.857; p<0.0001).
cortex, numerous mBDNF-positive cells were readily

In contrast to the

detected in the hippocampus — especially in the CA3 field
of this brain region (Fig. 3d).
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Fig. 4. Expression of caspase-3 in the rat cortex and brainstem.
(@) Immunoblot with procaspase-3 (32 kDa), active caspase-3
(17 kDa) and actin (42 kDa) bands. (b) Procaspase-3 protein
levels. (c) Active caspase-3 protein levels. * — p<0.05 vs
brainstem. # — p<0.05 vs previous age. E20 — 20-day-old
fetuses, P4 — 4-day-old pups, P8 — 8-day-old pups, P115 —
115-day-old adult rats. Bs — brainstem. Cr — cortex. Data are
presented as the means + SEM. (d) Immunostaining pattern of
active caspase-3 in the developing cortex. Scale bar = 200 pm.
(e) High-magnification images of cells expressing active
caspase-3 and proBDNF in the layer 2-3 of developing cortex.
Scale bar = 50 pm.

High magnification of the cortical layer 2-3
revealed abundant proBDNF expression in multiple cell
bodies and axons of neurons located in this region
(Fig. 3e). Only a very faint mBDNF signal was detected
in the neurons of the cortical layer 2-3 (Fig. 3e). Similar
to the cortex, multiple neurons were also proBDNF-
positive in the CA3 area of hippocampus (Fig. 3e).
However, unlike in the cortex, proBDNF staining in the
hippocampal neurons was generally localized in the cell
bodies, while processes were mostly proBDNF-negative.
Not all proBDNF-positive cells in the CA3 region were
mBDNF-positive too. Moreover, in contrast to proBDNF,
mature neurotrophin was readily detectable either in the
cell bodies and axons of CA3 cells (Fig. 3e).

Correlations between proBDNF and active caspase-3
levels in the cortex and brainstem

Both BDNF forms could have effects on the
expression of active caspase-3 (Koshimizu et al. 2010).
The unique low ratio of mBDNF/proBDNF in the
developing cortex suggests the existence of a specific
interrelation between proBDNF and active caspase-3
levels in this brain structure. To analyze such possibility,
the local intraregional comparison of proBDNF and
active caspase-3 expression in the developing cortex and
brainstem was done. Both forms of caspase-3 were
detected in the developing brain on E20, P4 and P8 days,
with the higher levels found in the cortex than in the
brainstem (Fig. 4). In the cortex, sparse active caspase-3-
positive cells were localized in the layers 2-3 and layer 5
(Fig. 4d-e). The
correlation between the expression of proneurotrophin

significant intraregional positive
and active caspase-3 was found only in the cortex
(Fig. 5a; R=10.577, p<0.020), while there were no such
correlation in the brainstem (Fig. 5b; R =—0.232, n.s. for
proBDNF). Levels of procaspase-3 and active caspase-3
in the cortex and brainstem of adult animals were very

low in comparison to perinatal samples (Fig. 4).
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Discussion for the adult hippocampus (Patz and Wahle 2004).

Here we provide the first evidence that immature
cortex was the only brain region, in which proBDNF was
the major product of bdnf gene, and its expression
positively correlated with the levels of active caspase-3.

mBDNF levels vary greatly across brain regions
in the adult brain (Gray et al 2013). The cortex,
brainstem, hippocampus and cerebellum of our pups were
also characterized by the high variance in the expression
of mature neurotrophin. However, the levels of mBDNF
were negatively correlated with the levels of active
caspase-3 in these brain regions. The lowest expression of
mature neurotrophin as well as the highest expression of
apoptotic protease was found in the immature cortex. The
negative correlation between the levels of mBDNF and
apoptotic protease across neonatal brain regions was in
line with the
antiapoptotic effects of mature neurotrophins in the
developing brain (Dekkers et al. 2013). Its looks like
proBDNF did not exert any proapoptotic function in the

neurotrophic  theory, suggesting

developing brain in the presence of substantial quantities
of mature neurotrophin, as it could be seen from the
distribution of active caspase-3 throughout CNS regions.
This notion was supported by data of Koshimizu et al.
(2010), who observed the suppression of proBDNF-
mediated cell death by mBDNF.

Perinatal cortex was the only brain structure, in
which proBDNF was the predominant form of BDNF.
High amounts of proneurotrophin in this region found for
the first time in our work were quite unexpected due to
the fact that the levels of mature form of BDNF were low
during cortical development, as it was shown in the
present and other studies (Katoh-Semba et al. 1997,
Huang ef al. 1999, Rossi et al. 1999, Das et al. 2001, Kim
et al. 2007, Bracken and Turrigiano 2009, Lasley and
Gilbert 2011). The disproportion between the cortical
levels of proBDNF and mBDNF may result from either
low conversion rates of proneurotrophin into the mature
form and/or rapid clearance of mBDNF, as it was shown

The importance of mBDNF to proBDNF ratio
and its rapid change has been shown earlier for the
processes occurred in the adult CNS, such as synapse
development and plasticity, axon guidance and memory
formation (Koshimizu et al. 2009, Marler et al. 2010,
Je et al. 2012). However, in contrast to adult brain, the
predominance of proBDNF in the developing cortex was
not a short kinetic phenomenon, and the ratio of mBDNF
to proBDNF was relatively constant during the whole
perinatal period. The absence of substantial changes in
the ratio of BDNF forms may reflect the importance of
these molecules as regulators of cell survival during brain
development, because the functions of mature
neurotrophin and its precursor in the immature brain may
be different from their roles in the adult CNS (Patz and
Wahle 2004).

Immunohistochemical analysis demonstrated
that both proBDNF and mBDNF were localized mainly
in the superficial cortical layers 2-3, the development of
which continued during early postnatal life (Kohwi and
Doe 2013). proBDNF expression was widespread not
only in the neurons of cortical layers 2-3, but also in the
hippocampus. The similar pattern of proBDNF staining
was detected in the hippocampus of neonatal rats by
Langlois et al. (2013) and mice by Yang et al. (2009).
However, multiple proBDNF-positive staining of axons
was detected in the cortical neurons only, while
hippocampal cell processes were mostly proBDNF-
negative.

When secreted from cells, both forms of BDNF
could affect the levels of active caspase-3 (Dekkers et al.
2013). Indeed, active caspase-3-positive cells were found
in the developing cortex of P4 animals, particularly in
the layer 2-3, in which most proBDNF-positive cells
were located (Fig. 5d-e). However, neither immuno-
histochemistry, no immunoblot analysis was able to
estimate the ratio of extracellular to intracellular mBDNF
or proBDNF in the cortex. Moreover, several groups do

not find any convenient evidences for the release or
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abundant presence of extracellular proBDNF in the brain
(for example Matsumoto et al. 2008). Nevertheless, if
proBDNF had any functional role in the cortex, then the
should
proneurotrophin levels. We found positive correlation

expression of active caspase-3 follow
between proBDNF and active caspase-3 expression in the
developing cortex. This correlation suggests that at least
some amount of proBDNF found in the forebrain might
be excreted and had its own function in the cortical
development. Nevertheless, other, more sophisticated
methods should be used to evaluate the amount of
extracellular proBDNF during cortical development.

We also found that proBDNF levels in the cortex
and brainstem of our adult animals were much higher in
comparison to the developing brain. Our results are in
line with the work of Perovic et al. (2013) who reported
that both proBDNF and mBDNF were abundantly present
in the cerebral cortex of adult rats until the senescence.
While proBDNF expressed in the adult CNS might be
involved in the synapse plasticity and memory formation
(Patz and Wahle 2004), it is unlikely, that high cortical
and brainstem levels of this proneurotrophin could be
linked to cell death due to the absence of both
procaspase-3 and active caspase-3 in these brain regions.

It is possible that, if secreted, proBDNF might
act as an initial death signal inducing basal rates of
physiological cell death in the developing -cortex.
However, it is obvious that such proapoptotic action of
proBDNF would be hard to discover in the presence of
different antiapoptotic factors. It also should be noted
that proBDNF could be converted to mBDNF by
endopeptidases extracellularly (Lessmann and Brigadski
2009). However, the functional role of mBDNF in the
developing cortex remains largely unclear (Linnarsson et

References

al. 2000, Southwell et al. 2012).

In summary, our data provide the first evidence
that proBDNF is the predominant form of BDNF
expressed in the developing rat cortex, and its expression
in this brain structure correlates with the levels of active
caspase-3 during perinatal development. These findings
support the suggestion that proBDNF alone may play an
important role in regulation of naturally occurring cell
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negatively correlated with the levels of active caspase-3.
As a result, the strong interregional negative correlation
between mBDNF to proBDNF ratio and active caspase-3
levels exists throughout the immature brain, and high
shadow the
significance of BDNF precursor as the cell death inductor

levels of mature neurotrophin may

in the developing brainstem, hippocampus and

cerebellum.
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