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Abstract
Brain-derived neurotrophic factor (BDNF) and neurotrophin 3 (NT-3) are known to regulate neuronal morphology and the 
formation of neural circuits, yet the neuronal targets of each neurotrophin are still to be defined. To address how these neu-
rotrophins regulate the morphological and synaptic differentiation of developing olfactory bulb (OB) GABAergic interneu-
rons, we analyzed the effect of BDNF and NT-3 on GABA+-neurons and on different subtypes of these neurons: tyrosine 
hydroxylase (TH+); calretinin (Calr+); calbindin (Calb+); and parvalbumin (PVA+). These cells were generated from cultured 
embryonic mouse olfactory bulb neural stem cells (eOBNSCs) and after 14 days in vitro (DIV), when the neurons expressed 
TrkB and/or TrkC receptors, BDNF and NT-3 did not significantly change the number of neurons. However, long-term BDNF 
treatment did produce a longer total dendrite length and/or more dendritic branches in all the interneuron populations studied, 
except for PVA+-neurons. Similarly, BDNF caused an increase in the cell body perimeter in all the interneuron populations 
analyzed, except for PVA+-neurons. GABA+- and TH+-neurons were also studied at 21 DIV, when BDNF produced sig-
nificantly longer neurites with no clear change in their number. Notably, these neurons developed synaptophysin+ boutons 
at 21 DIV, the size of which augmented significantly following exposure to either BDNF or NT-3. Our results show that in 
conditions that maintain neuronal survival, BDNF but not NT-3 promotes the morphological differentiation of developing 
OB interneurons in a cell-type-specific manner. In addition, our findings suggest that BDNF and NT-3 may promote synapse 
maturation by enhancing the size of synaptic boutons.
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Introduction

The neurotrophins BDNF (Brain-Derived Neurotrophic 
Factor) and NT-3 (Neurotrophin 3) play critical roles in 
the development of neural circuits, controlling neuronal 
survival, dendrite and axon growth, and synapse formation 
(Park and Poo 2013; Vicario-Abejón et al. 2002, 1998; Vilar 
and Mira 2016). In vitro studies revealed that BDNF and 
NT-3 promote the differentiation of neurons isolated from 
neural stem cells (NSCs) and progenitor cells (Ahmed et al. 

1995; Vicario-Abejón et al. 2000). In vivo studies using 
Knock-out (KO) mice showed that the lack of BDNF or 
its tropomyosin receptor kinase B (TrkB) receptor resulted 
in a loss of specific neuronal populations in various brain 
regions, including the OB (Galvão et al. 2008; Jones et al. 
1994; Waterhouse et al. 2012; Bath et al. 2008; Sairanen 
et al. 2005; Bergami et al. 2013; Berghuis et al. 2006). 
BDNF also stimulated the growth of GABAergic axons and 
dendrites, and the expression of glutamic acid decarboxy-
lase (GAD) in dissociated hippocampal neurons and hip-
pocampal slices (Vicario-Abejón et al. 1998; Yamada et al. 
2002; Marty et al. 2000). Consistent with these findings, 
the lack of TrkB or TrkC reduced axonal arborization in the 
mouse hippocampus (HP) (Martinez et al. 1998). Notably, 
each neurotrophin may have specific effects on different 
neuronal populations and each individual neurotrophin may 
elicit neuron specific effects within a particular brain region 
(McAllister et al. 1997; Vicario-Abejón et al. 1998; Gascon 
et al. 2005; Zagrebelsky et al. 2018).
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In the OB, deletion of BDNF diminished the dendritic 
complexity of PVA+-neurons (Berghuis et al. 2006), whereas 
neurons derived from eOBNSCs acquired more complex 
morphologies and synapsin-I-positive boutons when grown 
in the presence of BDNF (Vergaño-Vera et al. 2006). BDNF 
has also been shown to promote the dendritic growth of 
mitral and tufted OB neurons in vitro (Imamura and Greer 
2009), and this neurotrophin alters the morphology and 
number of spines on granule neurons (Matsutani and Yama-
moto 2004; McDole et al. 2015). However, BDNF does not 
significantly enhance the survival of adult generated granule 
neurons in the OB (McDole et al. 2020). As opposed to its 
growth-promoting effects, during development, pro-BDNF 
and BDNF can influence axon and spine pruning, two mech-
anisms that refine and stabilize neuronal connections (An 
et al. 2008; Johnson et al. 2007; Orefice et al. 2016, 2013; 
Singh et al. 2008; Choo et al. 2017). Thus, further studies are 
necessary to understand the role of BDNF and NT-3 during 
the morphological differentiation and synaptic differentia-
tion of OB neurons.

Neurotrophins also regulate the formation, as well as the 
structural and functional maturation of synapses (Park and 
Poo 2013; Vicario-Abejón et al. 2002; Jacobi et al. 2009; 
Gottmann et al. 2009; Zagrebelsky and Korte 2014). The first 
evidence that neurotrophins affect synapse formation and 
maturation independently of neuronal survival was obtained 
from cultured hippocampal neurons and from the HP of TrkB 
and TrkC KO mice (Martinez et al. 1998; Vicario-Abejón 
et al. 1998). The synaptic terminals of neurotrophin-treated 
neurons contained more total and docked synaptic vesicles 
(SVs), larger SVs and a thicker postsynaptic density (Col-
lin et al. 2001; Vicario-Abejón et al. 1998). In addition, 
BDNF increased the number of SVs and dendritic spines in 
pyramidal neurons of postnatal hippocampal slices (Tyler 
and Pozzo-Miller 2001) and tectal neurons in vivo (Sanchez 
et al. 2006). Accordingly, mice lacking TrkB and TrkC had 
fewer hippocampal synaptic contacts, and the former also 
had fewer SVs (Martinez et al. 1998). Similarly, neurons 
from the HP of E18.5 Bdnf KO mice had fewer vesicular 
glutamate transporter (vGLUT) boutons (Singh et al. 2006), 
and comparable results were found in the cerebellum and 
cortex of TrkB KO mice (Sanchez-Huertas and Rico 2011; 
Rico et al. 2002). Indeed, BDNF-TrkB signaling is necessary 
for NMDAR clustering in hippocampal synapses of cultured 
neurons (Elmariah 2004) and in the OB, BDNF can enhance 
the excitability of mitral neurons (Mast and Fadool 2012).

BDNF and NT-3 are expressed weakly in the embry-
onic and neonatal OB, although the expression of BDNF 
is stronger than that of NT-3. Both neurotrophins bind pref-
erentially to TrkB and TrkC receptors, respectively, which 
are detected at different levels in the different layers of the 
neonatal and adult OB. In contrast, transcripts for the high 
affinity NGF receptor, TrkA, have not been detected in the 

olfactory bulb (Fryer et al. 1996; Mackay-Sim and Chuah 
2000; Nef et al. 2001; Vicario-Abejón et al. 2002). The 
constitutive presence of neurotrophins before or during the 
initiation of pre- and postsynaptic contact could regulate 
neuron development (Vicario-Abejón et al. 2002).

Here, we detected TrkB and TrkC immunoreactivity in the 
embryonic OB and in cultured eOBNSC-derived neurons. 
Thus, we analyzed the effect of chronic BDNF and NT-3 
treatment on the morphological differentiation of eOBNSC-
derived GABA+ interneurons in vitro, including TH+, Calr+, 
Calb+, and PVA+ neurons. These cells represent major sub-
types of GABA+ neurons in the OB in vivo and indeed, no 
cell type (TH+, Calr+, Calb+, and PVA+) co-expresses two or 
more of these markers (Parrish-Aungst et al., 2007; Hurtado-
Chong et al., 2009; Curto et al., 2014). The effects of these 
neurotrophins on the number of synaptophysin+ cells and of 
synaptophysin+ boutons was also assessed. As such, the data 
show that BDNF (but not NT-3) regulates dendrite morphol-
ogy of developing OB interneurons in a cell-type specific 
manner, and that both BDNF and NT-3 increase the size of 
synaptophysin+ boutons.

Materials and Methods

Animals

All animal care and handling was carried out in accordance 
with European Union guidelines (directive 2010/63/EU) and 
Spanish legislation (Law 32/2007 and RD 53/2013), and the 
protocols were approved by the Ethical Committee of the 
Consejo Superior de Investigaciones Científicas (CSIC) and 
of the Comunidad de Madrid. Animals were administered 
food and water ad libitum, and the environmental conditions 
were strictly controlled: 12-h light/dark cycle, temperature 
22 ºC, and humidity 44%. All efforts were made to amelio-
rate the animal’s suffering.

Neural Stem Cell Cultures

Embryonic OBNSCs were obtained from embryonic day 
13.5 (E13.5) CD1 embryos as previously described (Nieto-
Estévez et al. 2013). Briefly, pregnant mice were sacrificed 
by cervical dislocation and their embryos were decapitated. 
The OB was then extracted from the embryos, and the cells 
obtained by mechanical dissociation were plated at a den-
sity of 35,000 cells/cm2 and grown as neurospheres by daily 
addition of fibroblast growth factor-2 (FGF-2, 20 ng/ml: 
PeproTech) and epidermal growth factor (EGF, 20 ng/ml: 
PeproTech) in Dulbecco’s modified Eagle medium (DMEM)/
nutrient mixture F12 (F12), supplemented with insulin, 
apotransferrin, putrescine, progesterone and sodium selenite 
(N2: DMEM/F12/N2). Every 3–4 days, the neurospheres 
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were split by mechanical procedures and plated at 5000 
cells/cm2 in DMEM/F12/N2 with FGF-2 and EGF (Nieto-
Estévez et al. 2013). To induce differentiation, the cells 
were seeded on polyornithine and fibronectin-coated glass 
or thermanox coverslips at a density of 125,000 cells/cm2 in 
DMEM/F12/N2/B27 (Gibco) plus 5% Fetal Bovine Serum 
(FBS, Sigma). BDNF (Peprotech 450-02) or NT-3 (R&D 
Systems 267-N3 and Peprotech 450-03) were added at 
20 ng/ml every 3 days throughout the duration of the cul-
ture, as previously reported (Vicario-Abejón et al. 1995, 
2000). After 6 days, the medium was partially changed with 
DMEM/N2/B27 plus 5% FBS. The presence of FBS in the 
cultures promotes NSC differentiation and favors neuronal 
survival (Vicario-Abejón et al. 2000). The cells were then 
fixed with 4% paraformaldehyde (PFA) for 25 min after 14 
or 21 DIV. Although these differentiated eOBNSC cultures 
are composed of neurons and glial cells, this study focused 
on the interneuron populations. All the experiments were 
performed on eOBNSCs between passages 3–10, when the 
majority of cells exhibited a stable karyotype (Vergaño-Vera 
et al. 2009).

Immunostaining of Cryostat Sections and Adherent 
Cell Cultures

Pregnant mice were anaesthetized by intraperitoneal injec-
tion of ketamine/xylazine and the E14.5 embryos were 
intraventricularly perfused with 0.9% NaCl followed by 
4% PFA. Their heads were post-fixed, cryoprotected and 
frozen, and then, coronal cryostat serial Sects.  (15 μm) 
were obtained and kept at −80 ºC until they were used for 
immunohistochemistry.

After treating the cultured cells and the sections with 
0.1–0.2% Triton X-100/10% NGS (normal goat serum)/
PBS, they were incubated overnight at 4 ºC with pri-
mary antibodies raised against: Calb (mouse antibody, 
1:2000, Swant Cat. No. 300, RRID:AB_10000347), 
Calr (rabbit antiserum, 1:1500, Swant Cat. No. 7699/4, 
RRID:AB_2313763), GABA (rabbit antiserum, 1:2000; 
Sigma Cat. No. A2052, RRID:AB_477652), MAP2ab 
(mouse antibody, 1:250; Sigma-Aldrich Cat. No. M1406, 
RRID:AB_477171 and chicken antibody, 1:5000; Abcam 
Cat. No. ab5392, RRID:AB_2138153), PVA (mouse anti-
body, 1:1000, Swant Cat. No. 235, RRID:AB_10000343), 
Synaptophysin (rabbit antiserum, 1:4; ZYMED Laboratories 
and ThermoFisher Cat. No. 180130, RRID:AB_10836766), 
TH (rabbit antiserum, 1:100; Millipore Cat. No. AB152, 
RRID:AB_390204), TrkB (rabbit antiserum, 1:50; Santa 
Cruz Biotechnology Cat. No. sc-12-G, RRID:AB_632558), 
or TrkC (rabbit antiserum, 1:50; Santa Cruz Biotechnology 
Cat. No. sc-117, RRID:AB_632560). The cells and sections 
were then incubated with Alexa fluor 488 or 594 or 647 
conjugated secondary antibodies (1:500: Invitrogen) and 

finally, with 4′,6-diamidino-2-phenylindole (DAPI: Vector 
Laboratories, Burlingame, CA) before they were mounted 
in Mowiol solution (Calbiochem, San Diego, CA). Controls 
were performed to confirm the specificity of the primary and 
secondary antibodies.

Cell Counts and Morphological Analysis

To determine the number of cells in the adherent culture 
expressing a specific antigen, 10 random fields per coverslip 
were counted using a 20 × objective and fluorescence fil-
ters, counting cells in a total of 30–40 microscope fields per 
each condition (control, BDNF or NT-3). The results were 
expressed as the mean (± SEM) number of cells from 3–4 
cultures. To quantify synaptophysin+ neurons, only those 
cells with synaptophysin+ boutons (a feature of mature neu-
rons) (Vicario-Abejón et al. 1998) were scored. Therefore, a 
neuron with diffuse staining of the cell body but no bouton 
or punctate staining was not considered synaptophysin+.

To analyze the effect of the neurotrophins on neuronal 
morphology, we counted the number of primary and second-
ary neurites, and measured the total neurite length and cell 
body perimeter in 40 × images of 20–30 GABA+ neurons, 
12–31 TH+ neurons, 16–18 Calr+ neurons, 12–18 Calb+ 
neurons and 13 PVA+ neurons per condition and time point, 
using ImageJ software. These morphological analyses were 
performed blind to the treatment. The images presented 
in Figs. 2–8 were taken under a fluorescent microscope 
and some pictures were composed of 2–4 images stitched 
together using the ImageJ software. We chose to present 
fewer cells in the pictures to better assess the effects of the 
neurotrophins on neuronal morphology.

We also determined the total number of synaptic boutons 
per neuron and per dendrite length, and the bouton size from 
63 × images (digital zoom, × 3.5; numerical aperture, 1.4), 
taken every 0.76 µm (11 optical sections per field) on a con-
focal microscope. ImageJ was used to measure the size of 
individual boutons and the average bouton size per neuron 
was calculated, expressing the results as the mean ± SEM 
of 130–150 boutons from 13–15 neurons in 3–4 cultures.

Statistical Analysis

To determine if the data followed a parametric distribution 
and with equal variances, a Barlett’s test was used, and the 
results from the three conditions studied were analyzed by 
one-way ANOVA with a Tukey’s post hoc test. When the 
variances were not equal, a non-parametric Kruskal–Wallis 
test was used with a post hoc Dunn’s test (Table 1). Statisti-
cal significance was set at *P < 0.05 and GraphPad Prism 8.0 
was used for all statistical analyses.
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Table 1   Summary of the statistics analyses performed

Figure Panel Test p-value Experimental Group p-value Tukey/Dunn

Fig. 2 F Kruskal–Wallis test + Post test < 0.0001  Control vs BDNF 0.0001
Control vs NT3 0.7827
BDNF vs NT3  < 0.0001

G Kruskal–Wallis test + Post test 0.0004  Control vs BDNF 0.0238
Control vs NT3 0.4702
BDNF vs NT3 0.0004

H Branches Kruskal–Wallis test + Post test 0.0185  Control vs BDNF 0.1868
Control vs NT3 0.8599
BDNF vs NT3 0.0188

H Total Kruskal–Wallis test + Post test 0.0185  Control vs BDNF 0.0638
Control vs NT3 0.8325
BDNF vs NT3 0.0281

I Kruskal–Wallis test + Post test 0.0443  Control vs BDNF 0.3710
Control vs NT3 0.8545
BDNF vs NT3 0.0433

J One-Way ANOVA + Post test 0.0487  Control vs BDNF 0.1751
Control vs NT3 0.7337
BDNF vs NT3 0.0531

Fig. 3 F Kruskal–Wallis test + Post test 0.0070  Control vs BDNF 0.0050
Control vs NT3 0.4662
BDNF vs NT3 0.2538

G Kruskal–Wallis test + Post test 0.0007  Control vs BDNF 0.0024
Control vs NT3  > 0.9999
BDNF vs NT3 0.0034

J One-Way ANOVA + Post test < 0.0001  Control vs BDNF 0.0009
Control vs NT3 0.7168
BDNF vs NT3  < 0.0001

Fig. 4 F One-Way ANOVA + Post test 0.0069  Control vs BDNF 0.0048
Control vs NT3 0.1480
BDNF vs NT3 0.5257

G Kruskal–Wallis test + Post test 0.1728 Control vs BDNF 0.1867
Control vs NT3 0.7768
BDNF vs NT3  > 0.9999

H Kruskal–Wallis test + Post test 0.0577  Control vs BDNF 0.1469
Control vs NT3  > 0.9999
BDNF vs NT3 0.1291

I Kruskal–Wallis test + Post test 0.0075  Control vs BDNF 0.0992
Control vs NT3  > 0.9999
BDNF vs NT3 0.0096

Fig. 5 G Kruskal–Wallis test + Post test 0.0011  Control vs BDNF 0.2066
Control vs NT3 0.2491
BDNF vs NT3 0.0008

H Kruskal–Wallis test + Post test 0.1072  Control vs BDNF  > 0.9999
Control vs NT3 0.2388
BDNF vs NT3 0.1409

J Kruskal–Wallis test + Post test 0.0004  Control vs BDNF 0.0066
Control vs NT3  > 0.9999
BDNF vs NT3 0.0016
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Results

Expression of TrkB and TrkC in the OB 
and in Neurons Derived From eOBNSCs

We first analyzed the expression of the TrkB and TrkC neu-
rotrophin receptors (Park and Poo 2013; Vicario-Abejón 
et al. 2002) by immunostaining cryostat sections of the 
embryonic OB and neurons derived from eOBNSCs. Both 
receptors were widely expressed in the embryonic OB lay-
ers containing early post-mitotic neurons (Méndez-Gómez 
et al. 2011). TrkB was more abundant in the mitral cell layer 
(MCL), while it was expressed more weakly in the ventricu-
lar zone/subventricular zone (VZ/SVZ) and the intermedi-
ate zone (IZ: Fig. 1a). TrkC expression was also detected 
in these layers and in the surrounding area correspond-
ing to the primordial glomerulus (Fig. 1b). In agreement 

with this relatively abundant TrkB and TrkC expression 
in the embryonic OB, we found that 64.3% and 54.6% of 
MAP2ab+-neurons differentiated from eOBNSCs expressed 
TrkB+ and TrkC+, respectively (Fig. 1 c–e).

Since the formation of OB interneurons begins at early 
stages of mouse OB development (Vergaño-Vera et al. 2006; 
Batista-Brito et al. 2008; Lledo et al. 2008), and we detected 
both TrkB and TrkC in the OB and in neurons derived from 
eOBNSCs, we analyzed the effect of BDNF and NT-3 on the 
morphology of interneurons derived from eOBNSCs, and on 
the number and size of synaptic boutons.

The Effect of BDNF and NT‑3 on the Morphological 
Differentiation of OB GABAergic Neurons

GABAergic cells form the largest population of interneu-
rons in the OB (Vergaño-Vera et al. 2006; Díaz-Guerra 

Significant changes (P < 0.05) are written in italics

Table 1   (continued)

Figure Panel Test p-value Experimental Group p-value Tukey/Dunn

Fig. 6 D One-Way ANOVA + Post test 0.0589  Control vs BDNF 0.0474 

Control vs NT3 0.5408

BDNF vs NT3 0.3408

F Primary Kruskal–Wallis test + Post test 0.0118  Control vs BDNF  > 0.9999

Control vs NT3 0.0684

BDNF vs NT3 0.0163 

F Branches Kruskal–Wallis test + Post test 0.0007  Control vs BDNF 0.1788

Control vs NT3 0.1961

BDNF vs NT3 0.0004 
Fig. 7 D One-Way ANOVA + Post test  < 0.0001  Control vs BDNF  0.0008 

Control vs NT3 0.0542
BDNF vs NT3  < 0.0001 

E Kruskal–Wallis test + Post test  0.0229  Control vs BDNF 0.1856
Control vs NT3 0.8078
BDNF vs NT3  0.0214 

F One-Way ANOVA + Post test 0.0512 Control vs BDNF 0.9458
Control vs NT3 0.0504
BDNF vs NT3 0.1283

H Kruskal–Wallis test + Post test 0.0667 Control vs BDNF 0.1052
Control vs NT3  > 0.9999
BDNF vs NT3 0.1598

Fig. 9 H Kruskal–Wallis test + Post test  < 0.0001  Control vs BDNF  < 0.0001 
Control vs NT3  < 0.0001 
BDNF vs NT3 0.0315 

I Kruskal–Wallis test + Post test   < 0.0001  Control vs BDNF  < 0.0001 
Control vs NT3  < 0.0001 
BDNF vs NT3  0.0243 
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et al. 2013; Ravi et al. 2017) and thus, we first assessed the 
effect of BDNF and NT-3 on the number and morphology 
of eOBNSC-derived GABA+ neurons after 14 days in vitro 
(DIV: Fig. 2). Cells were immunostained with antibodies 
against MAP2ab (a general neuronal marker that labels 
cell bodies and dendrites) and GABA (Fig. 2a–c), and 

the number and morphology of MAP2ab+ and GABA+ 
neurons were assessed. After 14 DIV, the total number of 
MAP2ab+ and of GABA+ neurons was similar in all the 
conditions studied (Fig. 2d), and the proportion of GABA+ 
neurons in the cultures was also similar in the control 
and in the presence of either BDNF or NT-3 (control 

Fig. 1   The expression of TrkB 
and TKC in OB sections, 
and in neurons derived from 
eOBNSCs. The images show 
coronal OB sections from E14.5 
embryos (a, b) and eOBNSC-
derived neurons (MAP2ab+, c, 
d) immunostained with antibod-
ies against TrkB and TrkC, 
and counterstained with DAPI. 
Both receptors are expressed in 
the outer IZ and MCL layers, 
which contain early differen-
tiating neurons. The graph (e) 
indicates the percentage of 
MAP2ab+ neurons that express 
TrkB or TrkC. The results are 
the mean ± SEM of 4 cultures: 
MCL, mitral cell layer; IZ, 
intermediate zone; VZ/SVZ, 
ventricular zone/subventricu-
lar zone. Scale bar (D) = a–b, 
114.3 µm; c–d, 37.3 µm
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Fig. 2   The effect of BDNF on the number and morphology of 
GABA+ neurons derived from eOBNSCs after 14 DIV. The images 
show representative neurons from Control cultures (a), BDNF-treated 
cultures (b) or NT-3 treated cultures (c), immunostained with anti-
MAP2ab and anti-GABA antibodies. The colocalization of MAP2ab 
and GABA can be better assessed in higher magnification images 
(bottom). The graphs show the average number of MAP2ab+ and 
GABA+ cells per 10 microscope fields acquired with a 20 × objec-
tive (d), the percentage of GABA+ neurons (e) and the effects on 

the morphological parameters of GABA+ neurons generated in each 
of the three conditions (f–j). The results are the mean ± SEM of 3–4 
cultures per condition (d, e). The morphological analysis (f–j) was 
performed on 20–30 GABA+ neurons per condition. BDNF treatment 
significantly increased the cell body perimeter, total neurite length 
and number of neurite branches but not the ratio length/neurite: 
*P < 0.05, ***P < 0.001, ****P < 0.001 (Kruskal–Wallis test followed 
by post hoc Dunn’s test). Scale bar (C) = 77.0 µm; high magnification 
images, 38.5 µm
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47.7 ± 9.2%, BDNF 35.0 ± 9.1% and NT-3 32.0 ± 3.7%: 
Fig. 2E).

However, GABAergic neurons exposed to BDNF were 
larger than both control neurons and those exposed to NT-3, 
with a 25% and 31% increase in cell body perimeter after 
exposure to BDNF, respectively (P < 0.001 and P < 0.0001: 
Fig. 2f, Table 1), as well as an 85% and 142% or 2.42-fold 
increase in total neurite length (P < 0.05 and P < 0.001; 
Fig.  2g, Table  1). Moreover, GABA+ cells exposed to 
BDNF had more neurite branches and total neurites than 
cells exposed to NT-3 (115% or 2.15-fold and 79%, P < 0.05: 
Fig. 2h, Table 1), and more branches per primary neurite 
(104% or 2.04-fold, P < 0.05; Fig. 2i, Table 1). Interestingly, 
the ratio of the total length per neurite did not change signifi-
cantly in the presence of BDNF, suggesting that the increase 
in the total length was mainly due to the increase in neurite 
branches promoted by BDNF.

After 21 DIV, the total number of MAP2ab+ and GABA+ 
neurons (Fig. 3a–c) remained similar in all three conditions 
(Fig. 3d), with no significant differences in the proportion 
of GABA+ neurons in the cultures treated with BDNF or 
NT-3 (control 36.3 ± 10.5%, BDNF 24.4 ± 11.4% and NT-3 
25.0 ± 12.4%: Fig.  3e). Similar to the results obtained 
after 14 DIV, GABA+ neurons treated with BDNF had a 
larger cell body perimeter than the control neurons (13.2%, 
P < 0.01: Fig. 3f, Table 1). Moreover, the neurons exposed 
to BDNF had an 82% and a 96% longer total neurite length 
than control and NT-3 treated neurons (P < 0.01: Fig. 3g, 
Table 1), and 52.3% and 71% longer neurites, respectively 
(P < 0.001 and P < 0.0001: Fig.  3j, Table  1). However, 
BDNF did not cause significant changes in neurite number 
(Fig. 3h) or in the number of branches per neurite (Fig. 3i). 
These findings support the idea that the increase in total 
length promoted by BDNF at 21 DIV could be mainly due 
to the maintenance and elongation of pre-existing neurites 
rather than to the growth of more neurites.

The Effect of BDNF and NT‑3 on the Morphological 
Differentiation of OB GABAergic Interneuron 
Subtypes

There are multiple subtypes of GABAergic interneurons in 
the OB that could potentially respond distinctly to BDNF 
and NT-3 (Batista-Brito et al. 2008; Díaz-Guerra et al. 2013; 
Lledo et al. 2008; Vergaño-Vera et al. 2006; Wen et al. 2019; 
Yang 2008; Curto et al. 2014; Ravi et al. 2017). Hence, we 
tested the effect of exogenous BDNF and NT-3 on TH+, 
Calr+, Calb+ and PVA+ neurons generated from OBNSCs. 
As described above, no cell type in the OB co-expresses 
two or more of these markers (Parrish-Aungst et al. 2007; 
Hurtado-Chong et al. 2009; Curto et al. 2014). OB TH+ neu-
rons represent a subpopulation of GABAergic interneurons 
located in the OB glomeruli (Hurtado-Chong et al. 2009; 

Díaz-Guerra et al. 2013; Bonzano et al. 2016; Pignatelli and 
Belluzzi 2017). Here, we analyzed the effect of BDNF and 
NT-3 on the number and morphology of eOBNSC-derived 
TH+ neurons after immunostaining with antibodies against 
MAP2ab and TH (Fig.  4a–c). As expected, eOBNSC-
derived TH+ cells also expressed GAD (data not shown), 
the rate-limiting enzyme in GABA synthesis (Vergaño-Vera 
et al. 2006).

After 14 DIV, the total number of MAP2ab+ and TH+ 
neurons (Fig. 4a–c), and the percentage of TH+ neurons 
was similar in all conditions (Fig. 4d–e). TH+ neurons in 
cultures treated with BDNF were bigger and more complex 
than in Control and in NT-3-treated cultures, as reflected 
by the 17.7% increase in cell body perimeter compared to 
Controls (P < 0.01; Fig. 4f, Table 1) and the 93% increase in 
total branches per primary neurite compared to NT-3 condi-
tions (P < 0.01; Fig. 4i, Table 1). BDNF-treated neurons had 
an apparent higher total neurite length (Fig. 4g) and neurite 
number than Control and NT-3 treated neurons (Fig. 4h) but 
the increases were not statistically significant. The ratio of 
total length per neurite was similar in the three conditions.

At 21 DIV, cultures treated with BDNF or NT-3 showed 
no significant differences either in the number of MAP2ab+ 
and TH+ cells or in the percentage of TH+ cells compared 
to Controls (Fig. 5a–e). However, BDNF-treated TH+ cells 
presented a 195% or 2.95-fold increase in total neurite length 
compared to NT-3-treated cells (P < 0.001; Fig. 5g, Table 1). 
Furthermore, the length per neurite of BDNF-treated TH+ 
neurons was 84% and 114% or 2.14-fold larger than that 
of the Control cultures and NT-3 cultures, respectively 
(P < 0.01; Fig. 5j, Table 1). No significant changes were 
observed in other analyzed parameters (Fig. 5f,h,i).

Since the morphological changes produced by BDNF in 
GABA+ neurons and in the TH+ GABAergic neuron sub-
population were already observed by 14 DIV, the effects of 
BDNF and NT-3 on Calr+, Calb+ and PVA+ neurons were 
only assessed after 14 DIV. Colocalization of these mark-
ers with GABA or GAD immunoreactive neurons (data 
not shown) demonstrated that the three eOBNSC-neuronal 
subtypes were GABAergic. BDNF-treated Calr+ neurons 
(Fig. 6a–c) had a 15% larger cell body perimeter than Con-
trol neurons (P < 0.05: Fig. 6d, Table 1), and 9% more pri-
mary neurites and 37% more neurite branches than NT-3 
treated neurons (P < 0.05 and P < 0.001: Fig. 6f, Table 1). 
No significant differences were observed in other param-
eters analyzed (Fig. 6e,g,h). Similarly, BDNF-treated Calb+ 
neurons (Fig. 7a–c) possessed a 15% and a 28% larger cell 
body perimeter than control and NT-3 treated neurons, 
respectively (P < 0.001 and P < 0.0001: Fig. 7d, Table 1), 
as well as a 112% or 2.12-fold % longer total neurite length 
than NT-3 treated neurons (P < 0.05: Fig. 7e, Table 1). The 
apparently larger branches/primary neurites ratio (Fig. 7g) 
and length per neurite (Fig. 7h) on exposure to BDNF was 
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Fig. 3   The effect of BDNF on the number and morphology of 
GABA+ neurons derived from eOBNSCs after 21 DIV. The images 
show representative neurons from Control (a), BDNF-treated (b) or 
NT-3 treated cultures (c), immunostained with anti-MAP2ab and 
anti-GABA antibodies. The colocalization of MAP2ab and GABA 
can be better assessed in the higher magnification images (bottom). 
The graphs show the average number of MAP2ab+ and GABA+ cells 
per 10 microscope fields acquired with a 20 × objective (d), the per-
centage of GABA+ neurons (e) and the effect on the morphological 

parameters analyzed in GABA+ neurons generated in each of the 
three conditions (f–j). The results are the mean ± SEM of 4 cultures 
per condition (d, e). The morphological analysis (f–j) was per-
formed in 30 GABA+ neurons per condition. BDNF treatment sig-
nificantly increased the cell body perimeter, total neurite length and 
the ratio length/neurite but not the number of neurites: **P < 0.01, 
***P < 0.001, ****P < 0.001 (F and G, Kruskal–Wallis test followed 
by post hoc Dunn’s test; J, one-way ANOVA with Tukey’s post hoc 
test). Scale bar (C) = 77.0 µm; high magnification images, 38.5 µm
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Fig. 4   The effect of BDNF on the number and morphology of tyros-
ine hydroxylase (TH+) neurons derived from eOBNSCs after 14 DIV. 
The images show representative neurons from Control (a), BDNF-
treated (b) or NT-3 treated cultures (c), immunostained with anti-
bodies against MAP2ab and TH. The colocalization of MAP2ab and 
TH can be better assessed in the higher magnification images (bot-
tom). The low magnification pictures are composed of 2–4 images 
and stitched together using ImageJ software. The graphs show the 
average number of MAP2ab+ and TH+ cells per 10 microscope 
fields acquired with a 20 × objective (d), the percentage of TH+ neu-

rons (e) and the effect on the morphological parameters of the TH+ 
neurons generated in the three conditions (f–j). The results are the 
mean ± SEM of 3 cultures per condition (d, e). The morphological 
analysis was performed on 19–31 TH+ neurons per condition. BDNF 
treatment significantly increased the cell body perimeter and the ratio 
branches/primary neurite but not the ratio length/neurite: **P < 0.01 
(F, one-way ANOVA with Tukey’s post hoc test; I, Kruskal–Wal-
lis test followed by post hoc Dunn’s test). TH, tyrosine hydroxylase. 
Scale bar (C) = 77.0 µm; high magnification images, 38.5 µm
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Fig. 5   The effect of BDNF on the number and morphology of TH+ 
neurons derived from eOBNSCs after 21 DIV. The images show 
representative neurons from Control (a), BDNF-treated (b) or NT-3 
treated cultures (c), immunostained with anti-MAP2ab and anti-TH. 
Antibody colocalization of MAP2ab and TH can be better assessed in 
the higher magnification images (bottom). The low magnification pic-
tures are composed of 2–4 images and stitched together using ImageJ 
software. The graphs show the average number of MAP2ab+ and TH+ 
cells per 10 microscope fields acquired with a 20 × objective (d), the 

percentage of TH+ neurons (e) and the effect on the morphological 
parameters of the TH+ neurons generated in the three conditions (f–
j). The results are the mean ± SEM of 3 cultures per condition (d, e). 
The morphological analysis was performed on 13–24 TH+ neurons 
per condition (f–j). BDNF treatment significantly increased total neu-
rite length and the ratio length/neurite but not the number of neurites: 
**P < 0.01, ***P < 0.001 (Kruskal–Wallis test followed by post hoc 
Dunn’s test). TH, tyrosine hydroxylase. Scale bar (C) = 77.0 µm; high 
magnification images, 38.5 µm
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not statistically significant. In contrast to the morphologi-
cal effects produced by BDNF on GABA+, TH+, Calr+ and 
Calb+ neurons, we did not observe any significant changes 
in the morphology of PVA+ neurons grown in the presence 
of BDNF or NT-3 (Fig. 8).

The Effect of BDNF and NT‑3 on the Presynaptic 
Differentiation of Neurons Derived from eOBNSCs

To analyze the effect of BDNF and NT-3 on the maturation 
of neurons derived from eOBNSCs, cells were maintained 

for 21 DIV, then immunostained with antibodies against 
MAP2ab and synaptophysin (Fig.  9a–c), a presynaptic 
protein that accumulates in boutons (Vergaño-Vera et al. 
2006; Vicario-Abejón et al. 1998). Importantly, only those 
neurons with synaptophysin+ puncta or boutons but not 
those with diffuse staining in the cell body were considered 
synaptophysin+ neurons, explaining the relative small num-
ber and proportion (0.3–5.7%) of synaptophysin+ neurons. 
Similar numbers of MAP2ab+ and synaptophysin+ neurons 
were found in the three conditions (Fig. 9d,e), and although 
exposure to BDNF produced more synaptophysin+ boutons 
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Fig. 6   The effect of BDNF on the morphology of Calretinin (Calr)+ 
neurons derived from eOBNSCs after 14 DIV. The images show 
representative neurons from Control (a), BDNF-treated (b) or NT-3 
treated cultures (c), immunostained with anti-MAP2ab and anti-Calr 
antibodies. The colocalization of MAP2ab and Calr can be better 
assessed in the higher magnification images (bottom). The graphs 
show the effects on the morphological parameters of 16–18 Calr+ 

neurons generated in each of the three conditions. BDNF treatment 
increased the cell body perimeter, and the number of primary neurites 
and neurite branches: *P < 0.05, ***P < 0.001, (D, one-way ANOVA 
with Tukey’s post hoc test; F, Kruskal–Wallis test followed by post 
hoc Dunn’s test). Scale bar (C) = 77.0 µm; high magnification images, 
38.5 µm
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than in the control cultures, the 2.2-fold increase detected 
was not statistically significant (Fig. 9f). Similarly, we found 
no significant differences in the density of boutons per den-
drite length (Fig. 9g). However, the synaptic boutons of 
BDNF-treated neurons were larger than those of Control 
neurons, with a 43% increase in their perimeter (P < 0.0001: 
Fig. 9h, Table 1) and a 100% or twofold increase in bouton 
area (P < 0.0001: Fig. 9i, Table 1).

Synaptic boutons of NT-3 treated neurons were also big-
ger than those in Control neurons, with significant increases 
in the perimeter (P < 0.0001: Fig. 9h, Table 1) and in the 
bouton area (P < 0.0001: Fig. 9i, Table 1). However, the 

boutons of BDNF-treated neurons had both a larger perim-
eter and a larger area than those exposed to NT-3 (P < 0.05: 
Fig. 9h, Table 1). Hence, BDNF and NT-3 appear to have 
an effect specifically on boutons, which were located either 
on neurons making synapses with the MAP2ab+ cells (green 
boutons) or they were presynapses of MAP2ab cells (yellow 
boutons). Nevertheless, it was not possible to unambigu-
ously detect and quantify the postsynaptic protein PSD95 by 
immunofluorescence in these cells (data not shown).

In summary, the data presented here show that BDNF 
affects the morphology (cell body size, number of pri-
mary neurites and neurite branches, and neurite length) 
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Fig. 7   The effect of BDNF on the morphology of Calbindin (Calb)+ 
neurons derived from eOBNSCs after 14 DIV. The images show 
representative neurons from Control (a), BDNF-treated (b) or NT-3 
treated cultures (c), immunostained with antibodies against MAP2ab 
and Calb. The colocalization of MAP2ab and Calb can be better 
assessed in the higher magnification images (bottom). The graphs 

show the effects on the morphological parameters of 12–18 Calb+ 
neurons in each of the three conditions. Exposure to BDNF increased 
the cell body perimeter and the total neurite length: *P < 0.05, 
***P < 0.001, ****P < 0.001 (D, one-way ANOVA with Tukey’s post 
hoc test; E, Kruskal–Wallis test followed by post hoc Dunn’s test). 
Scale bar (C) = 77.0 µm; high magnification images, 38.5 µm
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of eOBNSC-derived GABAergic neurons in a cell-type 
specific manner. Relative to control conditions or the neu-
rons exposed to NT-3, the effects of BDNF were stronger 
on GABA+ neurons and in their subtypes TH+, Calr+ and 
Calb+ neurons than on PVA+ cells, in which no significant 
changes were detected. Our time course study indicated that 
BDNF initially promoted an increase in total neurite length 
in GABA+ neurons, mostly due to the growth of neurite 
branches (14 DIV), and it subsequently favored the elonga-
tion of pre-existing neurites (21 DIV). Notably, both BDNF 
and NT-3 increased the size of synaptophysin+ synaptic 
boutons.

Discussion

BDNF and NT-3 are involved in neuronal differentiation 
and maturation during embryonic brain development and 
adult neurogenesis, promoting axonal and dendritic growth 
and synapse formation (Park and Poo 2013; Vicario-Abe-
jón et al. 2002; Gottmann et al. 2009; Zagrebelsky and 
Korte 2014). However, their specific actions depend on 
the cell type and stage of development (McAllister et al. 
1997; Petridis and El Maarouf 2011; Galvão et al. 2008; 
Vicario-Abejón et al. 1998; Gascon et al. 2005; Zagrebel-
sky et al. 2018).
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Fig. 8   BDNF did not significantly affect the morphology of Parval-
bumin (PVA)+ neurons derived from eOBNSCs after 14 DIV. The 
images show representative neurons from Control (a), BDNF-treated 
(b), or NT-3 treated cultures (c), immunostained with antibodies 
against MAP2ab and PVA. The colocalization of MAP2ab and PVA 
can be better assessed in the higher magnification images (bottom). 

The graphs show the effects on the morphological parameters ana-
lyzed in 13 PVA+ neurons generated in each of the three conditions. 
The changes produced by BDNF on cell morphology did not reach 
statistical significance. Scale bar (C) = 77.0  µm; high magnification 
images, 38.5 µm
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Here we report that chronic BDNF treatment regulates 
the dendrite morphology of eOBNSC-derived GABAer-
gic interneurons in a cell-type specific manner and that 
this neurotrophin may stimulate synapse formation and 
maturation by regulating the size of synaptic boutons. By 
contrast, NT-3 has no significant effects on the morpho-
logical differentiation of eOBNSC-derived GABAergic 
interneurons although it does affect synaptic boutons. 
Neither BDNF nor NT-3 significantly alter the number 
of neurons generated in vitro, indicating that they do not 
affect neuronal survival. Indeed, in our experimental con-
ditions neuronal survival appears to depend on the dura-
tion of the culture (21 vs 14 DIV) but not on the presence 

of neurotrophins. Hence, BDNF and NT-3 appear to act 
specifically on both dendrites and presynaptic boutons.

The Role of BDNF in the Morphological 
Differentiation of OB GABAergic Interneurons

The generation of neurons from eOBNSCs is a useful model 
to study the differentiation and maturation of specific neu-
ronal types and the molecules involved in these processes 
(Vergaño-Vera et  al. 2009, 2015). Here, we show that 
GABAergic neurons are the main neuronal type produced 
from eOBNSCs. Surprisingly, a very small proportion of 
glutamatergic cells was obtained from eOBNSCs (between 

21 DIV
M

A
P2

ab
 S

yn
ap

t.

BDNF
B

E

0

5

10

15

Control BDNF NT-3

*
%

 S
yn

ap
t.+ 

ce
lls

H

Bo
ut

on
 p

er
im

et
er

 
(µ

m
)

NT-3
0

3

1

Control BDNF

2

NT-3

F

Bo
ut

on
s/

ne
ur

on

0

400

800

1000

Control BDNF NT-3

200

600

C

I

Bo
ut

on
 a

re
a 

(µ
m

2 )

NT-3
0

0.6

0.2

Control BDNF

0.4

0.8

Control
A

G

Bo
ut

on
/d

en
dr

ite
 

le
ng

th
 (µ

m
)

NT-3
0

1.5

0.5

Control BDNF

1.0

Control
BDNF
NT-3

C
el

l n
um

be
r 

0
5

10
15

MAP2ab+ Synapt.+

200
300
400
500

D

**** *
****

**** *
****

Fig. 9   BDNF and NT-3 increase the size of presynaptic boutons in 
neurons derived from eOBNSCs after 21 DIV. The images show rep-
resentative processes of neurons from Control (a), BDNF-treated (b) 
or NT-3 treated cultures (c), immunostained with antibodies against 
MAP2ab and Synaptophysin (Synapt.). The graphs show the number 
of MAP2ab+ and Synapt+ cells (d), the percentage of Synapt+ neu-
rons (e), the number of boutons per neuron (f), the density of the syn-
aptic boutons (g), and the average perimeter (h) and area i of synaptic 

boutons per neuron generated in the three conditions. The results are 
the mean ± SEM of 3 cultures analyzed in triplicate (d, e). BDNF and 
NT-3 (although to a lesser degree) augmented the perimeter and area 
of presynaptic boutons. The analysis of synaptic boutons was per-
formed on 130–150 boutons from 13–15 neurons from 3–4 cultures 
(f–i): *P < 0.05, ***P < 0.001, ****P < 0.001 (one-way ANOVA with 
Tukey’s post hoc test). Scale bar (A) = 10.37 µm; insets = 2.6 µm
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0% to 1.5% of Tbr1+ or Tbr2+ cells), while these neurons 
are produced abundantly in the mouse in vivo between 
embryonic days 11 and 13 (E11 and E13) (Díaz-Guerra 
et al. 2013; Weinandy et al. 2011). This limited production 
of glutamatergic neurons in vitro could be due to the action 
or absence of intrinsic mechanisms controlling neuronal 
fate in eOBNSCs, and/or to special conditions that may be 
required to maintain eOBNSC-derived glutamatergic neu-
rons in culture.

Our data highlight the influence of BDNF (but not NT-3) 
on the differentiation of eOBNSC-derived neurons. They 
show that BDNF affects the morphology (cell body size, 
number of primary neurites and neurite branches, as well as 
neurite length) of eOBNSC-derived GABAergic neurons in 
a cell-type specific manner. Compared to the control con-
ditions or NT-3, BDNF had a stronger effect on GABA+, 
TH+, Calr+ and Calb+ neurons than on PVA+ neurons, in 
which no significant changes were detected. This distinction 
was somewhat unexpected as it was reported previously that 
BDNF promoted the growth of PVA+ neuron’s dendrites 
in rat E19 OB neuron cultures. Moreover, BDNF deletion 
caused a reduction in PVA expression and it altered the den-
dritic arborization of these neurons in the neonatal-postnatal 
mouse OB (Berghuis et al. 2006). One possible explanation 
to reconcile these findings could be that in our eOBNSC 
culture system, differentiating neurons are in an immature 
stage compared to those neurons derived from the E19 rat 
OB and from postnatal OB neurons in vivo. Accordingly, 
early differentiation of OB PVA neurons might not necessar-
ily require BDNF whereas this neurotrophin may be critical 
for the morphological and neurochemical differentiation of 
these neurons during late gestation and in the neonate. In 
addition, it may be possible that PVA neurons generated 
in our eOBNSC cultures are of a different subtype to those 
PVA neurons located in the external plexiform layer, which 
are dependent on BDNF for their maintenance and differen-
tiation (Berghuis et al. 2006). Although the TrkC receptor 
is expressed by a similar proportion of eOBNSC-derived 
neurons as TrkB, the absence of significant effects of NT-3 
on the parameters tested suggest that the signaling down-
stream of TrkC is not fully active in growing OB GABAergic 
neurites.

Collectively, our findings suggest the existence of cell-
type-specific mechanisms that regulate neuron’s morpholog-
ical differentiation via BDNF. In this sense, opposite effects 
of BDNF and NT-3 have been described in different layers 
of the cerebral cortex: BDNF stimulates dendrite growth in 
layer 4 where it is inhibited by NT-3, and with the reverse 
effect seen in layer 6 (McAllister et al. 1997). Furthermore, 
BDNF promotes the growth of hippocampal GABAergic 
neuron’s dendrites and axon, whereas NT-3 only affects 
dendrite growth (Vicario-Abejón et al. 1998). Furthermore, 
BDNF depletion impairs the dendritic architecture of both 

hippocampal interneurons and granule neurons, while hav-
ing only a mild effect on pyramidal neurons (Zagrebelsky 
et al. 2018).

Since the large majority of GABAergic interneurons in 
the OB either lack or have a short axon (Lledo et al. 2008; 
Weinandy et al. 2011), we suggest that BDNF regulates the 
sculpting of dendrite morphology in OB GABAergic neu-
rons, which could be a mechanism to efficiently establish 
and maintain neuronal connections in vivo. Neuronal circuit 
development relies on regulating dendrite, spine, axon and 
synapse growth, as well as on neurite elimination (Park and 
Poo 2013; Shen and Scheiffele 2010; Zagrebelsky and Korte 
2014). Here, BDNF produces both neuritogenesis and neur-
ite elongation, as best illustrated by comparing its effects in 
GABA+ neurons at 14 DIV and 21 DIV. Indeed, this simple 
time course study indicates that BDNF initially promotes an 
increase in total neurite length of GABA+ neurons, mostly 
through the growth of neurite branches (14 DIV), and it 
subsequently favors the elongation of pre-existing neurites 
(21 DIV). Whether these effects of BDNF are exclusively 
mediated by TrkB (Vicario-Abejón et al. 1998; Zagrebelsky 
et al. 2018) or by sequential activation of p75NTR and TrkB 
(Gascon et al. 2005) is not known.

BDNF and NT‑3 Increase the Size of Presynaptic 
Boutons in Neurons Derived From eOBNSCs

Neurotrophins have also been associated with the regulation 
of morphological and functional synapse maturation (Collin 
et al. 2001; Martinez et al. 1998; Tyler and Pozzo-Miller 
2001; Vicario-Abejón et al. 1998; Sanchez-Huertas and 
Rico 2011; Zagrebelsky and Korte 2014). Indeed, eOBNSC-
derived neurons exposed to BDNF and NT-3 have larger 
presynaptic boutons (even larger on exposure to BDNF) 
without significantly affecting their density per neuron or 
dendrite length. These findings indicate that these neuro-
trophins may have a major role in promoting the maturation 
of the presynaptic terminal in OB neurons. The impact of 
NT-3 on presynaptic boutons but not on neurites indicates 
that NT-3/TrkC signaling is spatially regulated in OB devel-
oping neurons.

Several studies have reported that neurotrophins may 
influence synapse formation and maturation through vari-
ous mechanisms. On the one hand, they may stimulate axon 
and dendrite growth, with neurons developing more synaptic 
contacts (Alsina et al. 2001; Cohen-Cory and Fraser 1995; 
Sanchez et al. 2006; Vicario-Abejón et al. 2002). On the 
other hand, neurotrophins may promote synapse formation 
and stabilization, increasing the number of synapses and the 
synapse density in addition to regulating axon arborization 
(Alsina et al. 2001; Martinez et al. 1998; Rico et al. 2002; 
Vicario-Abejón et al. 2002; Sanchez et al. 2006). Our results 
show an additional mechanism by which BDNF and NT-3 
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can promote synapse maturation, specifically increasing 
presynaptic bouton size, which could enhance presynaptic 
activity. Accordingly, these boutons may contain more pro-
teins involved in the formation and mobilization of presyn-
aptic vesicles, and in neurotransmitter release (Vicario-Abe-
jón et al. 2002). Indeed, hippocampal neurons treated with 
BDNF or with a plasmid overexpressing BDNF had more 
total and docked SVs and synaptophysin+ puncta capable of 
releasing neurotransmitters (Tyler and Pozzo-Miller 2001; 
Collin et al. 2001; Rauti et al. 2020), a phenomenon that may 
be related to larger spines and postsynaptic NMDA receptor 
clusters (Elmariah 2004; Orefice et al. 2013). These actions 
could reflect the potential of BDNF and/or NT-3 to establish 
synaptic repair strategies to avoid synapse loss during neuro-
degeneration (Caffino et al. 2020; Lu et al. 2013).

Taken together, our results indicate that BDNF plays a 
major role in regulating the dendritic morphology of devel-
oping OB GABAergic interneurons and that BDNF´s actions 
are cell-type dependent. Furthermore, BDNF and NT-3 
increase the size of presynaptic boutons, which could be 
a critical event during synapse formation and maturation.
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