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Glucocorticoids (GC) affect neuronal plasticity, development and function of 
the nervous system by inhibiting neurotrophin-induced Trk signaling. It has been 
established that pretreatment with dexamethasone (DEX) restricts Neurotrophin-
induced neurite outgrowth by inhibiting Trk-dependent activation of Ras-Erk1/2 
signaling pathways. However, the precise molecular mechanism through which 
DEX interferes with neurotrophin signaling and Trk-mediated neurite outgrowth has 
not been clearly defined yet. Here, we observed that in PC12 cells DEX treatment 
promotes the transcription of Sprouty4, a regulatory molecule that is part of a 
negative feedback module that specifically abrogates Ras to Erk1/2 signaling in 
response to NGF. In line with this, either knockdown of Sprouty4 or overexpression 
of a dominant negative form of Sprouty4 (Y53A), rescue the inhibition of NGF/TrkA-
promoted neurite outgrowth and Erk1/2 phosphorylation induced by DEX. Likewise, 
treatment of hippocampal neurons with DEX induces the expression of Sprouty4 and 
its knockdown abrogates the inhibitory effect of DEX on primary neurite formation, 
dendrite branching and Erk1/2 activation induced by BDNF. Thus, these results suggest 
that the induction of Sprouty4 mRNA by DEX translates into a significant inhibition of 
Trk to Erk1/2 signaling pathway. Together, these findings bring new insights into the 
crosstalk between DEX and neurotrophin signaling and demonstrate that Sprouty4 
mediates the inhibitory effects of DEX on neurotrophin function.
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Introduction

Neurotrophin binding to receptor tyrosine kinases (RTKs) of the Trk family, and glucocorticoids 
(GC) acting through nuclear receptors, are ligand-receptor systems involved in the control of 
structural and functional plasticity of the nervous system (Liston and Gan, 2011; Suri and Vaidya, 
2013). GC are steroid hormones that function as stress-response hormones that regulate gene 
expression in order to maintain critical homeostatic functions and acutely facilitate stress coping 
(Kadmiel and Cidlowski, 2013). However, chronic GC exposure has adverse impact on brain 
development, affecting neuronal connectivity in diverse brain regions and increasing the 
susceptibility to develop cognitive and mood disorders (Harris and Seckl, 2011; Joels, 2011; Liston 
and Gan, 2011; Sousa and Almeida, 2012; Vyas et al., 2016).

The neurotrophins constitute a structurally-related family of proteins represented by Nerve 
Growth Factor (NGF), Brain-Derived Neurotrophic Factor (BDNF), Neurotrophin-3 (NT3) and 
Neurotrophin-4 (NT4), which support the differentiation and survival of specific populations of 
sensory, sympathetic, and central nervous system neurons via the activation of their cell-surface 
receptor tyrosine kinase, TrkA, TrkB, and TrkC (Reichardt, 2006; De Vincenti et al., 2019). Notably, 
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disruption of neurotrophin signaling in specific regions of the nervous 
system has been linked to the development of neurodegenerative 
disorders and hippocampal-dependent memory deficits (Baquet et al., 
2004; Alsina et  al., 2012b). Once activated, Trk receptors trigger 
intracellular signal transduction cascades, including those mediated by 
Ras/Mitogen-Activated Protein Kinase (MAPK), PI3-kinase (PI3K)/
Akt, PLC and other pathways regulated by Rho family of small GTPases. 
At the same time, Trk receptors also trigger a complex chain of 
molecular events, named negative signaling, that reduce the strength 
and duration of positive signals to finally modulate neuronal physiology 
and plasticity (Alsina et al., 2012b).

Clinically, synthetic GC such as dexamethasone (DEX) are used for 
the suppression of immune rejection after organ transplantation and for 
the limitation of the spreading of neuronal damage that occurs after 
nerve injury. However, post-injury inflammatory control by DEX 
appears to be in conflict with neurotrophic factor-induced regenerative 
responses. Several lines of evidence reported opposite effects of GC and 
neurotrophins regarding to neuronal plasticity and axonal growth. 
Intriguingly, while DEX appears to promote regeneration and functional 
recovery of axons after nerve crush (Feng et al., 2014; Gao et al., 2017), 
GC have been reported to prevent BDNF-induced dendritic growth and 
synaptic maturation and function of developing hippocampal and 
cortical neurons by reducing MAPK signaling pathway (Kumamaru 
et al., 2008; Numakawa et al., 2009; Kawashima et al., 2010). Moreover, 
in an attempt to decipher the mechanism through which GC could 
promote depression and affect neurodevelopment, Terada and 
colleagues also demonstrated that DEX binding to glucocorticoid 
receptors (GR) restricts NGF-promoted neurite outgrowth through a 
mechanism that prevents PI3K-Akt and Ras-Erk1/2/MAPK pathways 
(Terada et al., 2014). However, despite all this evidence, further research 
is required to understand the mechanism through which DEX disrupts 
neurotrophin signaling and Trk-mediated neurite outgrowth.

Over the last decade, evidence of an emerging signaling crosstalk 
between RTK and GRs have been reported, ranging from modulation of 
receptor levels to transcriptional induction of several protein regulators 
that function at multiple levels of the signaling cascade and at different 
time-points after receptor engagement (Shi and Mocchetti, 2000; 
Lauriola et al., 2014; D'Uva and Lauriola, 2016). It has been established 
that GR exploits a feedback module that restricts EGF receptor (EGFR) 
tyrosine kinase signaling through a mechanism entailing suppression of 
EGFR’s positive feedback loops and simultaneous triggering of negative 
feedback loops that normally restrain EGFR. Interestingly, the inhibitory 
effect of DEX was associated with shorter Erk1/2 activation, probably 
due to simultaneous induction of negative-feedback regulators of EGFR-
induced Erk/MAPK signaling pathway, such as Sprouty4, Mig6 and the 
Dual-Specificity (Thr/Tyr) Phosphatase 1 (DUSP1; Lauriola et al., 2014). 
Thus, the same regulatory molecules induced by DEX represent 
negative-feedback regulators of EGF receptor signaling.

In support of a possible suppressive cross-talk between DEX and TrkA, 
it has been demonstrated that NGF signaling upregulates Erk-specific 
dual-specificity phosphatases, DUSPs, thereby leading to reduced Erk1/2 
phosphorylation and constituting a negative-feedback loop for the 
prevention of axon overgrowth (Camps et al., 1998; Peinado-Ramon et al., 
1998; Finelli et al., 2013). Furthermore, we have previously shown that 
Sprouty4 is also a TrkA-induced gene that restricts Erk/MAPK pathway 
and neuronal differentiation of PC12 cells and primary sensory neurons 
in response to NGF (Alsina et al., 2012a). In this regard, it is important to 
understand the mechanism through which GC control neurotrophin 
signaling and Trk-mediated neuronal differentiation in different neuronal 

contexts. DUSP1 and Sprouty4 function as negative feedback regulators of 
receptor tyrosine kinase signaling. However, they do so by inhibiting the 
Ras-Erk1/2 pathway at different levels of the cascade, with Sprouty4 acting 
upstream than DUSP, probably at the level of Raf1 (Alsina et al., 2012a). 
Taking this into consideration, here we  proposed to explore whether 
Sprouty4 could be mediating the negative effects of DEX on neurotrophin 
function. Interestingly, members of the Sprouty family, such as Sprouty2 
and 4 have been observed in the cytoplasm and nucleus of hippocampal 
neurons and concentrated in dendritic and axonal growth cones. Moreover, 
downregulation of Sprouty2 and 4 strongly promoted axonal growth of 
cultured hippocampal neurons (Hausott et al., 2012).

Increasing evidence supports an essential role of the Erk/MAPK 
pathway in the pathogenesis and treatment of depression. For instance, 
a downregulated level of Erk phosphorylation was observed in the 
prefrontal cortex and hippocampus of animals exposed to chronic GC 
administration (Wang and Mao, 2019).

On the other hand, several studies have associated BDNF/TrkB 
signaling with depression and antidepressant drug action (Saarelainen 
et  al., 2003; Bjorkholm and Monteggia, 2016). Antidepressant drugs 
normalize the BDNF-MAPK-CREB pathway in the hippocampus and 
thereby ameliorate depressive symptoms (Schmidt and Duman, 2010; 
Bjorkholm and Monteggia, 2016; Casarotto et al., 2021). Although the 
BDNF-MAPK-CREB pathway plays a key role in the pathophysiology and 
treatment of depression, the molecular mechanisms through which GC 
induces adaptive changes in this signaling cascade are not fully understood.

In view of this important evidence, we decided to investigate the role 
played by the negative feedback loop regulator of the Erk1/2/MAPK 
pathway, Sprouty4, in the mechanism of signaling crosstalk between 
DEX and neurotrophins.

Materials and methods

Ethics statement

Animal experiments were approved by the Institutional Animal 
Care and Ethics Committee of the School of Medicine (CICUAL-UBA), 
ethical permit number: 619/2021.

Cell lines, recombinant proteins, and 
inhibitors

PC12 cells were grown in DMEM supplemented with 5% horse 
serum and 10% FBS (Invitrogen, MA, United  States) as previously 
described (Ferrero Restelli et al., 2020). MN1 cells were cultured in 
DMEM supplemented with 10% FBS, 10 mM HEPES (Invitrogen) as 
previously described (Ledda et al., 2008; Alsina et al., 2016). NGF was 
purchased from Promega, DEX and the GC receptor inhibitor RU486 
(2 μM) were obtained from Sigma (St. Louis, Missouri, United States).

RT-PCR

The expression of Sprouty4, TrkA, and TATA box-binding protein 
(Tbp) mRNAs were analyzed by semiquantitative PCR from total RNA 
isolated from cultured PC12 cells or primary hippocampal neurons 
using NucleoSpin extraction kit (Macherey-Nagel, Düren, Germany). 
cDNA was synthesized using M-MLV Reverse Transcriptase 
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(Invitrogen) and oligodT (Macrogen, Seoul, Korea). The cDNA was 
amplified using the following primer sets: Sprouty4: forward 5′-GCC 
CATTGA CCA GAT GAA GAC-3′; reverse 5′-TCC AGT GGCTTA 
CAG TGG AC-3′; TrkA: forward 5′-CTG CAA GGA CAA ACA GAA 
CAC-3′; reverse 5′-GTG GTT GGC TTC GTC TGA GTA-3′ and Tbp: 
forward 5′-GGGGAGCTGTGATGTGAAGT-3′, reverse 5′-CCAGGA 
AATAATTCTGGCTCA-3′.

For semiquantitative PCR analysis, agarose gel bands were 
quantified using Gel-Pro Analyzer software.

Cell transfection and plasmids

MN1 cells were transfected with Polyethylenimine-PEI (Polysciences, 
PA, United States). PC12 cells were transfected using X-treme GENE 
(Roche) following the manufacturer’s instructions. PC12-Myc-Sprouty4-
Y53A pool was generated by transfection and selection with neomycin.

Transient transfection of rat primary hippocampal neurons was 
performed using Lipofectamine 2000 (Invitrogen) in 300 μL of 
Neurobasal medium containing 1 μg of total plasmid DNA per well in 
24-well plates containing 1.2 × 105 cells/well.

For downregulation experiments, PC12 cells and hippocampal 
neurons were transfected with 1 μg of control-shRNA or Sprouty4-
shRNA constructs expressing GFP protein. Control-shRNA-GFP and 
Sprouty4-shRNA-GFP constructs were purchased from OriGene 
(Rockville, MD, United States) and used according to manufacturer’s 
protocols. The retroviral vector pGFP-V-RS was used for expression of 
shRNA targeting rat Sprouty4. The sequence of the Sprouty4-shRNA is 
5′-GTG CAA GGT ATC TTC TAC CAC TGT ACT AA-3′, and 
corresponds to nucleotides 610–638 of rat Sprouty4. The specificity of 
Sprouty4 knockdown was previously confirmed by real-time PCR and 
immunoblotting (Alsina et al., 2012a).

For overexpression experiments, PC12 cells were co-transfected 
with Myc-Sprouty4-Y53A (0.9 μg) construct and GFP expression vector 
(0.1 μg) per well in 24 well plates containing 0.6–0.75 × 105 cells/well. 
Myc-Sprouty4-Y53A construct was kindly provided by Dr. Akihiko 
Yoshimura (Kyushu University, Fukuoka, Japan).

Primary culture of hippocampal neurons

Rat (Sprague Dawley) were acquired from Instituto de Biología 
Celular y Neurociencia, CONICET-UBA and hippocampal neurons 
from embryonic day (E) 17.5 were dissociated by trituration and 
cultured in Neurobasal medium (Gibco) supplemented with B27 
(Gibco), penicillin, streptomycin, and GlutaMax (Gibco) as previously 
described (Alsina et al., 2016).

For transfection, hippocampal neurons were seeded in 24-well 
dishes at a density of 1.2 × 105 cells/well. Cultures were grown for 3 days 
in vitro (DIVs) before transfection.

Total cell lysates and western blotting

Cells were lysed at 4°C in buffer containing 0.5% Triton X-100 
plus protease and phosphatase inhibitors (sodium orthovanadate 
1 mM and sodium fluoride 20 mM). Protein lysates were clarified by 
centrifugation and analyzed by Western blotting as previously 
described (Ledda et al., 2008). The blots were scanned in a Storm 845 

PhosphorImager (GE Healthcare Life Sciences), and quantifications 
were done with ImageQuant software (Molecular Dynamics). Briefly, 
lanes were manually adjusted and an intensity profile was 
automatically generated for each lane. Band limits were automatically 
detected and background was subtracted using a rolling ball method 
correction. Band intensity was then measured as area under 
the curve.

The primary antibodies were obtained from various sources as 
follows: Anti-Myc tag (1:2,000; A190-105A) was from Bethyl; anti-
phospho Erk1/2 MAPK (p44/p42; 1:3,000; #9101), anti-Erk1/2 MAPK 
(p44/p42; 1:5,000; #4695), and anti-p75NTR (1:2,000; D4B3-#8,238) were 
from Cell Signaling Technology; anti-Sprouty4 (1/800; H-100) was from 
Santa Cruz Biotechnology; and anti-α-Tubulin (1:6,000; T9026–DM1A) 
was from Sigma.

Immunofluorescence

For phospho-Erk1/2 (pErk1/2) assays, hippocampal primary 
cultures or PC12 cells were fixed with 4% PFA containing phosphatase 
inhibitors (sodium orthovanadate 1 mM and sodium fluoride 20 mM), 
permeabilized with 0.25% Triton X-100, blocked with 10% donkey 
serum (Jackson ImmunoResearch), and then incubated with different 
primary antibodies. The antibodies used in this section included: 
anti-GFP (1/1,000) from Invitrogen and anti-pErk1/2 (p44/p42; 1:500; 
#9101 l) from Cell Signaling Technology. Secondary antibodies were 
from Jackson ImmunoResearch (1/300).

Image acquisition and quantification

Images for quantification of pErk1/2 MAPK activation were 
obtained using an Olympus IX-81 20x objective. Images were acquired 
using the same settings with no saturation and no bleed through and 
minimized noise at a resolution of 1,360 × 1,024 pixels. Images were 
analyzed using the Fiji ImageJ software and Corrected Total Cell 
Fluorescence (CTCF) was calculated for each individual cell using a 
hand-drawn ROI. CTCF is calculated as the integrated density of the 
selected cell minus the area of the selected cell times the mean 
fluorescence of background readings [CTCF = Integrated Density of  
ROI − (Area of ROI × Mean fluorescence of background)].

PC12 neurite outgrowth and hippocampal 
neurite outgrowth assays

PC12 cells were transfected with control-shRNA or Sprouty4-
shRNA, or overexpressing a dominant negative mutant Myc-Sprouty4-
Y53A or empty vector together with a GFP plasmid.

Cells were then plated on 24-well plates and pretreated or not with 
dexamethasone (DEX; Sigma) 1 μM for 16 h in serum-free medium. 
Then, medium was changed by fresh serum-free DMEM containing 
NGF (50 ng/mL). After 24 h, cells were fixed with 4% paraformaldehyde 
(PFA). The percentage of cells bearing neurites longer than one or two 
cell bodies diameter was quantified as we previously described (Ferrero 
Restelli et al., 2020).

Hippocampal cultures were grown and transfected at DIV3 with 
either control-shRNA-GFP or Sprouty4-shRNA-GFP constructs. 
Twenty four hours after transfection (at DIV4) the cultures were 
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pretreated with dexamethasone (DEX, 10 μM; Kumamaru et al., 2008). 
Then, at DIV5, BDNF (50 ng/mL) was also applied in the presence of 
DEX. Forty-eight hours after BDNF addition, the neuronal cells 
were fixed.

The number of primary neurites and branching points were 
determined on shRNA transfected (GFP-positive) neuronal cells that 
displayed a pyramidal-shaped morphology bearing a thick main 
dendrite and several thin dendrites. Neuritic processes <5 μm in length 
were not counted (Alsina et al., 2016).

In all cases images were obtained using an Olympus IX-81 inverted 
microscope with a 20× objective. Images were acquired using the same 
settings with no saturation and no bleed through and minimized noise 
at a resolution of 1,360 × 1,024 pixels.

Statistical analysis

Data are reported as mean ± s.e.m. or s.d. as indicated, and 
significance was accepted at p < 0.05. Studentʼs t-test or ANOVA followed 
by Tukey or Dunnett post-hoc tests were performed using GraphPad.

Results

Dexamethasone induces the expression of 
Sprouty4 mRNA

The synthetic glucocorticoid dexamethasone (DEX) has been 
described as a potent inhibitor of the biological effects and downstream 
signaling pathways triggered by growth factors and neurotrophins 
(Unsicker et al., 1978; Kumamaru et al., 2008; Kawashima et al., 2010; 
Kumamaru et  al., 2011; Lauriola et  al., 2014; Terada et  al., 2014; 
Matsushima et al., 2019). It has been shown that DEX enhances the 
EGF-induced expression of different negative feedback loop regulators of 
the Ras-Erk1/2/MAPK pathway (Lauriola et al., 2014; Gelfo et al., 2019).

Previously, we have reported that Sprouty4 is a NGF-induced gene 
that retro-regulates TrkA-mediated Erk1/2 activation to restricts 
neurite outgrowth (Alsina et  al., 2012a). Thus, based on all this 
evidence, we decided to examine whether the inhibitory effect of DEX 
on neurotrophic factor signaling might involve Sprouty4. In order to 
analyze whether DEX induces the expression of Sprouty4 in neuronal 
cells, we evaluated the kinetics of mRNA expression of this negative 
regulator upon DEX or NGF treatment by semiquantitative 
RT-PCR. For these assays, we used the neuroblast-like PC12 cell line, 
which provide a robust cellular model to study NGF function, because 
they express both p75NTR and TrkA neurotrophin receptors and 
differentiate into a neuronal-type resembling sympathetic neurons in 
response to NGF.

Notably, our findings showed that while NGF induces a significant 
increase in the levels of Sprouty4 mRNA expression, treatment of PC12 
cells with DEX also promotes a significant increase (~2-fold) in the 
expression of this molecule, which last for at least 8 h post-stimulation 
(Figures 1A,B). Thus, Sprouty4 induction by DEX and NGF indicates 
that Sprouty4 might be mediating the signaling crosstalk between GC 
and NGF. The pretreatment with the GR antagonist RU486 abrogated 
the DEX-induced expression of Sprouty4 mRNA (Figure 1C), indicating 
that DEX exerts this effect acting through GR.

Thus, our results uncover a transcriptional crosstalk between DEX and 
NGF, which involves the activation of the endogenous negative feedback 
regulator of the TrkA-promoted Ras-Erk1/2 signaling pathway, Sprouty4.

Sprouty4 mediates the inhibitory effect of 
GC on TrkA-mediated Erk1/2 signaling

Based on the fact that DEX has been described as a potent inhibitor 
of the biological effects of neurotrophins, and in our previous 
observation indicating that Sprouty4, is induced by DEX in neuronal 
cells, we proposed that the induction of Sprouty4 by DEX pretreatment 
could translate into a strong inhibition of the NGF/TrkA downstream 
signaling pathway.

In order to analyze whether the DEX-induced expression of 
Sprouty4 could be  responsible of the DEX inhibitory effects on 

A

B

C D

FIGURE 1

DEX promotes the expression of different negative feedback regulators 
of NGF-induced Ras-Erk1/2/MAPK pathway. (A) Semiquantitative RT-
PCR analysis of Sprouty4 mRNA. PC12 cells were treated with DEX 
(1 μM) or NGF (50 ng/mL) for different time-points. For each molecule, 
the PCR amplification product size is indicated in base pairs (bp). 
(B) Bar graphs showing the induction profiles of Sprouty4 mRNA at 
different time points upon DEX or NGF stimulation. The levels of mRNA 
were normalized to the expression of the housekeeping gene Tbp. 
Values are presented as relative to untreated control group (t = 0 h DEX 
or NGF). The results are shown as mean ± s.e.m. of n = 3 independent 
assays. *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA followed by 
Dunnett’s-test. (C) Semiquantitative RT-PCR analysis of Sprouty4 
mRNA. For this assay, PC12 cells were pretreated or not with the GR 
inhibitor RU486 (2 μM) and then stimulated with DEX (1 μM) for 8 h. 
(D) Bar graph showing the blockade of DEX-induced expression of 
Sprouty4 mRNA by the pretreatment with the GR antagonist RU486. 
The levels of mRNA were normalized to the expression of the 
housekeeping gene Tbp. Values are presented as relative to untreated 
control group (t = 0 h DEX, gray bar). *p < 0.05 by one-way ANOVA 
followed by Tukey’s multiple comparisons test. Dotted lines in panels A 
and C indicate representative bands cut from the same PCR gel image.
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neurotrophin signaling, we  decided to analyze NGF-induced Erk/
MAPK activity in PC12 cells transfected with either Sprouty4-
shRNA-GFP or control-shRNA-GFP and pretreated with DEX 
(Figure 2A). For this assay, we used a previously validated plasmid-
based shRNA interference system to knockdown rat Sprouty4 expression 
(Alsina et al., 2012a). In these assays, activation of Erk1/2 was evaluated 
in GFP-positive transfected cells by immunofluorescence using a specific 
anti-phospho MAPK/Erk1/2 (Thr202/Tyr204) antibody. Interestingly, 
whereas in control cells, the pretreatment with DEX for 16 h, significantly 
inhibited NGF-mediated Erk1/2 activation, knockdown of Sprouty4 
expression abrogated the inhibitory effect of DEX on NGF-induced 
Erk1/2 phosphorylation (Figures 2B,C). The efficiency of the shRNA 
construct was additionally controlled by immunoblotting. As shown in 

Figure 2D, a substantial reduction of ectopically expressed Myc-tagged 
Sprouty4 protein was detected in lysates obtained from Sprouty4-shRNA 
MN1 transfected cells.

Next, in order to confirm this result indicating that downregulation 
of Sprouty4 expression abrogates the inhibitory effect of GC on 
NGF-induced MAPK activation, we performed an additional experiment 
using a mutated form of Sprouty4 in which a conserved tyrosine residue 
was replaced by alanine (Sprouty4-Y53A). This mutation generates a 
dominant negative form of Sprouty4 that enhances the trophic factor-
dependent Erk1/2/MAPK activation (Sasaki et al., 2001). To this end, 
PC12 cells transfected with either Sprouty4-Y53A mutant or control 
plasmid were pretreated or not with DEX, then stimulated with NGF, and 
Erk1/2/MAPK activity was analyzed by immunoblot. This assay showed 

A

C

F
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G H
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FIGURE 2

Sprouty4 mediates the inhibitory effect of DEX on NGF-induced Erk1/2 signaling. (A) Experimental schemes used to measure Erk1/2 phosphorylation in 
response to DEX and NGF treatments. Panels B and C show the evaluation of Erk1/2 activation by immunofluorescence (IF) and panels E and F by IB. 
(B) Photomicrographs show PC12 cells transfected with control-shRNA-GFP or Sprouty4-shRNA-GFP plasmids. Cells were pretreated or not with DEX 
(1 μM) for 16 h, stimulated for 15 min with NGF (50 ng/mL) and then fixed with 4% PFA. Activation of Erk1/2 was assessed by immunofluorescence (IF) of 
phospho Erk1/2 (p-Erk1/2) on GFP-positive cells labeled with dotted lines. Arrows indicate neighboring non-transfected cells. Scale bar, 15 μm. (C) Graph 
showing individual values of p-Erk1/2 activation expressed as arbitrary units. 40–60 cells/experimental condition were evaluated. Data are mean ± s.e.m. of 
n = 3 independent assays. *p < 0.05, ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparisons test. (D) Sprouty4 protein levels were 
analyzed by immunoblotting (IB) in MN1 cells transfected with control or Sprouty4-shRNA vector together with Myc-tagged Sprouty4. Tubulin is shown as 
loading control. (E) Representative IBs showing Erk1/2 activation (p-Erk1/2) in PC12 cell extracts transfected with control or Myc-tagged Sprouty4-Y53A 
(Myc-Spry4-Y53A) constructs. Cells were pretreated or not with DEX (1 μM) for 16 h, and then stimulated for 15 min with NGF (50 ng/mL). Reprobing of the 
same blot with anti-Tubulin and anti-Myc are shown. Dotted lines indicate representative bands cut from the same immunoblot image. (F) Quantification of 
the fold of p-Erk1/2 activation relative to control cells only treated with NGF for 15 min (gray bar). Values are mean ± SD of n = 3 independent assays. *p < 0.05, 
***p < 0.001 by one-way ANOVA followed by Tukey’s-test. (G) Immunoblot showing increased Sprouty4 protein levels upon 16 h of DEX treatment. 
Reprobing of the same filter with anti-Tubulin is shown as loading control. (H) Quantification of the levels of Sprouty4 expression in control and DEX-
treated cells for 16 h. Values are expressed relative to the untreated control group. Bars represent mean ± SD of n = 3 independent samples. **p < 0.01 by 
Studentʼs t-test.
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that pretreatment with DEX significantly inhibits NGF-induced Erk1/2 
phosphorylation in control cells, but failed to reduce NGF-induced 
Erk1/2 activation in extracts of PC12 cells transfected with the 
non-functional Sprouty4-Y53A mutant (Figures  2E,F). Although 
phospho Erk1/2 levels were normalized to the housekeeping Tubulin, 
we have also controlled that neither DEX treatment nor Sprouty4 Y53 
mutant expression affected total Erk1/2/MAPK levels among these 
experimental groups (Supplementary Figure S1).

To confirm that the induction of Sprouty4 mRNA by GC, results in 
a significant increase of protein levels upon GC treatment, we controlled 
the expression of Sprouty4 protein by immunoblot in PC12 cells treated 
with DEX for 16 h. Consistent with the induction of Sprouty4 mRNA 
(Figure 1), immunoblotting assay confirmed a significant increase of the 
Sprouty4 protein levels in PC12 cells treated with this GC for 16 h, the 
time in which we stimulated the cells with NGF and performed the 
analysis of Erk1/2/MAPK activity (Figures 2G,H).

Together, these findings indicate that Sprouty4 mediates the 
suppressive effect of DEX on NGF-induced Erk1/2/MAPK activation in 
neuronal cells.

Sprouty4 mediates the inhibitory effect of 
GC on NGF-induced neurite outgrowth

Next, we decided to explore the biological consequences of this GR 
to TrkA receptor crosstalk. As it has been described that GC pretreatment 
inhibits the neurite outgrowth induced by NGF on PC12 cells, we decided 
to analyze whether knockdown of Sprouty4 expression, abrogates the 
effect of GC on NGF-induced neurite outgrowth. In order to perform this 
analysis, PC12 cells were transfected with control-shRNA-GFP or 
Sprouty4-shRNA-GFP vectors and the ability of DEX to block neurite 
outgrowth in response to NGF was evaluated. Interestingly, whereas in 
control cells the pretreatment with DEX significantly inhibited 
NGF-promoted neurite outgrowth, knockdown of Sprouty4 expression 
prevented the inhibitory effect of DEX on neurite outgrowth induced by 
NGF (Figures  3A–C). Interestingly, this inhibitory effect of DEX on 
NGF-mediated neurite outgrowth observed in control cells was abolished 
by downregulating Sprouty4 expression in PC12 cells extending neurites 
longer than two cell body diameter. Additionally, the overexpression of a 
dominant negative form of Sprouty4 (Y53A), which fails to block Erk1/2/
MAPK pathway (Alsina et al., 2012a), rescued the inhibitory effect of 
DEX on neurite outgrowth induced by NGF (Figures 3D,E).

No differences were detected in TrkA mRNA and p75NTR protein 
levels in PC12 cells treated with DEX for 16 h (Supplementary Figure S2), 
indicating that the mechanism through which DEX abrogated NGF 
function does not involve changes in the expression of neurotrophin  
receptors.

Taken together, these findings indicate that blocking the function of 
Sprouty4, significantly limited the ability of DEX to inhibit TrkA to 
Erk1/2 signaling and neurite outgrowth in response to NGF.

Knockdown of Sprouty4 abrogates the 
inhibitory effects of DEX on BDNF-induced 
morphological differentiation and Erk1/2 
phosphorylation in hippocampal neurons

It has been demonstrated that pretreatment with DEX prevents 
BDNF-induced up-regulation of both the number of primary dendrites 
and maturation of synaptic function in developing hippocampal neurons 

by reducing Erk1/2/MAPK activity (Kumamaru et al., 2008; Kawashima 
et al., 2010). As Sprouty2 and 4 are expressed in hippocampal developing 
neurons and their downregulation by shRNAs strongly promotes neurite 
outgrowth (Gross et al., 2007; Hausott et al., 2012), we decided to explore 
whether Sprouty proteins might also play a crucial role in the control of 
BDNF function by DEX in primary cultures of hippocampal neurons.

First, we  examined whether DEX treatment might enhance the 
expression of Sprouty2 and Sprouty4 in hippocampal neurons. By using 
semiquantitative RT-PCR we evaluated the kinetics of mRNA expression 
of Sprouty2 and Sprouty4 upon DEX treatment. Our findings showed 
that while DEX treatment promoted a slight but significant increase in 
Sprouty2 expression levels, the same treatment triggered a more robust 
and significant increase in Sprouty4 mRNA expression, which last for at 
least 8 h post-stimulation (Figure 4).

Based on this result, we decided to further explore whether Sprouty4 
mediates the functional consequences of GR to TrkB receptor crosstalk 
by transfecting hippocampal neurons with control-shRNA-GFP or 
Sprouty4-shRNA-GFP vectors and testing the ability of DEX to block 
primary neurite formation and proximal dendrite branching in response 
to BDNF. Interestingly, whereas the pretreatment with DEX significantly 
reduces both primary neurites and dendrite branching effects of BDNF, 
knockdown of Sprouty4 expression abrogates the inhibitory effect of 
DEX on these morphological parameters induced by BDNF 
(Figures  5A–D). Together, these assays reveal that Sprouty4 also 
mediates the inhibitory effects of DEX on the morphological 
differentiation of hippocampal neurons induced by BDNF.

BDNF-promoted increases in primary neurite formation and 
dendrite branching occur via activation of the MAPK/CREB pathway 
(Kwon et al., 2011). Since Sprouty4 mediates the inhibitory effect of 
DEX on BDNF-induced morphological differentiation in developing 
hippocampal neurons, we  decided to analyze whether Sprouty4 
downregulation abrogates the inhibitory effect of GC on BDNF-
induced Erk1/2/MAPK activation. For this purpose, hippocampal 
primary neurons were transfected with either control-shRNA-GFP or 
Sprouty4-shRNA-GFP vectors and then pretreated or not with DEX, 
stimulated with BDNF and fixed with PFA as indicated in 
Figure  6A. BDNF-induced activation of Erk1/2 was evaluated in 
GFP-positive transfected neurons by immunofluorescence using a 
specific anti-phospho Erk1/2/MAPK (Thr202/Tyr204) antibody. 
Interestingly, whereas in control neurons, the pretreatment with DEX 
significantly inhibited BDNF-mediated Erk1/2 phosphorylation, 
knockdown of Sprouty4 expression abrogated the inhibitory effect of 
DEX on BDNF-induced Erk1/2 phosphorylation (Figures 6B,C). Taken 
together, these findings also show that Sprouty4 mediates the inhibitory 
effects of DEX on the signaling and biological functions of BDNF 
investigated here in hippocampal neurons.

Discussion

It has been established that chronic glucocorticoid (GC) exposure 
either by chronic stress or excessive GC treatment produces adverse 
effects for neuronal development and function, since it reduces neurite 
outgrowth, promotes dendritic branch atrophy and impairs hippocampal 
neurogenesis and synaptic plasticity (Magarinos et al., 1996; Wellman, 
2001; Radley et  al., 2004; Mayer et  al., 2006; Radley et  al., 2006; 
Kumamaru et al., 2008; Liston and Gan, 2011; Lucassen et al., 2015; 
Agasse et al., 2020).

Notably, sustained GC exposure also interferes with the biological 
functions triggered by NGF and BDNF in peripheral and central 
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neurons, hence the adverse effects of GC on neuronal development may 
be due to a reduced neurotrophin signaling (Unsicker et al., 1978; Suri 
and Vaidya, 2013). In this regard, it has been demonstrated that GC 
prevents BDNF-induced dendritic growth and maturation of synaptic 
function in developing hippocampal and cortical neurons, by reducing 
activation of Erk1/2/MAPK pathway (Kumamaru et  al., 2008; 
Numakawa et al., 2009; Kumamaru et al., 2011). Further insights into 
the crosstalk between GC and neurotrophins come from studies in PC12 
cells showing that DEX prevents NGF signaling and TrkA-mediated 
neurite outgrowth (Terada et al., 2014). Although several studies have 
shown that GC treatment disrupts neurotrophin signaling and function, 
a better understanding of the molecular mediators underlying this 
inhibitory crosstalk is necessary.

In this study, we demonstrate that the negative regulator Sprouty4 
mediates the inhibitory effect of DEX on neurotrophin function. Our 
findings show that the pretreatment with DEX induces the expression 
of Sprouty4, which specifically abrogates Ras/Erk1/2 signaling pathway 

in response to the neurotrophins NGF and BDNF in PC12 cells and 
hippocampal primary neurons, respectively (Figure 7). In PC12 cells, 
knockdown of Sprouty4 rescues the inhibition of NGF-promoted neurite 
outgrowth and Erk1/2 phosphorylation induced by DEX. Moreover, the 
downregulation of Sprouty4  in hippocampal neurons blocks the 
inhibitory effects of DEX on the morphological changes induced by 
BDNF, such as dendrite formation and branching. Our results are 
consistent with previous studies showing that knockdown of Sprouty3 
expression causes an excess of axonal branching in spinal cord motor 
neurons in vivo and negatively regulates signaling downstream of 
BDNF–TrkB (Panagiotaki et al., 2010).

In line with our findings, it has been reported that in different cell lines, 
GC inhibits EGF signaling by promoting the transcriptional induction of 
different negative feedback loop regulators of EGFR and Erk1/2/MAPK 
pathway such as Lrig1-3, Mig6, DUSP1 and Sprouty4 (Xu et al., 2005; 
Lauriola et al., 2014; Gelfo et al., 2019). More recently, it has been shown 
that DUSP1 and Sprouty1/4 are also induced in the lymphoblastic leukemia 
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FIGURE 3

Knockdown of Sprouty4 limits the inhibitory effect of DEX on neurite outgrowth induced by NGF. (A) Experimental schedule of DEX and NGF treatment for 
PC12 neurite outgrowth. Fix means fixation. (B) Photomicrographs show PC12 cells transfected with control-shRNA-GFP or Sprouty4-shRNA-GFP 
constructs and pretreated or not with DEX (1 μM) and stimulated for 24 h with NGF (50 ng/mL). Arrowheads indicate neurite tips. Scale bar, 20 μm. (C) Graph 
shows neurite outgrowth of PC12 cells transfected with control-shRNA or Sprouty4-shRNA plasmids and pretreated or not with DEX and stimulated for 24 h 
with NGF. Quantification of the % of GFP-positive cells bearing neurites longer than one or two cell body diameter in the different experimental groups. For 
each experimental condition we quantified 120 images with approximately 15 to 20 cells per picture. Data are mean ± SD of n = 3 independent experiments. 
*p < 0.05, ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparisons test. ns, not significant. (D) Photomicrographs show PC12 cells 
transfected with control or Sprouty4-Y53A constructs together with a GFP-expression vector and pretreated or not with DEX (1 μM) and then stimulated for 
24 h with NGF (50 ng/mL). Arrowheads indicate neurite tips. Scale bar, 20 μm. (E) Graph shows neurite outgrowth of PC12 cells transfected with control or 
Sprouty4-Y53A constructs together with a GFP-expression vector and pretreated or not with DEX (1 μM) and then stimulated for 24 h with NGF (50 ng/mL). 
Quantification of the % of GFP-positive cells bearing neurites longer than one or two cell body diameters in the different experimental groups. For each 
experimental condition we quantified 120 images with approximately 15 to 20 cells per picture. Data are mean ± SD of n = 3 independent experiments. 
*p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparisons test. ns, not significant.
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FIGURE 5

Knockdown of Sprouty4 abrogates the inhibitory effect of DEX on the morphological differentiation induced by BDNF in hippocampal neurons. 
(A) Experimental scheme of control and Sprouty4 shRNA transfected neurons treated with DEX and/or BDNF for the indicated days in vitro (DIV). 
(B) Representative images of rat hippocampal neurons transfected with control or Sprouty4 shRNA vectors and treated or not with DEX and/or BDNF as 
indicated in (A). Scale bar, 20 μm. (C,D) Quantification of primary dendrites (C) and total dendritic branching (D) of hippocampal neurons transfected with 
either control or Sprouty4-shRNA-GFP vector and then treated with DEX and/or BDNF as indicated in (A). A total of 36–45 neurons per experimental 
condition were analyzed. The results are shown as mean ± s.e.m. of n = 3 independent assays. **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA 
followed by Tukey’s multiple comparisons test. ns, not significant.

A B

FIGURE 4

DEX promotes the expression of Sprouty2 and Sprouty4 mRNAs in hippocampal primary neurons. (A) Semiquantitative RT-PCR analysis of Sprouty2 and 
Sprouty4 mRNA expression. Hippocampal primary cultures were treated with DEX (1 μM) for different time-points. For each molecule, the PCR amplification 
product size is indicated in base pairs (bp). Dotted lines indicate representative bands cut from the same PCR gel image. (B) Bar graphs showing the 
induction profiles of Sprouty2 and Sprouty4 mRNAs at different time points upon DEX stimulation. The levels of mRNAs were normalized to the expression 
of the housekeeping gene Tbp. Values are presented as relative to the untreated control group (t = 0 h DEX, gray bar). The results are shown as mean ± s.e.m. 
of n = 3 independent assays. *p < 0.05, ***p < 0.001, by one-way ANOVA followed by Dunnett’s-test.
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cell line SUP-B15 after 6 h of DEX treatment, indicating that these negative 
signaling regulators are part of a transcriptional program triggered by GC 
in different cellular contexts (Shah et al., 2021). Despite this evidence, the 

molecular mechanism through which DEX induces the expression of 
Sprouty4 is still unknown and requires additional investigation.

A previous study showed that chronic exposure of mature cortical 
neurons to DEX reduces the biological function of BDNF by suppressing 
miR-132 expression (Kawashima et  al., 2010). Thus, in addition to 
facilitating the expression of negative regulators that normally restrain 
TrkB and Erk1/2 pathway, DEX also suppresses the BDNF-induced 
transcription of the positive feedback loop regulator of the Erk1/2 
pathway miR-132. Unknown phosphatases that prevent Erk1/2 
activation have been suggested as potential targets of the microRNA 
miR-132. Moreover, Kumamaru and colleagues have also found that 
chronic DEX treatment on developing cortical neurons suppresses 
BDNF-mediated activation of Erk1/2 through the inhibition of TrkB 
interaction with the Shp2 adapter protein (Kumamaru et al., 2011).

In addition to inhibit the TrkB-mediated Erk1/2 pathway, chronic 
glucocorticoid exposure can also regulate phospholipase C-γ (PLC-γ) 
activation in response to BDNF. Thus, through reducing the interaction of 
TrkB with cytosolic GC receptors, chronic exposure to GC weakens the 
activation of the PLC-γ/Ca2+ pathway and thus suppresses BDNF-induced 
glutamate release in cultured cortical neurons (Numakawa et al., 2009).

However, GC can also display positive effects for neuronal physiology. 
Thus, in a previous study, Jenneteau and colleagues reported that short-
term DEX stimulation promoted neuronal survival by inducing the 
selective phosphorylation of TrkB and the activation of its downstream 
signaling effectors Akt, Erk1/2 and PLCγ through a mechanism that does 
not requires neither production nor co-stimulation with neurotrophins 
(Jeanneteau et al., 2008). This TrkB signaling activation was maximal 
between 2 and 4 h after DEX application and returned to basal levels at 6 h. 
Conversely, here we performed a longer GC pretreatment (16 h) followed 
by neurotrophin (NGF or BDNF) stimulation, to assess how pretreatment 
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FIGURE 6

Sprouty4 mediates the inhibitory effect of DEX on BDNF-induced Erk1/2 phosphorylation in hippocampal neurons. (A) Experimental scheme used to 
measure Erk1/2 phosphorylation (p-Erk1/2) in response to DEX and BDNF treatments. Hippocampal neurons were transfected at DIV3 with control-shRNA-
GFP or Sprouty4-shRNA-GFP plasmids. (B) Photomicrographs show hippocampal neurons transfected with control-shRNA-GFP or Sprouty4-shRNA-GFP 
plasmids. Neurons were pretreated or not with DEX for 16 h, stimulated for 15 min with BDNF (25 ng/mL) and then fixed with 4% PFA containing phosphatase 
inhibitors. Activation of Erk1/2 was assessed by immunofluorescence (IF) of phospho-Erk1/2 (p-Erk1/2) on GFP-positive cells labeled with dotted lines. 
Arrows indicate neighboring non-transfected cells. Scale bar, 20 μm. (C) Graph showing individual values of p-Erk1/2 activation expressed as arbitrary units. 
A total of 33–43 individual neurons per experimental condition were analyzed. Data are mean ± s.e.m. of n = 3 independent assays. *p < 0.05 by one-way 
ANOVA followed by Tukey’s multiple comparisons test.

FIGURE 7

Model describing the proposed role of Sprouty4 as a signaling 
mediator of the inhibitory effect of DEX on neurotrophin-induced 
Erk1/2 pathway and neuronal differentiation.
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with DEX inhibits neurotrophin signaling and function instead to directly 
evaluate how short-term DEX treatment per se promotes Trk receptor 
activation, independently of neurotrophin stimulation.

Together, all this evidence shows that GC could either inhibit or 
promote neurotrophic function and signaling by acting through 
multiple mechanisms of action, which in turn depend mainly on the 
type of treatment (acute vs. chronic), the neuronal population and its 
developmental stage.

Chronic stress is one of the most important causes of depression and 
animals exposed to chronic GC administration exhibit increased anxiety 
and depressive behaviors (Gourley et al., 2008a,b). A variety of studies 
have implicated impaired BDNF/TrkB signaling and Erk1/2/MAPK 
pathway in the pathogenesis and treatment of depression (Bjorkholm 
and Monteggia, 2016; Castren and Kojima, 2017; Wang and Mao, 2019; 
Chen et  al., 2020; Castren and Monteggia, 2021). For instance, the 
MAPK/CREB pathway is downregulated in brain regions implicated in 
major depression to chronic stressors, such as the prefrontal cortex and 
the hippocampus (Qi et al., 2008).

Moreover, BDNF signaling through TrkB is required for the 
behavioral effects of antidepressant drugs (Saarelainen et  al., 2003; 
Bjorkholm and Monteggia, 2016). In fact, several antidepressant drugs 
normalize the BDNF-MAPK-CREB pathway in the hippocampus and 
induce plastic changes that ameliorate depressive symptoms (Schmidt 
and Duman, 2010; Bjorkholm and Monteggia, 2016; Casarotto et al., 
2021). Thus, the BDNF-MAPK-CREB cascade represents a current 
target for developing pharmacotherapies for depression (Wang and Mao, 
2019). Here, we showed that in hippocampal neurons DEX induces the 
expression of Sprouty4, which specifically abrogates the Ras/MAPK 
signaling pathway in response to BDNF. Thus, our findings suggest that 
Sprouty4 might be  a potential target to develop antidepressant 
treatments. In addition, the relationship among glucocorticoids, BDNF 
function and negative regulators of the Erk1/2 pathway, such as Sprouty4, 
represents a promising avenue for understanding the contribution of 
neurotrophin-mediated TrkB signaling in mood disorders.

Data availability statement

The raw data supporting the conclusions of this article will be made 
available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Institutional 
Animal Care and Ethics Committee of the School of Medicine 
(CICUAL-UBA), ethical permit number: 619/2021.

Author contributions

FFer, FFed, FL, and GP contributed to the study conception and 
experimental design and commented the different versions of the 
manuscript. Experiments, data collection and analysis were performed 
by FFer and FFed. The manuscript was written by GP. All authors 
contributed to the article and approved the submitted version.

Funding

This work was supported by the Argentine Agency for Promotion 
of Science and Technology (ANPCyT; PICT2017-4513, PICT2019-1472, 
and PICT2017-4597). GP and FL were supported by an Independent 
Research Career Position from the Argentine Medical Research Council 
(CONICET). FFer was supported by a fellowship from ANPCyT. FFed 
was supported by a fellowship from CONICET.

Acknowledgments

We thank Nerina Villalba, Manuel Ponce, and Andrea Pecile for 
technical assistance, Ana Paula De Vincenti for critically reading the 
manuscript, and UBATEC for research grant administration.

Conflict of interest

The authors declare that the research was conducted in the absence 
of any commercial or financial relationships that could be construed as 
a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and 
do not necessarily represent those of their affiliated organizations, or 
those of the publisher, the editors and the reviewers. Any product that 
may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1090824/
full#supplementary-material

References
Agasse, F., Mendez-David, I., Christaller, W., Carpentier, R., Braz, B. Y., David, D. J., et al. 

(2020). Chronic Corticosterone elevation suppresses adult hippocampal neurogenesis by 
Hyperphosphorylating Huntingtin. Cell Rep. 32:107865. doi: 10.1016/j.celrep.2020.107865

Alsina, F. C., Hita, F. J., Fontanet, P. A., Irala, D., Hedman, H., Ledda, F., et al. (2016). 
Lrig1 is a cell-intrinsic modulator of hippocampal dendrite complexity and BDNF 
signaling. EMBO Rep. 17, 601–616. doi: 10.15252/embr.201541218

Alsina, F. C., Irala, D., Fontanet, P. A., Hita, F. J., Ledda, F., and Paratcha, G. (2012a). 
Sprouty4 is an endogenous negative modulator of TrkA signaling and neuronal 
differentiation induced by NGF. PLoS One 7:e32087. doi: 10.1371/journal.pone.0032087

Alsina, F. C., Ledda, F., and Paratcha, G. (2012b). New insights into the control of 
neurotrophic growth factor receptor signaling: implications for nervous system 
development and repair. J. Neurochem. 123, 652–661. doi: 10.1111/jnc.12021

Baquet, Z. C., Gorski, J. A., and Jones, K. R. (2004). Early striatal dendrite deficits 
followed by neuron loss with advanced age in the absence of anterograde cortical brain-
derived neurotrophic factor. J. Neurosci. 24, 4250–4258. doi: 10.1523/
JNEUROSCI.3920-03.2004

Bjorkholm, C., and Monteggia, L. M. (2016). BDNF—a key transducer of antidepressant 
effects. Neuropharmacology 102, 72–79. doi: 10.1016/j.neuropharm.2015.10.034

Camps, M., Nichols, A., Gillieron, C., Antonsson, B., Muda, M., Chabert, C., et al. (1998). 
Catalytic activation of the phosphatase MKP-3 by ERK2 mitogen-activated protein kinase. 
Science 280, 1262–1265. doi: 10.1126/science.280.5367.1262

Casarotto, P. C., Girych, M., Fred, S. M., Kovaleva, V., Moliner, R., Enkavi, G., et al. 
(2021). Antidepressant drugs act by directly binding to TRKB neurotrophin receptors. Cells 
184:e1219, 1299–1313.e19. doi: 10.1016/j.cell.2021.01.034

https://doi.org/10.3389/fnmol.2023.1090824
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1090824/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1090824/full#supplementary-material
https://doi.org/10.1016/j.celrep.2020.107865
https://doi.org/10.15252/embr.201541218
https://doi.org/10.1371/journal.pone.0032087
https://doi.org/10.1111/jnc.12021
https://doi.org/10.1523/JNEUROSCI.3920-03.2004
https://doi.org/10.1523/JNEUROSCI.3920-03.2004
https://doi.org/10.1016/j.neuropharm.2015.10.034
https://doi.org/10.1126/science.280.5367.1262
https://doi.org/10.1016/j.cell.2021.01.034


Ferrero Restelli et al. 10.3389/fnmol.2023.1090824

Frontiers in Molecular Neuroscience 11 frontiersin.org

Castren, E., and Kojima, M. (2017). Brain-derived neurotrophic factor in mood disorders 
and antidepressant treatments. Neurobiol. Dis. 97, 119–126. doi: 10.1016/j.nbd.2016.07.010

Castren, E., and Monteggia, L. M. (2021). Brain-derived Neurotrophic factor signaling 
in depression and antidepressant action. Biol. Psychiatry 90, 128–136. doi: 10.1016/j.
biopsych.2021.05.008

Chen, Q., Wang, F., Zhang, Y., Liu, Y., An, L., Ma, Z., et al. (2020). Neonatal DEX 
exposure leads to hyperanxious and depressive-like behaviors as well as a persistent 
reduction of BDNF expression in developmental stages. Biochem. Biophys. Res. Commun. 
527, 311–316. doi: 10.1016/j.bbrc.2020.04.084

De Vincenti, A. P., Rios, A. S., Paratcha, G., and Ledda, F. (2019). Mechanisms that 
modulate and diversify BDNF functions: implications for hippocampal synaptic plasticity. 
Front. Cell. Neurosci. 13:135. doi: 10.3389/fncel.2019.00135

D'Uva, G., and Lauriola, M. (2016). Towards the emerging crosstalk: ERBB family and 
steroid hormones. Semin. Cell Dev. Biol. 50, 143–152. doi: 10.1016/j.semcdb.2015.11.004

Feng, Y., Lu, S., Wang, J., Kumar, P., Zhang, L., and Bhatt, A. J. (2014). Dexamethasone-
induced neuroprotection in hypoxic-ischemic brain injury in newborn rats is partly 
mediated via Akt activation. Brain Res. 1589, 68–77. doi: 10.1016/j.brainres.2014.09.073

Ferrero Restelli, F., Fontanet, P. A., De Vincenti, A. P., Falzone, T. L., Ledda, F., and 
Paratcha, G. (2020). Tetraspanin1 promotes NGF signaling by controlling TrkA receptor 
proteostasis. Cell. Mol. Life Sci. 77, 2217–2233. doi: 10.1007/s00018-019-03282-3

Finelli, M. J., Murphy, K. J., Chen, L., and Zou, H. (2013). Differential phosphorylation 
of Smad1 integrates BMP and neurotrophin pathways through Erk/Dusp in axon 
development. Cell Rep. 3, 1592–1606. doi: 10.1016/j.celrep.2013.04.011

Gao, W., Tong, D., Li, Q., Huang, P., and Zhang, F. (2017). Dexamethasone promotes 
regeneration of crushed inferior alveolar nerve by inhibiting NF-kappaB activation in adult 
rats. Arch. Oral Biol. 80, 101–109. doi: 10.1016/j.archoralbio.2017.03.025

Gelfo, V., Pontis, F., Mazzeschi, M., Sgarzi, M., Mazzarini, M., Solmi, R., et al. (2019). 
Glucocorticoid receptor modulates EGFR feedback upon Acquisition of Resistance to 
monoclonal antibodies. J. Clin. Med. 8:600. doi: 10.3390/jcm8050600

Gourley, S. L., Wu, F. J., Kiraly, D. D., Ploski, J. E., Kedves, A. T., Duman, R. S., et al. 
(2008a). Regionally specific regulation of ERK MAP kinase in a model of antidepressant-
sensitive chronic depression. Biol. Psychiatry 63, 353–359. doi: 10.1016/j.
biopsych.2007.07.016

Gourley, S. L., Wu, F. J., and Taylor, J. R. (2008b). Corticosterone regulates pERK1/2 map 
kinase in a chronic depression model. Ann. N. Y. Acad. Sci. 1148, 509–514. doi: 10.1196/
annals.1410.076

Gross, I., Armant, O., Benosman, S., de Aguilar, J. L., Freund, J. N., Kedinger, M., et al. 
(2007). Sprouty2 inhibits BDNF-induced signaling and modulates neuronal differentiation 
and survival. Cell Death Differ. 14, 1802–1812. doi: 10.1038/sj.cdd.4402188

Harris, A., and Seckl, J. (2011). Glucocorticoids, prenatal stress and the programming of 
disease. Horm. Behav. 59, 279–289. doi: 10.1016/j.yhbeh.2010.06.007

Hausott, B., Vallant, N., Schlick, B., Auer, M., Nimmervoll, B., Obermair, G. J., et al. 
(2012). Sprouty2 and-4 regulate axon outgrowth by hippocampal neurons. Hippocampus 
22, 434–441. doi: 10.1002/hipo.20910

Jeanneteau, F., Garabedian, M. J., and Chao, M. V. (2008). Activation of Trk neurotrophin 
receptors by glucocorticoids provides a neuroprotective effect. Proc. Natl. Acad. Sci. U. S. 
A. 105, 4862–4867. doi: 10.1073/pnas.0709102105

Joels, M. (2011). Impact of glucocorticoids on brain function: relevance for mood 
disorders. Psychoneuroendocrinology 36, 406–414. doi: 10.1016/j.psyneuen.2010.03.004

Kadmiel, M., and Cidlowski, J. A. (2013). Glucocorticoid receptor signaling in health 
and disease. Trends Pharmacol. Sci. 34, 518–530. doi: 10.1016/j.tips.2013.07.003

Kawashima, H., Numakawa, T., Kumamaru, E., Adachi, N., Mizuno, H., Ninomiya, M., 
et al. (2010). Glucocorticoid attenuates brain-derived neurotrophic factor-dependent 
upregulation of glutamate receptors via the suppression of microRNA-132 expression. 
Neuroscience 165, 1301–1311. doi: 10.1016/j.neuroscience.2009.11.057

Kumamaru, E., Numakawa, T., Adachi, N., and Kunugi, H. (2011). Glucocorticoid 
suppresses BDNF-stimulated MAPK/ERK pathway via inhibiting interaction of Shp2 with 
TrkB. FEBS Lett. 585, 3224–3228. doi: 10.1016/j.febslet.2011.09.010

Kumamaru, E., Numakawa, T., Adachi, N., Yagasaki, Y., Izumi, A., Niyaz, M., et al. 
(2008). Glucocorticoid prevents brain-derived neurotrophic factor-mediated maturation 
of synaptic function in developing hippocampal neurons through reduction in the activity 
of mitogen-activated protein kinase. Mol. Endocrinol. 22, 546–558. doi: 10.1210/
me.2007-0264

Kwon, M., Fernandez, J. R., Zegarek, G. F., Lo, S. B., and Firestein, B. L. (2011). 
BDNF-promoted increases in proximal dendrites occur via CREB-dependent 
transcriptional regulation of cypin. J. Neurosci. 31, 9735–9745. doi: 10.1523/
JNEUROSCI.6785-10.2011

Lauriola, M., Enuka, Y., Zeisel, A., D'Uva, G., Roth, L., Sharon-Sevilla, M., et al. (2014). 
Diurnal suppression of EGFR signalling by glucocorticoids and implications for tumour 
progression and treatment. Nat. Commun. 5:5073. doi: 10.1038/ncomms6073

Ledda, F., Bieraugel, O., Fard, S. S., Vilar, M., and Paratcha, G. (2008). Lrig1 is an 
endogenous inhibitor of ret receptor tyrosine kinase activation, downstream signaling, and 
biological responses to GDNF. J. Neurosci. 28, 39–49. doi: 10.1523/JNEUROSCI.2196-07. 
2008

Liston, C., and Gan, W. B. (2011). Glucocorticoids are critical regulators of dendritic 
spine development and plasticity in vivo. Proc. Natl. Acad. Sci. U. S. A. 108, 16074–16079. 
doi: 10.1073/pnas.1110444108

Lucassen, P. J., Oomen, C. A., Naninck, E. F., Fitzsimons, C. P., van Dam, A. M., Czeh, B., 
et al. (2015). Regulation of adult neurogenesis and plasticity by (early) stress, 
glucocorticoids, and inflammation. Cold Spring Harb. Perspect. Biol. 7:a021303. doi: 
10.1101/cshperspect.a021303

Magarinos, A. M., McEwen, B. S., Flugge, G., and Fuchs, E. (1996). Chronic psychosocial 
stress causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in 
subordinate tree shrews. J. Neurosci. 16, 3534–3540. doi: 10.1523/
JNEUROSCI.16-10-03534.1996

Matsushima, Y., Terada, K., Takata, J., Karube, Y., Kamei, C., and Sugimoto, Y. (2019). 
Effects of fluvoxamine on nerve growth factor-induced neurite outgrowth inhibition by 
dexamethasone in PC12 cells. Biosci. Biotechnol. Biochem. 83, 659–665. doi: 
10.1080/09168451.2018.1553607

Mayer, J. L., Klumpers, L., Maslam, S., de Kloet, E. R., Joels, M., and Lucassen, P. J. (2006). 
Brief treatment with the glucocorticoid receptor antagonist mifepristone normalises the 
corticosterone-induced reduction of adult hippocampal neurogenesis. J. Neuroendocrinol. 
18, 629–631. doi: 10.1111/j.1365-2826.2006.01455.x

Numakawa, T., Kumamaru, E., Adachi, N., Yagasaki, Y., Izumi, A., and Kunugi, H. 
(2009). Glucocorticoid receptor interaction with TrkB promotes BDNF-triggered PLC-
gamma signaling for glutamate release via a glutamate transporter. Proc. Natl. Acad. Sci. 
U. S. A. 106, 647–652. doi: 10.1073/pnas.0800888106

Panagiotaki, N., Dajas-Bailador, F., Amaya, E., Papalopulu, N., and Dorey, K. (2010). 
Characterisation of a new regulator of BDNF signalling, Sprouty3, involved in axonal 
morphogenesis in vivo. Development 137, 4005–4015. doi: 10.1242/dev.053173

Peinado-Ramon, P., Wallen, A., and Hallbook, F. (1998). MAP kinase phosphatase-1 
mRNA is expressed in embryonic sympathetic neurons and is upregulated after NGF 
stimulation. Brain Res. Mol. Brain Res. 56, 256–267. doi: 10.1016/S0169-328X(98)00047-3

Qi, X., Lin, W., Li, J., Li, H., Wang, W., Wang, D., et al. (2008). Fluoxetine increases the 
activity of the ERK-CREB signal system and alleviates the depressive-like behavior in rats 
exposed to chronic forced swim stress. Neurobiol. Dis. 31, 278–285. doi: 10.1016/j.
nbd.2008.05.003

Radley, J. J., Rocher, A. B., Miller, M., Janssen, W. G., Liston, C., Hof, P. R., et al. (2006). 
Repeated stress induces dendritic spine loss in the rat medial prefrontal cortex. Cereb. 
Cortex 16, 313–320. doi: 10.1093/cercor/bhi104

Radley, J. J., Sisti, H. M., Hao, J., Rocher, A. B., McCall, T., Hof, P. R., et al. (2004). 
Chronic behavioral stress induces apical dendritic reorganization in pyramidal neurons of 
the medial prefrontal cortex. Neuroscience 125, 1–6. doi: 10.1016/j.neuroscience.2004.01.006

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos. Trans. R. 
Soc. Lond. B Biol. Sci. 361, 1545–1564. doi: 10.1098/rstb.2006.1894

Saarelainen, T., Hendolin, P., Lucas, G., Koponen, E., Sairanen, M., MacDonald, E., et al. 
(2003). Activation of the TrkB neurotrophin receptor is induced by antidepressant drugs 
and is required for antidepressant-induced behavioral effects. J. Neurosci. 23, 349–357. doi: 
10.1523/JNEUROSCI.23-01-00349.2003

Sasaki, A., Taketomi, T., Wakioka, T., Kato, R., and Yoshimura, A. (2001). Identification 
of a dominant negative mutant of Sprouty that potentiates fibroblast growth factor-but not 
epidermal growth factor-induced ERK activation. J. Biol. Chem. 276, 36804–36808. doi: 
10.1074/jbc.C100386200

Schmidt, H. D., and Duman, R. S. (2010). Peripheral BDNF produces antidepressant-like 
effects in cellular and behavioral models. Neuropsychopharmacology 35, 2378–2391. doi: 
10.1038/npp.2010.114

Shah, K., Ahmed, M., and Kazi, J. U. (2021). The Aurora kinase/beta-catenin axis 
contributes to dexamethasone resistance in leukemia. NPJ Precis. Oncol. 5:13. doi: 10.1038/
s41698-021-00148-5

Shi, B., and Mocchetti, I. (2000). Dexamethasone induces TrkA and p75NTR 
immunoreactivity in the cerebral cortex and hippocampus. Exp. Neurol. 162, 257–267. doi: 
10.1006/exnr.2000.7360

Sousa, N., and Almeida, O. F. (2012). Disconnection and reconnection: the morphological 
basis of (mal)adaptation to stress. Trends Neurosci. 35, 742–751. doi: 10.1016/j.tins.2012.08.006

Suri, D., and Vaidya, V. A. (2013). Glucocorticoid regulation of brain-derived 
neurotrophic factor: relevance to hippocampal structural and functional plasticity. 
Neuroscience 239, 196–213. doi: 10.1016/j.neuroscience.2012.08.065

Terada, K., Kojima, Y., Watanabe, T., Izumo, N., Chiba, K., and Karube, Y. (2014). 
Inhibition of nerve growth factor-induced neurite outgrowth from PC12 cells by 
dexamethasone: signaling pathways through the glucocorticoid receptor and 
phosphorylated Akt and ERK1/2. PLoS One 9:e93223. doi: 10.1371/journal.pone.0093223

Unsicker, K., Krisch, B., Otten, U., and Thoenen, H. (1978). Nerve growth factor-induced 
axon growth and its antagonism with dexamethasone: in vitro studies on adrenal medulla 
cells. Verh. Anat. Ges. 72, 371–372.

Vyas, S., Rodrigues, A. J., Silva, J. M., Tronche, F., Almeida, O. F., Sousa, N., et al. (2016). 
Chronic stress and glucocorticoids: from neuronal plasticity to Neurodegeneration. Neural 
Plast. 2016, 1–15. doi: 10.1155/2016/6391686

Wang, J. Q., and Mao, L. (2019). The ERK pathway: molecular mechanisms and 
treatment of depression. Mol. Neurobiol. 56, 6197–6205. doi: 10.1007/s12035-019-1524-3

Wellman, C. L. (2001). Dendritic reorganization in pyramidal neurons in medial 
prefrontal cortex after chronic corticosterone administration. J. Neurobiol. 49, 245–253. 
doi: 10.1002/neu.1079

Xu, D., Makkinje, A., and Kyriakis, J. M. (2005). Gene 33 is an endogenous inhibitor of 
epidermal growth factor (EGF) receptor signaling and mediates dexamethasone-induced 
suppression of EGF function. J. Biol. Chem. 280, 2924–2933. doi: 10.1074/jbc.M408907200

https://doi.org/10.3389/fnmol.2023.1090824
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.nbd.2016.07.010
https://doi.org/10.1016/j.biopsych.2021.05.008
https://doi.org/10.1016/j.biopsych.2021.05.008
https://doi.org/10.1016/j.bbrc.2020.04.084
https://doi.org/10.3389/fncel.2019.00135
https://doi.org/10.1016/j.semcdb.2015.11.004
https://doi.org/10.1016/j.brainres.2014.09.073
https://doi.org/10.1007/s00018-019-03282-3
https://doi.org/10.1016/j.celrep.2013.04.011
https://doi.org/10.1016/j.archoralbio.2017.03.025
https://doi.org/10.3390/jcm8050600
https://doi.org/10.1016/j.biopsych.2007.07.016
https://doi.org/10.1016/j.biopsych.2007.07.016
https://doi.org/10.1196/annals.1410.076
https://doi.org/10.1196/annals.1410.076
https://doi.org/10.1038/sj.cdd.4402188
https://doi.org/10.1016/j.yhbeh.2010.06.007
https://doi.org/10.1002/hipo.20910
https://doi.org/10.1073/pnas.0709102105
https://doi.org/10.1016/j.psyneuen.2010.03.004
https://doi.org/10.1016/j.tips.2013.07.003
https://doi.org/10.1016/j.neuroscience.2009.11.057
https://doi.org/10.1016/j.febslet.2011.09.010
https://doi.org/10.1210/me.2007-0264
https://doi.org/10.1210/me.2007-0264
https://doi.org/10.1523/JNEUROSCI.6785-10.2011
https://doi.org/10.1523/JNEUROSCI.6785-10.2011
https://doi.org/10.1038/ncomms6073
https://doi.org/10.1523/JNEUROSCI.2196-07.2008
https://doi.org/10.1523/JNEUROSCI.2196-07.2008
https://doi.org/10.1073/pnas.1110444108
https://doi.org/10.1101/cshperspect.a021303
https://doi.org/10.1523/JNEUROSCI.16-10-03534.1996
https://doi.org/10.1523/JNEUROSCI.16-10-03534.1996
https://doi.org/10.1080/09168451.2018.1553607
https://doi.org/10.1111/j.1365-2826.2006.01455.x
https://doi.org/10.1073/pnas.0800888106
https://doi.org/10.1242/dev.053173
https://doi.org/10.1016/S0169-328X(98)00047-3
https://doi.org/10.1016/j.nbd.2008.05.003
https://doi.org/10.1016/j.nbd.2008.05.003
https://doi.org/10.1093/cercor/bhi104
https://doi.org/10.1016/j.neuroscience.2004.01.006
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1523/JNEUROSCI.23-01-00349.2003
https://doi.org/10.1074/jbc.C100386200
https://doi.org/10.1038/npp.2010.114
https://doi.org/10.1038/s41698-021-00148-5
https://doi.org/10.1038/s41698-021-00148-5
https://doi.org/10.1006/exnr.2000.7360
https://doi.org/10.1016/j.tins.2012.08.006
https://doi.org/10.1016/j.neuroscience.2012.08.065
https://doi.org/10.1371/journal.pone.0093223
https://doi.org/10.1155/2016/6391686
https://doi.org/10.1007/s12035-019-1524-3
https://doi.org/10.1002/neu.1079
https://doi.org/10.1074/jbc.M408907200

	Sprouty4 at the crossroads of Trk neurotrophin receptor signaling suppression by glucocorticoids
	Introduction
	Materials and methods
	Ethics statement
	Cell lines, recombinant proteins, and inhibitors
	RT-PCR
	Cell transfection and plasmids
	Primary culture of hippocampal neurons
	Total cell lysates and western blotting
	Immunofluorescence
	Image acquisition and quantification
	PC12 neurite outgrowth and hippocampal neurite outgrowth assays
	Statistical analysis

	Results
	Dexamethasone induces the expression of Sprouty4 mRNA
	Sprouty4 mediates the inhibitory effect of GC on TrkA-mediated Erk1/2 signaling
	Sprouty4 mediates the inhibitory effect of GC on NGF-induced neurite outgrowth
	Knockdown of Sprouty4 abrogates the inhibitory effects of DEX on BDNF-induced morphological differentiation and Erk1/2 phosphorylation in hippocampal neurons

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

