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A B S T R A C T   

Adolescence is a critical period for brain maturation in which this organ is more vulnerable to the damaging 
effects of ethanol. Administration of ethanol in mice induces a rapid cerebral upregulation of pleiotrophin (PTN), 
a cytokine that regulates the neuroinflammatory processes induced by different insults and the behavioral effects 
of ethanol. PTN binds Receptor Protein Tyrosine Phosphatase (RPTP) β/ζ and inhibits its phosphatase activity, 
suggesting that RPTPβ/ζ may be involved in the regulation of ethanol effects. To test this hypothesis, we have 
treated adolescent mice with the RPTPβ/ζ inhibitor MY10 (60 mg/kg) before an acute ethanol (6 g/kg) 
administration. Treatment with MY10 completely prevented the ethanol-induced neurogenic loss in the hippo
campus of both male and female mice. In flow cytometry studies, ethanol tended to increase the number of 
NeuN+/activated Caspase-3+ cells particularly in female mice, but no significant effects were found. Ethanol 
increased Iba1+ cell area and the total marked area in the hippocampus of female mice, suggesting sex differ
ences in ethanol-induced microgliosis. In addition, ethanol reduced the circulating levels of IL-6 and IL-10 in 
both sexes, although this reduction was only found significant in males and not affected by MY10 treatment. 
Interestingly, MY10 alone increased the total marked area and the number of Iba1+ cells only in the female 
hippocampus, but tended to reduce the circulating levels of TNF-α only in male mice. In summary, the data 
identify a novel modulatory role of RPTPβ/ζ on ethanol-induced loss of hippocampal neurogenesis, which seems 
unrelated to glial and inflammatory responses. The data also suggest sex differences in RPTPβ/ζ function that 
may be relevant to immune responses and ethanol-induced microglial responses.   

1. Introduction 

Adolescent drinking is a serious public health problem globally, with 
6200 adolescents each day that initiated alcohol use in the past year 
(2019 National Survey on Drug Use and Health). More adolescent girls 
report alcohol use and binge drinking than boys. Binge drinking is a 
common pattern of consumption during this period of life, which is 
considered the most harmful drinking for the developing brain. In 2019, 
around 10% of 16–17 years old engaged in binge drinking in the past 
month in the United States. Binge drinking also contributes to an 

increased risk of developing alcohol use disorder. Up to 1.7% of ado
lescents aged 12–17 showed an alcohol use disorder during the previous 
year (2019 National Survey on Drug Use and Health). Thus, it is crucial 
to implement strategies during early adolescence to prevent the devel
opment of alcohol use disorder and brain damage. 

Excessive alcohol consumption exerts several detrimental effects in 
the brain, contributing to neurodegeneration and neuroinflammation 
(Pascual et al., 2021). Adolescence is a critical period for the maturation 
of the brain during which highly plastic and dynamic processes partic
ipate in a variety of areas like the hippocampus (Lisdahl et al., 2013; 

* Correspondence to: Lab. Pharmacology Faculty of Pharmacy, Universidad CEU San Pablo Urb. Montepríncipe, Boadilla del Monte, 28668 Madrid, Spain. 
E-mail address: herradon@ceu.es (G. Herradón).  

Contents lists available at ScienceDirect 

Neurotoxicology 

journal homepage: www.elsevier.com/locate/neuro 

https://doi.org/10.1016/j.neuro.2022.11.008 
Received 14 June 2022; Received in revised form 3 November 2022; Accepted 14 November 2022   

mailto:herradon@ceu.es
www.sciencedirect.com/science/journal/0161813X
https://www.elsevier.com/locate/neuro
https://doi.org/10.1016/j.neuro.2022.11.008
https://doi.org/10.1016/j.neuro.2022.11.008
https://doi.org/10.1016/j.neuro.2022.11.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2022.11.008&domain=pdf


Neurotoxicology 94 (2023) 98–107

99

Yttri et al., 2004). During this stage of development, the brain is more 
vulnerable to the damaging effects of alcohol. For example, intermittent 
ethanol access in adolescent rats results in significant deficits in neu
rogenesis in the dentate gyrus, which is attributed to an excessive acti
vation of the neuroimmune response and neuroinflammation that ends 
up causing the death of neuronal precursors by apoptosis (Swartzwelder 
et al., 2019). Alcohol activates the signaling pathway of toll-like re
ceptor-4 (TLR4) in glial cells and contributes to the release of cytokines 
and pro-inflammatory mediators, which amplifies the neuro
inflammatory response and the resulting brain damage (Pascual et al., 
2018). The harmful effects of alcohol during adolescence differ signifi
cantly between sexes, being more accentuated in women (Guerri and 
Pascual, 2019; Orio et al., 2018). Consequently, understanding the 
factors that can prevent or restore alcohol-induced neuroinflammatory 
processes and developmental deficits in the adolescent brain is key. 

Pleiotrophin (PTN) is a cytokine that is expressed in all species and is 
evolutionarily highly conserved (Papadimitriou et al., 2022). PTN is 
upregulated in the brain after the administration of different drugs of 
abuse, including alcohol (Herradón and Pérez-García, 2014; 
Vicente-Rodriguez et al., 2014), suggesting that PTN may regulate 
alcohol effects. Accordingly, it has been shown that the conditioning 
effects of alcohol are significantly increased in Ptn-/- mice, whereas the 
transgenic overexpression of PTN in the mouse brain blocks the 
rewarding effects of this drug (Vicente-Rodriguez et al., 2014). It is 
important to note that PTN modulates the immune response and neu
roinflammation induced by different stimuli including amphetamine 
administrations (Herradon et al., 2019; Vicente-Rodríguez et al., 2016) 
and LPS-induced endotoxemia (Fernández-Calle et al., 2017). 

Pleiotrophin is an endogenous inhibitory ligand of Receptor Protein 
Tyrosine Phosphatase (RPTP) β/ζ (Meng et al., 2000). The long and 
short isoforms of this receptor are found in humans and mice (Herradon 
et al., 2019; Nagai et al., 2022). Both have a transmembrane domain, but 
the RPTPβ/ζ-short isoform lacks a juxtamembrane extracellular region. 
In mice, a soluble RPTPβ/ζ isoform, named phosphacan, is also present 
(Nagai et al., 2022). This receptor is involved in the differentiation of 
oligodendrocytes (Lamprianou et al., 2011) and in the neuroimmune 
response in the adult brain (Harroch et al., 2002). Importantly, RPTPβ/ζ 
is mainly expressed in the central nervous system (CNS) in important 
areas for alcohol effects, such as the PFC, amygdala, or hippocampus 
(Cressant et al., 2017). Pleiotrophin induces the dimerization of 
RPTPβ/ζ, inhibiting as a result its phosphatase activity (Meng et al., 
2000). This causes an increase in the levels of phosphorylation of its 
substrates (Pariser et al., 2005a, 2005b, 2005c), some of which play 
important roles in alcohol consumption such as Fyn kinase (Ron and 
Berger, 2018) and anaplastic lymphoma kinase (ALK) (Dutton et al., 
2017). 

Recently, through a rational drug development program, we 
designed and synthesized MY10, a blood-brain barrier (BBB)-permeable 
selective inhibitor of RPTPβ/ζ (Pastor et al., 2018). MY10 interacts with 
the intracellular domain PD1 of RPTPβ/ζ and inhibits its tyrosine 
phosphatase activity, thus mimicking the inhibitory action of PTN on 
this receptor (Pastor et al., 2018). In this manner, the systemic admin
istration of MY10 reduces alcohol consumption and blocks the 
rewarding effects of alcohol in mice and rats (Calleja-Conde et al., 2020; 
Fernández-Calle et al., 2019, 2018b), replicating the effects obtained in 
mice with transgenic Ptn overexpression in the brain (Ptn-Tg) (Vice
nte-Rodriguez et al., 2014). Furthermore, LPS-induced microglial 
response was potentiated in mice treated with MY10 (Fernández-Calle 
et al., 2020), as it was previously observed in Ptn-Tg mice (Fernán
dez-Calle et al., 2017). In addition, using MY10, we recently described 
that RPTPβ/ζ is important in neuronal and microglial viability and plays 
a role in the modulation of the neuroprotective phenotype of microglia 
and in the communication microglia-neuron (Del Campo et al., 2021). 
Therefore, we hypothesize that RPTPβ/ζ may also be involved in the 
regulation of the effects of alcohol on the adolescent brain. 

2. Materials and methods 

2.1. Animals 

Male and female C57BL/6J mice of 5–6 weeks of age (15–22 g) were 
used. Mice were housed under controlled environmental conditions (22 
± 1 ºC and a 12-h light/12-h dark cycle) with free access to food and 
water. All the animals used in this study were maintained in accordance 
with European Union Laboratory Animal Care Rules (2010/63/EU 
directive) and protocols were approved by the Animal Research Com
mittee of USP-CEU (authorization reference: PROEX 76.0/20). Animal 
studies were carried out in compliance with the ARRIVE guidelines. 

2.2. Treatments 

The RPTPβ/ζ inhibitor MY10 was synthesized as previously 
described (Pastor et al., 2018). Female and male mice were administered 
with 60 mg/kg MY10 or vehicle (10% dehydrated ethanol, 20% poly
sorbate 80, 70% PEG- 300) by oral gavage in a volume of approximately 
0.1 ml one hour before a single i.p. injection of ethanol (6 g/kg, 25% 
v/v) or saline (control). This dose of ethanol was chosen to achieve in 
mice Blood Ethanol Concentrations (BECs) relevant to those found in 
human adolescents with a massive ingestion of ethanol (peak blood 
concentration, 700–750 mg/dL) (Pruett et al., 2020; Wiener et al., 
2013). No mortality was observed after this ethanol treatment and all 
animals were fully recovered at the time of sacrifice, 18 h after ethanol 
administration. The dose and systemic route of administration of MY10 
have been selected based on previous studies with this compound, in 
which dose-response curves show that the mean dose of 60 mg/kg re
duces alcohol consumption in rodents and provides good bioavailability 
and BBB penetration (Calleja-Conde et al., 2020; Fernández-Calle et al., 
2018b; Pastor et al., 2018). Blood samples (20 μl) were collected 1 h 
after the administration of ethanol (or saline) in heparinized capillary 
tubes. BECs (n = 4–5/group/sex) were determined using a nicotinamide 
adenine dinucleotide-alcohol dehydrogenase enzymatic assay (Zapata 
et al., 2006). 

Animals were sacrificed 18 h after ethanol or saline administration 
(n = 5–6/group/sex). For immunohistochemistry analysis, animals were 
perfused with 4% p-formaldehyde. For flow cytometry analysis, animals 
were decapitated and hippocampus were rapidly removed and frozen in 
dry ice and stored to − 80 ºC until the procedures. 

2.3. Immunohistochemistry 

Thirty-μm sections of PFC, amygdala and hippocampus were ob
tained using a sliding microtome (Leica SM2010 R). Immunohisto
chemistry studies were performed in one slice per 120 µm in the case of 
the PFC (from the bregma 3.08 to –2.46 mm), in one slice per 360 µm in 
the case of the amygdala (from the bregma − 0.82 to − 2 mm), and in one 
slice per 360 µm for dentate gyrus (DG) (from the bregma − 2.12 to − 3.8 
mm). To study neurogenesis, DG sections were incubated overnight with 
rabbit anti-doublecortin (DCx, Cell Signaling Technology, Danvers, MA, 
USA; 1:1000) antibody. After careful washing, sections were incubated 
with the biotinylated secondary antisera (Vector, Burlingame, CA, USA) 
at room temperature. The avidin-biotin reaction was performed using a 
Vectastain Elite ABC peroxidase kit. Immunoreactivity was visualized 
using 0.06% diaminobenzidine and 0.03% H2O2 diluted in PBS. Sections 
were mounted on gelatin/chrome alum-coated slides and photomicro
graphs were captured with the Leica SCN400 Scan Scanner (Leica, 
Solms, Germany). 

To study glial responses, sections were incubated overnight at 4 ◦C 
with anti-glial fibrillary acidic protein (GFAP; Millipore, Madrid, Spain; 
1:1000) and anti-ionized calcium-binding adaptor molecule 1 (Iba1, 
Wako, Osaka, Japan; 1:1000) antibodies, following by 30-min incuba
tion with the Alexa-Fluor-555 and Alexa-Fluor-488 corresponding sec
ondary antibodies (Invitrogen, Waltham, MA, USA; 1:500). 
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Photomicrographs were captured with a digital camera coupled to an 
optical microscope (DM5500B, Leica, Solms, Germany) using the LAS X 
Core software (Leica Microsystems, Wetzlar, Germany; offline version). 

2.4. Image analysis 

Analysis was performed using ImageJ/Fiji software (NIH, Bethesda, 
MD, USA, Version 1.50 f) on three photographs of each area from every 
subject. For DCx analysis, 490 × 277 µm standardized areas were used. 
Cell shape definition was improved by using the “Band Pass Filter” op
tion before turning the image to 8-bit grayscale and using a “sharp” 
mask. DCx+ cells were counted in the subgranular zone (SGZ) of the DG, 
which was manually outlined. The outlined length was determined 
(mm) and cell density was calculated by dividing the number of DCx+
cells by the SGZ length (DCx+ cells/mm). 

In the case of Iba1 and GFAP analysis, 640 × 480 µm standardized 
areas were used. After converting the images to 8-bit grayscale, the 
contrast was automatically enhanced, and images were despeckled and 
sharpened to better fit the cellular shape. Thresholds were adjusted 
using an automatic iterative method provided by ImageJ software to 
generate images with a maximum of Iba1+ or GFAP+ cells and a min
imum of background artifacts. Total GFAP+ or Iba1 + marked area and 
cell count were then analyzed. In addition, morphology of individual 
Iba1+ cells was tested using the “Analyze Particle” function to measure 
cell area, perimeter, and circularity, as previously described (Fernán
dez-Calle et al., 2017). 

2.5. Cell nuclei isolation and flow cytometry 

Cell nuclei isolation from hippocampus was carried out following 
previously established protocols with minor modifications 
(López-Sánchez et al., 2017; López-Sánchez and Frade, 2013). Briefly, 
each mouse hippocampus was disaggregated in a Dounce homogenizer 
in 3.0 ml ice-cold, PBS 0.1% Triton (PBT) containing protease inhibitor 
cocktail (Roche, Basilea, Switzerland). Undissociated tissue was dis
carded by centrifugation at 200 g for 1.5 min at 4 ºC. Supernatants were 
collected in 40 ml of PBT. Pellets were washed with PBT and centrifuged 
at 100 g for 2 min at 4 ºC. 

Supernatants were added to the previous ones and centrifuged at 
400 g for 4 min at 4 ºC. Precipitated nuclei were incubated in 250 μl cold 
PBT for at least 20 min at 4 ºC. Anti-NeuN (Abcam (ab134014), Cam
bridge, United Kingdom; 1:62), anti-cleaved Caspase-3 (Cell Signaling 
Technology (Asp175,5A1), Danvers, MA, USA; 1:192), donkey anti- 
chicken IgY Alexa Fluor 488 (Jackson Immuno Research Labs 
(703− 545− 155), Baltimore, PA, USA; 1:417) and goat anti-Rabbit IgG 
(H+L), DyLight 405 (Invitrogen (33550), Waltham, MA, USA; 1:357) 
antibodies, 1/17 fetal calf serum (Thermo Fisher Scientific Inc., Wal
tham, MA, USA) and 1.2 mg/ml BSA (Sigma Aldrich, San Luis, MO, USA) 
were added simultaneously to the nuclei. Fluorescence minus one con
trols were prepared discarding one of the primary antibodies. The re
action was incubated O/N at 4 ºC in the dark. Immunostained nuclei 
were filtered through a 40-μm nylon filter (ClearLine, Cultek, Madrid, 
Spain) and volume was adjusted to 350 μl (controls)− 600 μl (samples) 
with PBT. Samples were analyzed in an Attune™ NxT Acoustic Focusing 
Cytometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) in the 
flow cytometry Unit of “Instituto de Medicina Molecular Aplicada” 
(IMMA, Universidad San Pablo CEU). The flow cytometer was equipped 
with a violet (405-nm), a blue (488-nm) and a red laser (638-nm). The 
emission filters used were BP 530/30 (BL1) for Alexa 488 and BP 440/50 
for DyLight 405 (VL1). Samples were analyzed at a flow rate of 100 μl/ 
min. 

Data were analyzed and compensated with the Attune™ TxT soft
ware (Thermo Fisher Scientific Inc., Waltham, MA, USA) and displayed 
using logarithmic scaling. Singlet cells were identified in the diagonal of 
a dot plot of forward scatter (FSC) pulse height vs. FSC pulse area. To 
normalize data between experiments, % NeuN+ , % activated Caspase 

3+ or % NeuN+ /activated caspase 3+ from singlets of each individual 
were referred to values of the male controls (vehicle+saline) of each 
experiment. Each experiment was repeated at least 4 times. 

2.6. Cytokine quantification 

Circulating concentrations of cytokines were determined in 10 μl 
plasma samples extracted 1 h after the injection of ethanol or saline. 

Fig. 1. Effects of MY10 on ethanol-induced decrease of neural progenitor cells 
in the adolescent hippocampus. Photomicrographs are from doublecortin 
(DCX)-immunostained hippocampal sections of vehicle+saline (Veh+Sal)-, 
vehicle+ethanol (Veh+EtOH)-, MY10 +saline (MY10 +Sal)- and 
MY10 +ethanol (MY10 +EtOH)-treated animals (n = 5/group). Dashed lines 
indicate the outline of the granule cell layer of the hippocampal dentate gyrus. 
The graph represents quantification of data obtained from the counts of 
DCX+ cells/mm in dentate gyrus sections. ## P < 0.01; ### P < 0.001 vs. 
vehicle+saline within same sex. §§ P < 0.01; §§§ P < 0.001 vs. vehicle+ethanol 
within same sex. Scale bar = 200 µm. 
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Fig. 2. Effects of MY10 and ethanol on neuronal apoptosis in the adolescent hippocampus. (a-d) Representative electronic gating procedure for nuclear samples of 
hippocampus analyzed by flow cytometry. (a) Cell nuclei population was gated on forward scattering area (FSC-A), a measure of the event size, and size scattering 
area (SSC-A) that represents event granularity or complexity. (b) Singlets were selected from the nuclei population by screening of the diagonal of forward scatter 
area (FSC-A) vs forward scatter height (FSC-H) plot. (c) Overlay histogram showing specific activated caspase 3 + staining detected with the VL1 filter in the singlets 
population. (d) Overlay histogram showing specific NeuN+ staining detected with the BL1 filter in the singlets population. (e) Double staining of singlets with VL1-A 
and BL1-A to find the double positive population for NeuN+ and active caspase-3. Abbreviations: C CASP3: activated/cleaved caspase 3. (f) NeuN+ population. (g) 
Activated caspase 3 + population. (h) NeuN+ and activated caspase 3 + population in the following groups: vehicle+saline (Veh+Sal)-, vehicle+ethanol 
(Veh+EtOH)-, MY10 +saline (MY10 +Sal)- and MY10 +ethanol (MY10 +EtOH)-treated animals (n = 4/group). To normalize data between experiments in figures f- 
h, % NeuN+ , % activated Caspase 3 + or % NeuN+ /activated caspase 3 + from singlets of each individual were referred to values of the male controls (vehi
cle+saline) of each experiment. 
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Levels of tumor necrosis factor-α (TNF-α), interleukin 1β (IL-1β), inter
leukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), inter
leukin 4 (IL-4), and interleukin 10 (IL-10) were measured by multiplex 
luminometry (Beadlyte mouse multiplex cytokine detection system, 
MHSTCMAG-70 K, Merck Millipore, Spain) according to the manufac
turer’s description and protocols previously used by our group 
(Fernández-Calle et al., 2017). 

2.7. Statistics 

Data are presented as mean ± standard error of the mean (S.E.M.). 
Data were analyzed using two-way ANOVA considering sex and treat
ment as variants. Relevant differences were analyzed by post-hoc 

comparisons with Sidak’s post-hoc tests. All statistical analyses were 
performed using Graph-Pad Prism program version 8 (San Diego, CA, 
USA). 

3. Results 

3.1. Inhibition of RPTPβ/ζ with MY10 prevents ethanol-induced loss of 
hippocampal neural progenitors in male and female mice 

To test the possibility that RPTPβ/ζ may be involved in the regula
tion of ethanol-induced loss of neural progenitors in the DG, adolescent 
mice were treated with the RPTPβ/ζ inhibitor MY10 (60 mg/kg) 1 h 
before ethanol administration (6 g/kg). First, we measured BECs 1 h 
after ethanol administration in male and female mice pre-treated with 
MY10 or vehicle (control). Since ANOVA did not reveal significant sex 
differences, data from male and female mice within treatment were 
pooled to analyze possible changes in the BECs induced by MY10. We 
did not observe significant differences between treatments (t = 0.2612, 
df = 14; P = 0.7978) in animals pre-treated with vehicle or MY10 before 
ethanol administration (727 ± 90.3 mg/dl and 757.1 ± 82.8 mg/dl, 
respectively), confirming previous studies showing that MY10 did not 
exert significant effects on BECs in adult mice (Fernández-Calle et al., 
2018b). 

Sections of DG were immunostained with anti-DCX antibody. 
ANOVA revealed a significant effect of the treatment on the number of 
DCX+ cells (F(3,38) = 16.72; P < 0.0001, Fig. 1). Ethanol caused a 
significant reduction in the number of DCX+ cells in the DG of male and 
female mice (Fig. 1). Very interestingly, pre-treatment with MY10 
completely blocked this effect of ethanol in both male and female mice, 
whereas treatment with MY10 alone (MY10 +Sal) did not have any ef
fect on the number of DCX+ cells (Fig. 1). To explore the possibility that 
these effects of MY10 and ethanol are also observed in mature neurons, 
we analyzed the labeling for NeuN and activated caspase-3 in the hip
pocampus using flow cytometry (Fig. 2). ANOVA detected significant 
treatment-induced changes in activated caspase-3 labeling (F(3, 25) =
3.282; P = 0.0374, Fig. 2g) and a trend in the case of NeuN/activated 
Caspase-3 labeling (F(3, 25) = 2.400; P = 0.0917, Fig. 2h). Post-hoc 
analysis only revealed a robust trend of ethanol treatment to increase 
the number of NeuN/activated Caspase-3 cells in the hippocampus of 
female mice (Fig. 2h; P = 0.072). Pre-treatment with MY10 did not seem 
to have any relevant effects (Fig. 2). 

3.2. Effects of inhibition of RPTPβ/ζ with MY10 and ethanol on glial and 
immune responses in male and female mice 

To study the possibility of a correlation between the regulation of 
glial responses and loss of hippocampal neural progenitors, we studied 
astrocytic and microglial responses in immunohistochemistry studies in 
the DG. We did not observe significant effects of the treatment or the sex 
in the analysis of immunoreactive GFAP (GFAPir) in the hippocampus of 
male and female mice (Fig. 3). 

However, we observed significant differences in the study of 
immunoreactive Iba1 (Iba1ir, Fig. 4). Immunostaining of DG sections 
with anti-Iba1 microglial antibody revealed significant differences be
tween male and female mice in the total marked area (F(1,37) = 31.29; 
P < 0.0001, Fig. 4a), number of Iba1 + cells (F(1,35) = 11.42; 
P = 0.002, Fig. 4b) and cell area (F(1,37) = 11.18; P = 0.002, Fig. 4c). 
We also found a significant interaction sex x treatment in Iba1 + cell 
area (F(3,37) = 3.064; P = 0.039; Fig. 4c), and a robust trend of a sig
nificant effect of the sex in the perimeter (F(1,37) = 4.079; P = 0.051, 
Fig. 4d). We did not find significant sex differences in circularity 
(Fig. 4e). Post-hoc comparisons revealed specific differences between 
sexes in groups treated with MY10 or with ethanol. Thus, ethanol- 
treated female mice showed a significant increase of the total marked 
area (Fig. 4a) and cell area (Fig. 4c), whereas female mice treated only 
with MY10 showed a significant increase of the total marked area 

Fig. 3. Effects of MY10 on ethanol-induced astrocytic responses in the 
adolescent hippocampus. Photomicrographs are from GFAP-immunostained 
hippocampus sections of vehicle+saline (Veh+Sal)-, vehicle+ethanol 
(Veh+EtOH)-, MY10 +saline (MY10 +Sal)- and MY10 +ethanol 
(MY10 +EtOH)-treated animals (n = 5–6/group). Dashed lines indicate the 
outline of the granule cell layer of the hippocampal dentate gyrus. The graph 
represents the quantification of data (mean ± S.E.M) obtained from GFAPir 
proportional marked area in dentate gyrus sections. Scale bar = 100 µm. 
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(Fig. 4a) and the number of Iba1 + cells (Fig. 4b) compared to male mice 
with the same treatment. Regarding treatment-related differences, with 
the exception of circularity (F(3,37) = 3.852; P = 0.017, Fig. 4e), we did 
not detect significant effects of the treatment on any of the parameters 
measured that could correlate with the observed MY10 protection 
against ethanol-induced neural progenitors loss (Fig. 1). 

Microglial cells were also studied in other brain regions that express 
RPTPβ/ζ and are important in the control of alcohol responses. Immu
nostaining of PFC sections with anti-Iba1 microglial antibody (Fig. 5) 
revealed significant differences between male and female mice in all 
parameters measured: total marked area (F(1,37) = 14.57; P = 0.0005, 
Fig. 5a), number of Iba1 + cells (F(1,38) = 14.92; P = 0.0004, Fig. 5b), 
cell area (F(1,39) = 20.30; P < 0.0001, Fig. 5c), perimeter (F(1,39) 
= 12.66; P = 0.001, Fig. 5d) and circularity (F(1,39) = 14.15; 
P = 0.0006, Fig. 5e). In a similar manner to hippocampus, female mice 
showed enhanced morphological parameters indicative of a more acti
vated state of microglia. In contrast, significant changes due to treat
ment were only observed in the case of cell area (F(3,39) = 2.958; 
P = 0.0441, Fig. 5c). Post-hoc comparisons revealed specific differences 
between sexes in groups treated with MY10 and ethanol. Female mice 
that received this treatment showed a significant increase of the total 
marked area (Fig. 5a) and cell area (Fig. 5c), and a significant decrease 
of circularity (Fig. 5e) compared to male mice with the same treatment. 
On the other hand, Iba1ir in Basolateral Amygdala (BLA) and Central 
Amygdala (CeA) did not show significant sex-related differences (sup
plementary figure 1). We observed treatment-related differences in 
some of the morphological parameters measured, but Post-hoc com
parisons did not reveal specific differences between treatments 

(supplementary figure 1). 
To test the possibility that RPTPβ/ζ may be involved in the regula

tion of immune responses induced by ethanol, we also measured the 
circulating levels of different cytokines. We did not find significant sex- 
or treatment-related changes in the plasma concentrations of IL-1β, 
MCP-1 and IL-4 (Fig. 6a-c). However, ANOVA detected a significant 
effect of the treatment in the circulating levels of IL-6 (F(3,49) = 9.106; 
P < 0.0001, Fig. 6d) and IL-10 (F(3,46) = 4.750; P = 0.0057, Fig. 6e). 
Ethanol reduced the circulating levels of IL-6 and IL-10 in both sexes, 
although this reduction was only found significant in males. Pre- 
treatment with MY10 did not cause any effect on ethanol-induced 
reduction of the levels of these cytokines (Fig. 6d,e). We also observed 
a significant interaction treatment x sex in the regulation of the levels of 
TNF-α (F(3,50) = 2.871; P = 0.0455, Fig. 6f). Post-hoc comparisons 
revealed a robust trend in the reduction of circulating levels of TNF-α 
caused by the treatment with MY10 alone (MY10 +Sal group) only in 
male mice (P = 0.0547, Fig. 6f). 

4. Discussion 

Hippocampal neurogenesis is a very active process during adoles
cence and is important for learning and memory processes (Snyder, 
2019). Disruption of this process by binge ethanol exposure persists 
throughout adulthood (Broadwater et al., 2014). The long-term conse
quences, beyond the learning and memory deficits and early cognitive 
decline, may include an increased risk of developing neurodegenerative 
diseases as loss of neurogenesis is a hallmark of these disorders (Anacker 
and Hen, 2017; Winner and Winkler, 2015). Given that 90% of alcohol 

Fig. 4. Effects of MY10 on ethanol-induced microglial responses in the adolescent hippocampus. Photomicrographs are from Iba1-immunostained hippocampal 
sections of vehicle+saline (Veh+Sal)-, vehicle+ethanol (Veh+EtOH)-, MY10 +saline (MY10 +Sal)- and MY10 +ethanol (MY10 +EtOH)-treated animals (n = 4–5/ 
group). Graphs represent quantification of data (mean ± S.E.M) obtained from (a) total marked area, (b) the counts of Iba1-positive cells, (c) cell area, (d) soma 
perimeter and (d) circularity index in dentate gyrus sections. Dashed lines indicate the outline of the granule cell layer of the hippocampal dentate gyrus. * P < 0.05; 
* * P < 0.01 vs. male mice with the same treatment. Scale bar = 100 µm. 

M. Galán-Llario et al.                                                                                                                                                                                                                          



Neurotoxicology 94 (2023) 98–107

104

consumed by adolescents is in the form of binge drinking, there is an 
urgent need to identify the molecular mechanisms underlying the loss of 
hippocampal neurogenesis caused by this drug. In the present work, we 
identify a novel mechanism of regulation of ethanol-induced decrease of 
adolescent hippocampal neurogenesis. We demonstrate that inhibition 
of RPTPβ/ζ prevents ethanol-induced loss of neurogenesis. In contrast, 
our data tend to discard relevant effects in mature neurons as ethanol 
did not cause significant changes in the percentage of NeuN+ cells in the 
hippocampus and only tended to increase the number of active caspa
se-3+ mature neurons, particularly in the case of female mice. 

The data suggest a pivotal role of the PTN/RPTPβ/ζ axis in the 
regulation of ethanol-induced neurogenic loss. PTN is a neurotrophic 
factor whose levels of expression are upregulated in the mouse brain 
after an acute ethanol administration (Vicente-Rodriguez et al., 2014). 
PTN binds to different receptors to play different roles in physiological 
and pathological contexts. RPTPβ/ζ is one receptor thought to be key in 
the effects of PTN in the CNS (Herradon et al., 2019). Since PTN is an 
endogenous inhibitor of the phosphatase activity of RPTPβ/ζ (Herradon 
and Ezquerra, 2009; Meng et al., 2000), the present data suggest that 
upregulation of PTN in the brain after ethanol administration may take 
part of compensatory mechanisms to mitigate the neurotoxic effects of 
this drug. 

Immune and glial responses to ethanol have been consistently linked 
to loss of hippocampal neurogenesis (Macht et al., 2020; Vetreno et al., 
2018). In addition, the inflammatory response to ethanol underlies 
long-term behavioral alterations, psychiatric disorders and neuro
degeneration related to excessive ethanol consumption (Coleman and 
Crews, 2018; Meredith et al., 2021; Pascual et al., 2015, 2021). PTN 
modulates LPS-induced microglial activation and neuroinflammation in 

the mouse brain (Fernández-Calle et al., 2020, 2018a, 2017), and inhi
bition of RPTPβ/ζ with MY10 results in potentiation of LPS-induced 
microglial responses, thus mimicking the effects of PTN (Fernández-
Calle et al., 2020, 2017). This suggested that the PTN/RPTPβ/ζ axis 
could modulate the immune response in other contexts in which the 
expression of this neurotrophic factor is upregulated (i.e. after ethanol 
administration). Therefore, we tested the possibility that MY10 could 
modulate the glial and immune responses in adolescent mice treated 
with an acute dose of ethanol. In our studies, PFC and hippocampi of 
female mice showed enhanced morphological parameters of Iba1+ cells, 
compatible with a more activated state of microglia, independently of 
the treatment received. Sex differences in microglial state are known in 
the healthy brain and in conditions such as stress or neurodegeneration 
(Bilbo et al., 2012; Bollinger, 2021; Posillico, 2021) and are more 
evident in areas like PFC (Bollinger, 2021), where female rats show 
microglia with broadened morphology compatible with a surveillant 
phenotype. In this brain area, we found that these sex differences are 
more pronounced in animals treated with MY10 and ethanol. 

In the hippocampus, we found only in female mice that ethanol 
increased the Iba1+ cell area and the total marked area, whereas 
treatment with MY10 alone increased the total marked area and the 
number of Iba1+ cells, again only in female mice. Together, these data 
are compatible with the idea of a sex-dependent ethanol-induced 
microgliosis in this brain area and suggest the possibility of a different 
RPTPβ/ζ functionality in male and female mice, which may be relevant 
to the modulation of microglial morphology. In addition, the data tend 
to discard that the protective effects of MY10 against ethanol-induced 
loss of hippocampal neurogenesis is related to modulation of glial re
sponses in this brain area. All in all, it has to be noted that one limitation 

Fig. 5. Effects of MY10 on ethanol-induced microglial responses in the adolescent PFC. Photomicrographs are from Iba1-immunostained PFC sections of vehi
cle+saline (Veh+Sal)-, vehicle+ethanol (Veh+EtOH)-, MY10 +saline (MY10 +Sal)- and MY10 +ethanol (MY10 +EtOH)-treated animals (n = 4–5/group). Graphs 
represent quantification of data (mean ± S.E.M) obtained from total marked area (a), the counts of Iba1-positive cells (b), cell area (c), soma perimeter (d) and 
circularity index (e). * P < 0.05 vs. male mice with the same treatment. Scale bar = 100 µm. 
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of this study is that the effects of ethanol in the brain were only analyzed 
at one time point. We cannot exclude the possibility that previous 
changes in glial responses impact the loss of hippocampal neurogenesis 
observed eighteen hours after ethanol administration. 

Treatment with MY10 did not show modulatory effects on ethanol- 
induced changes in none of the circulating cytokines tested. However, 
surprisingly, treatment with MY10 alone reduced circulating levels of 
TNF-α only in male mice, suggesting sex differences in the contribution 
of RPTPβ/ζ to the regulation of basal immune states. Overall, these re
sults point to the existence of sex differences in the phosphatase activity 
of RPTPβ/ζ that are relevant to ethanol-induced neuroimmune re
sponses and may be important in other physiological and pathological 
conditions. Additional studies are needed to confirm this possibility. 

The exact molecular mechanisms involved in the prevention of 
ethanol-induced reduction of hippocampal neurogenesis by the inhibi
tion of RPTPβ/ζ remain to be studied. However, it is interesting to note 
that known substrates of this receptor play relevant roles in preventing 
impairments of neurogenesis in other contexts. TrkA is one substrate 
whose phosphorylation levels in Tyr residues, critical for the activation 
of its kinase activity, are increased after inhibition of RPTPβ/ζ with PTN 
or MY10 (Fernández-Calle et al., 2018b). Importantly, activation of the 
TrkA signaling pathway plays a critical role in reducing 
radiotherapy-induced impairments in neurogenesis (Ji et al., 2020). 
Similarly, the function of ALK, another substrate of RPTPβ/ζ, is impor
tant for the preservation of hippocampal neurogenesis (Weiss et al., 
2012). Again, inhibition of RPTPβ/ζ with MY10 results in increased 
phosphorylation of key Tyr residues in ALK for the activation of its ki
nase activity (Fernández-Calle et al., 2018b). Thus, it is tempting to 
speculate that MY10 may prevent ethanol-induced decrease of hippo
campal neurogenesis by its ability to activate TrkA and ALK through 
inhibition of RPTPβ/ζ. 

5. Conclusions 

In summary, we have identified a novel mechanism that regulates 
the loss of hippocampal neurogenesis induced by ethanol in the brain of 
adolescent male and female mice. Pharmacological inhibition of the 
phosphatase activity of RPTPβ/ζ fully prevents this critical detrimental 
effect of ethanol in the adolescent brain. In addition, our studies suggest 
that RPTPβ/ζ function may be important for immune responses and for 
ethanol-induced glial responses in a sex-dependent manner. 
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