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Abstract
The antiepileptic and mood stabilizer agent valproic acid (VPA) has been shown to exert anti-tumour effects and to cause
neuronal damage in the developing brain through mechanisms not completely understood. In the present study we show that
prolonged exposure of SH-SY5Y and LAN-1 human neuroblastoma cells to clinically relevant concentrations of VPA caused
a marked induction of the protein and transcript levels of the common neurotrophin receptor p75NTR and its co-receptor
sortilin, two promoters of apoptotic cell death in response to proneurotrophins. VPA induction of p75NTR and sortilin was
associated with an increase in plasma membrane expression of the receptor proteins and was mimicked by cell treatment with
several histone deacetylase (HDAC) inhibitors. VPA and HDAC1 knockdown decreased the level of EZH2, a core component
of the polycomb repressive complex 2, and upregulated the transcription factor CASZ1, a positive regulator of p75NTR.
CASZ1 knockdown attenuated VPA-induced p75NTR overexpression. Cell treatment with VPA favoured proNGF-induced
p75NTR/sortilin interaction and the exposure to proNGF enhanced JNK activation and apoptotic cell death elicited by VPA.
Depletion of p75NTR or addition of the sortilin agonist neurotensin to block proNGF/sortilin interaction reduced the apoptotic response to VPA and proNGF. Exposure of mouse cerebellar granule cells to VPA upregulated p75NTR and sortilin
and induced apoptosis which was enhanced by proNGF. These results indicate that VPA upregulates p75NTR apoptotic cell
signalling through an epigenetic mechanism involving HDAC inhibition and suggest that this effect may contribute to the
anti-neuroblastoma and neurotoxic effects of VPA.
Keywords Histone deacetylase inhibitors · p75NTR · Sortilin · Human neuroblastoma cells · Mouse cerebellar granule
cells · Apoptosis

Introduction
Valproic acid (VPA) is a short-chain branched fatty acid
widely used for its anticonvulsant, mood-stabilizing and
analgesic properties [1, 2], More recently, clinical trials have
shown that VPA displays anti-cancer activity in different
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types of tumours [3, 4]. The anticonvulsant and mood stabilizing effects have been classically attributed to VPA
blockade of sodium and calcium channels, potentiation of
inhibitory neurotransmission and modulation of intracellular
kinase signalling [5, 6]. On the other hand, the anti-cancer
activity of VPA has been mostly related to its ability to act
as an inhibitor of histone deacetylases (HDACs), particularly
those belonging to class I and II, thereby inducing histone
hyperacetylation and removing HDAC-dependent transcriptional repression [7–9].
Exposure to VPA has been reported to exert either neuroprotective or neurotoxic effects. In a number of preclinical
studies VPA was capable to protect the brain from multiple
insults, such as β-amyloid toxicity, oxidative stress, stroke
and traumatic brain injury, suggesting its potential for the
treatment of different neurodegenerative diseases [6, 10, 11].
Conversely, there is also strong evidence that VPA can
adversely affect neural growth and survival, and induce
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neurodegeneration, rather than neuroprotection, under both
in vitro and in vivo experimental conditions. Thus, VPA was
found to reduce hippocampal neurogenesis and to induce
cognition deficits in rats [12]. Therapeutic concentrations of
VPA were reported to cause cell death in a variety of neural
cells, including neuronally differentiated PC12 cells, primary
rat cortical neurons [13], cerebellar granule cells [14], progenitors of embryonic stem cell-derived glutamatergic neurons
[15], and microglial cells [16]. In humans, prenatal exposure
to VPA has been associated with neurodevelopmental defects
and increased risk of autism spectrum disorder and childhood autism in the offspring [17, 18] Furthermore, a number
of studies have demonstrated that VPA inhibits the growth
and induces cell death of human neuroblastoma cells [19–22].
However, other studies have shown that the exposure to VPA
promotes the proliferation and survival of neuroblastoma cells
[23, 24].
While much is known on the molecular mechanisms mediating the neuroprotective actions of VPA [6, 10, 11], the cellular events involved in VPA-induced anti-tumour responses
and neurodegeneration are not completely understood.
The common neurotrophin receptor p75NTR, a member
of the tumour necrosis factor receptor superfamily, is a key
regulator of neuronal cell fate in the developing and adult
brain [25, 26]. In cells expressing the neurotrophin Trk tyrosine kinase receptors, which include the TrkA receptor of NGF,
the TrkB receptor of BDNF and NT4, and the TrkC receptor for NT3, p75NTR can act as a co-receptor for each Trk
and potentiates Trk signalling by enhancing the affinity and
specificity for the cognate neurotrophin [27, 28]. In this mode
of action, p75NTR supports the pro-survival activity of each
neurotrophin. On the other hand, it has been observed that
in cells lacking Trk or overexpressing p75NTR over Trk the
activation of p75NTR can induce cell death through apoptosis
[29, 30]. In this context, p75NTR forms a receptor complex
with sortilin, a member of the Vps 10p-domain receptor family
originally identified as the neurotensin receptor NTR3 [31]. It
has been demonstrated that the p75NTR/sortilin receptor complex mediates the pro-apoptotic effects of the proneurotrophins
proNGF and proBDNF [32, 33].
In the present study, we show that in human neuroblastoma cell lines and mouse primary neurons prolonged
exposure to VPA upregulates the expression of a functional
p75NTR/sortilin receptor complex and promotes proNGFinduced cell death through apoptosis.

Materials and methods
Materials
Cleavage-resistant mutated form of proNGF (K103A and
R104A) was obtained from Alomone Labs (Jerusalem,
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Israel). Entinostat was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). MC1568 was from SelleckChem (Houston, TX, USA). Romidepsin, PCI-34051,
tubacin, 3-deazaneplanocin A hydrochloride (DZNep), and
tazemetostat (TZM) were from MedChem Express Europe
(Sollentuna, Sweden). VPA, trichostatin A (TSA), sodium
butyrate, neurotensin, and 4’,6-diamidino-2phenylindole
dihydrochloride (DAPI) were from Sigma-Aldrich (St.
Louis, MO, USA).

Cell culture
Human neuroblastoma cell lines SH-SY5Y and LAN-1 were
obtained from the European Cell Culture Collection (Salisbury, UK) and grown in Ham’s F12/MEM medium (1:1)
supplemented with 2 mM L-glutamine, 1% non-essential
amino acids, 10% fetal calf serum (FCS) and 100 U/ml penicillin-100 µg/ml streptomycin (Sigma-Aldrich). Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO2
in air.

Primary cultures of mouse cerebellar granule cells
CD-1 mice were obtained from Envigo RMS S.r.l. (S. Pietro
al Natisone, Udine, Italy). Primary cultures of cerebellar
granule cells were prepared from 7-day old mice of mixed
sexes, using trypsin digestion (0.25% w/v), as previously
described [34]. Dissociated cells were mixed with horse
serum (final concentration 20%) (Euroclone, Milan, Italy)
and collected by centrifugation. Cells were resuspended in
Neurobasal-A medium containing N-2 supplement (GibcoThermo Fisher Scientific, Waltham, MA, USA), 0.5 mM
L-glutamine, 50 µM β-mercaptoethanol and penicillin/streptomycin. Cells were plated on either 6-well plates or glass
coverslips (Electron Microscopy Sciences, Fort Washington, PA, USA) pre-coated with 0.01% poly-L-lysine (SigmaAldrich) at the density of ~ 1 × 106 and 1.0 × 104 cells/well,
respectively. After 5–6 h, the medium was replaced with
fresh medium supplemented with 25 mM KCl. Cultures
were used 5–7 days after plating and contained ~ 90% neurons as assessed by immunofluorescence staining with antineurofilament 160/200 (NF160/200) and anti-glial fibrillary
acidic protein antibodies (Sigma-Aldrich). Experiments
were performed according to the recommendations of the
European Commission (EU Directive 2010/63/EU for animal experimentation) and were approved by the Institutional
Ethical Committee.

Cell treatment
Unless otherwise specified, neuroblastoma cells were
washed with phosphate buffered saline (PBS) and incubated
in medium containing 1% FCS, whereas cerebellar granule
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cells were washed and kept in Neurobasal-A medium without N-2 and the other supplements. Cells were treated with
the test agents as indicated in the text, and maintained at
37 °C in a humidified atmosphere of 5% C
 O2 in air. Control
samples received an equal amount of vehicle. To prepare
cell lysates, cells were washed and scraped into ice-cold
lysis buffer containing PBS, 0.1% sodium dodecyl sulphate
(SDS), 1% Nonidet P-40, 0.5% sodium deoxycholate, 2 mM
EDTA, 2 mM EGTA, 4 mM sodium pyrophosphate, 2 mM
sodium orthovanadate, 10 mM sodium fluoride, 20 nM okadaic acid, 1 mM phenylmethylsulphonyl fluoride (PMSF),
0.5% phosphatase inhibitor cocktail 3 and 1% protease inhibitor cocktail (Sigma-Aldrich) (RIPA buffer). The samples
were sonicated for 5 s in ice-bath and aliquots of cell extracts
were taken for protein determination by the Bio-Rad protein
assay (Bio-Rad Lab, Hercules, CA, USA).

Transfection of small interfering RNA (siRNA)
SH-SY5Y cells were transfected with either 50 pmol/ml of
either control siRNA-A (sc-37,007), human HDAC1 siRNA
(sc-29,343), human CASZ1 siRNA (sc-78,956) or human
p75NTR siRNA (sc-36,051) (Santa Cruz Biotechnology)
duplexes using Lipofectamine RNAiMAX (InvitrogenThermo Fisher Scientific) as transfection reagent. Control
siRNA consisted of a non-targeting sequence. Cells grown
in 6-well plates were incubated in antibiotic-free medium for
24 h. The medium was renewed and the cells were incubated
with siRNA duplexes for 4–5 h at 37 °C. Thereafter, the
medium was replaced by the growth medium and the cells
were analysed 48 h post-transfection. To determine transfection efficiency, parallel samples were transfected with
fluorescein-conjugated control siRNA-A (sc-36,869, Santa
Cruz Biotechnology). An efficiency of 55–65% was obtained
in nine separate experiments.
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Green PCR Master Mix (Applied Biosystems-Thermo
Fisher Scientific). The PCRs were carried out on a RealTime PCR System (StepOne, Applied Biosystems-Thermo
Fisher Scientific) under the following conditions: an initial holding stage at 95 °C for 10 min was followed by 45
cycles: denaturation at 95 °C for 15 s, primer annealing
and extension at 60 °C for 1 min and a dissociation curve
to the end of a real time run (melt curve 95 °C for 15 s,
60 °C for 1 min and 95 °C for 15 s). PCR primers used
were: human p75NTR forward CCTCATC CCTGTC TA
TTGCTCC, reverse GTTGGCTCCTTGCTTGTTCTGC;
human sortilin forward CTGGGTTTGGCACAATCTTT,
reverse CACCTTCCTCCTTGGTCAAA; human β-actin
forward AGCCTCGCCTTTGCCGATCCG, reverse CAT
GCCGGAGCCGTTGTCGAC. The comparative Ct values method was used to calculate the relative quantity of
p75NTR and sortilin expression.

Biotinylation of surface proteins
Surface biotinylation of cell proteins was performed as previously described [35]. Briefly, SH-SY5Y and LAN-1 cells
treated with either vehicle or VPA for 24 h were incubated
for 45 min at 4 °C with the cell impermeable biotinylating
agent sulfosuccinimidyl-6-(biotin-amido)hexanoate (sulphoNHS-LC-biotin) (0.50 mg/ml) (Pierce, Rockford, IL, USA).
Thereafter, the cells were washed with PBS containing
20 mM glycine and solubilized by incubation in RIPA buffer
supplemented with 1% Triton X 100. Cell extracts were centrifuged at 10,000 x g for 5 min at 4 °C and the supernatants
incubated overnight at 4 °C with streptavidin-conjugated
agarose beads. Following washing the beads were mixed
with sample buffer and incubated 2 min at 100 °C. The proteins were then analysed by Western blot.

RNA extraction and quantitative polymerase chain
reaction (qPCR)

Immunoprecipitation

SH-SY5Y and LAN-1 cells were incubated in a medium
containing 1% FCS and treated for 24 h with either vehicle
or VPA (1 mM). Thereafter, the cells were washed and
total RNA was isolated by using TRIzol reagent (Invitrogen-Thermo Fisher Scientific) with the PureLink RNA
mini kit (Ambion-Thermo Fisher Scientific). After RNA
isolation, a Turbo DNase (Ambion-Thermo Fisher Scientific) digestion was performed. The purity and quantity of
the RNA isolated were determined by UV absorbance at
260 and 280 nm. First-strand cDNA synthesis was performed using 2 µg of total RNA using SuperScript VILO
cDNA synthesis kit (Invitrogen-Thermo Fisher Scientific). Two-hundred ng of cDNA for reaction was used
for quantitative real time PCR amplification with SYBR

SH-SY5Y cells incubated for 24 h with either vehicle or
VPA were treated with either vehicle or proNGF for 2 h. The
cells were lysed with ice-cold RIPA buffer supplemented
with 1% Triton X 100. Following centrifugation at 10,000
x g for 10 min at 4 °C, the supernatant (~ 500 µg of protein)
was incubated overnight at 4 °C with either anti-p75NTR
rabbit antibody (1:75) (Cell Signaling Technology, Danvers,
MA, USA) or preimmune rabbit IgG (Santa Cruz Biotechnology). Thereafter, 50 µl of Pure Proteome Protein G magnetic beads (Millipore, Burlington, MA, USA) were added
and samples incubated at 4 °C for 3 h with continuous rotation at 4 °C. The beads were washed 5 times with ice-cold
PBS/0.1% Tween 20 buffer. After the last wash the pellet
was resuspended in 2 x sample buffer and boiled for 5 min.
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Western blot analysis
Cell proteins were separated by SDS-polyacrylamide gel and
electrophoretically transferred to polyvinylidene difluoride
membranes (Millipore). Membranes were blocked, washed
and incubated overnight at 4 °C with one of the following
primary antibodies: p75NTR (cat. no. 8238) (1:1000), phospho-SAPK/JNK (Thr183/Tyr185) (cat. no. 9912) (1:1000),
phospho-c-Jun (Ser73) (cat. no. 3270) (1:1000), c-Jun (cat.
no. 9165) (1:1000), cleaved caspase 9 (Asp330) (cat. no.
7237) (1: 1000), caspase 9 (cat no. 9508) (1: 2000), cleaved
caspase 3 (Asp175) (cat. no. 9664) (1:1000), caspase 3 (cat
no. 9665) (1:1000), cleaved-poly(ADP-ribose) polymerase
(PARP) (Asp214) (cat. no. 5625) (1:1000), PARP (cat. no.
9542) (1:1000), enhancer of zeste homolog 2 (EZH2) (cat.
no. 5246) (1:1000), pan-cadherin (cat no. 4073) (1:2000)
Cell Signaling Technology; sortilin (sc-376,561) (1:2000),
CASZ1 (sc-398,303) (1:1000), HDAC1 (cat. no sc-81,598)
(1:2000), JNK (sc-571) (1:2000) Santa Cruz Biotechnology;
actin (cat no. A2066) (1:3000) and actin (cat. no. A5441)
(1:20,000) Sigma-Aldrich. Thereafter, the membranes
were washed and incubated with an appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology). Immunoreactive bands were detected by
using Clarity Western ECL substrate (Bio-Rad Laboratory,
Hercules, CA, USA) and ECL Hyperfilm (Amersham, Piscataway, NJ, USA). The size of immunoreactive bands was
determined by using molecular weight standards detected
with an ECL suitable antibody (1:1000) (sc-2035, Santa
Cruz Biotechnology). Band densities were determined
using Image Scanner III (GE Healthcare, Milan, Italy) and
NIH ImageJ software (US National Institutes of Health,
Bethesda, MA, USA). The optical density of the phosphorylated protein bands was normalised to the density of the
corresponding total protein in the same sample. For analysis
of caspases and PARP, the formation of the cleaved protein
was normalised to the level of the corresponding procaspase or uncleaved PARP measured in the same sample. For
the remaining proteins, the densitometric values were normalised to the levels of either actin or subcellular fraction
marker, as indicated.

Cell viability and immunofluorescence analysis
For analysis of cell viability, cells grown onto poly-Llysine-coated coverslips were exposed to the test agents
as indicated in the text, incubated with 1 µg/ml propidium
iodide (PI) (Sigma-Aldrich) for 1 h, washed and fixed
in 4% paraformaldehyde. For analysis of phospho-c-Jun
and cleaved-caspase 3 immunoreactivities, cells were
fixed and permeabilised with 0.2% Triton X-100. Following blockade with 3% BSA and 1% normal goat serum,
cells were incubated overnight at 4 °C with either rabbit
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anti-phospho-c-Jun (Ser73) (cat. no. 3270) (1:200) or rabbit anti-cleaved caspase-3 antibody (cat. no. 9661) (1:200)
(Cell Signaling Technology). Mouse cerebellar granule
cells were also stained with anti-neurofilament 160/200
(1:500). For analysis of p75NTR, non-permeabilised cells
were blocked and incubated overnight with a rabbit antibody directed against an extracellular domain of p75NTR
(cat. no. 8238, Cell Signaling Technology) (1:50). Control samples were incubated in the presence of rabbit preimmune IgG. Cells were then incubated with an appropriate Alexa-Fluor488- or Alexa-Fluor594-conjugated
secondary antibody (Invitrogen-Molecular Probes) and
cell nuclei were stained with 0.1 µg/ml DAPI. Cells were
analysed with an Olympus BX61 microscope equipped
with a F-View II CCD-camera by using either a 40X or
a 60X objective lens. Digital images were acquired using
constant camera settings within each experiment and were
analysed using the program Cell P (Olympus Soft Imaging
Solutions, Homburg, Germany). At least 15 fields were
randomly selected for each sample and only cells showing
an unobstructed nucleus or soma were considered.
For quantitation of cell viability, PI positive cell nuclei
were counted and the values expressed as percent of total
nuclei. For quantitation of p75NTR, phospho-c-Jun and
cleaved caspase 3 expression, the average pixel intensity was
measured within the region of the cell soma or the nucleus
and in an adjacent area, which was used as background
value. Cells were deemed to be positive if the average pixel
intensity was equal or above a threshold value corresponding
to one standard deviation above the average pixel intensity
of the respective control samples. No labelling was detected
in samples treated with pre-immune IgG. For each experiment, four separate preparations of cells were analysed by
an investigator unaware of the treatment.

Statistical analysis
Results are reported as the mean ± SD of n independent
experiments. Statistical analysis was performed by using the
program Graph Pad Prism (San Diego, CA, USA). Unless
otherwise indicated, data are expressed as percentage or fold
stimulation of control, which was included in each independent experiment. The control group was set as 100 or 1
with a variance obtained by expressing each control value
as a percentage of the mean of the raw values of the control
group. In the experiments where control values were equal
to zero, values of experimental groups were expressed as a
percentage of the maximal effect set as 100. The variance
of this value was determined in the same manner as for the
control group. Statistical analysis was performed by using
the nonparametric Mann-Whitney U-test. Statistical significance was set at p < 0.05.
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Results
VPA upregulates p75NTR and sortilin expression
in human neuroblastoma cells
Western blot analysis showed that prolonged exposure (24 h)
of either SH-SY5Y or LAN-1 cells to VPA (1 mM) induced
a marked increase in the expression of p75NTR immunoreactivity, which comprised a major band of 75 kDa and a
faster migrating band likely corresponding to a lower glycosylation state of the receptor [36] (Fig. 1a and d). The
upregulation of p75NTR induced by VPA was associated
with an increase in the protein levels of the co-receptor sortilin (Fig. 1b and e). Moreover, real-time qRT-PCR analysis
indicated that VPA (1 mM) significantly enhanced the steady
state levels of p75NTR and sortilin mRNAs in both SHSY5Y and LAN-1 cells (Fig. 1c and f).

Fig. 1  VPA upregulates p75NTR and sortilin expression in human
neuroblastoma cells. SH-SY5Y and LAN-1 cells were treated for 24 h
with either vehicle or 1 mM VPA and the expression of p75NTR (a
and d) and sortilin (b and e) was analysed by Western blot and normalised to actin. Values are the mean ± SD of five (a and d) and four
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VPA increases the cell surface expression of p75NTR
and sortilin
To examine whether the enhanced expression of p75NTR
and sortilin elicited by VPA was accompanied by an increase
in the plasma membrane levels of the two receptor proteins
we performed cell surface protein biotinylation experiments
and immunofluorescence analysis. As shown in Fig. 2a,
treatment of plasma membrane proteins with the cell impermeable biotinylating agent sulpho-NHS-LC-biotin followed
by precipitation with streptavidin-conjugated agarose beads
revealed that exposure to VPA (1 mM) for 24 h significantly
increased the cell surface levels of either p75NTR or sortilin in both SH-SY5Y and LAN-1 cells. Similarly, immunofluorescence analysis in non-permeabilised cells using a
primary antibody directed against an extracellular epitope
of p75NTR to preferentially label the receptor population
present at the cell membrane showed that VPA (1 mM)
increased the percent of cells displaying a positive immunoreactivity from the control value of 8.53 ± 3.4 to 45.6 ± 9.2%
(p < 0.05) and from 18.3 ± 5.6 to 58.5 ± 11.6 (p < 0.05) in
SH-SY5Y and LAN-1 cells, respectively (Fig. 2b).

(b and e) independent experiments. c and f quantitative real-time RTPCR analysis of p75NTR and sortilin mRNA levels in SH-SY5Y and
LAN-1 cells, treated for 24 h with either vehicle or 1 mM VPA. Values are the mean ± SD of four independent determinations. *p < 0.05,
**p < 0.01 vs. control (vehicle-treated cells)

13

702

Fig. 2  VPA enhances the plasma membrane expression of p75NTR
and sortilin. a SH-SH5Y and LAN-1 cells were treated with either
vehicle or VPA (1 mM) for 24 h and then exposed to the cell impermeant biotinylating agent sulpho-NHS-LC-biotin. The isolated surface proteins were analysed for p75NTR and sortilin by Western blot.
The levels of p75NTR and sortilin in the cell surface protein preparation were normalised to the corresponding levels of pan-cadherin, a
plasma membrane marker. Densitometric values are expressed as fold
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increase with respect to vehicle and are the mean ± SD of four independent experiments. b The expression of p75NTR was analysed by
immunofluorescence (green color) in non-permeabilised SH-SY5Y
and LAN-1 cells with an antibody directed against an extracellular domain of the receptor. Nuclei were stained in blue with DAPI.
Values are the mean ± SD of four separate experiments. Bar = 25 µm.
*p < 0.05 vs. control (vehicle) (Color figure online)
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Time‑ and concentration‑dependent induction
of p75NTR and sortilin by VPA
Time-course experiments indicated that in SH-SY5Y cells
p75NTR levels were significantly elevated (approximately
2-fold of basal value; p < 0.05) following 1 h treatment with
VPA (1 mM), and then continued to increase reaching a
maximum at 9–24 h (Fig. 3a). Similarly, in LAN-1 cells a
significant increase of p75NTR was detected at 1 h of drug
exposure and a maximal response, which lasted for at least
24 h, was reached at 6 h (Fig. 3b).
Analysis of concentration response curves, performed by
incubating the cells for 24 h with VPA ranging from 0.1
to 3.0 mM, showed that a significant increase of p75NTR
(twofold to threefold of basal value, p < 0.05) was detected
at 0.3 mM VPA in either SH-SY5Y or LAN-1 cells, whereas
the maximal increase was induced by approximately 1

Fig. 3  Time- and concentration-dependent upregulation of p75NTR
and sortilin by VPA. a, b: SH-SY5Y and LAN-1 cells were incubated
in the presence of 1 mM VPA for the indicated periods of time. Zero
time samples were incubated with vehicle and used as control. c-f:
SH-SY5Y (c, e) and LAN-1 (d, f) were incubated for 24 h in the pres-
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and 3 mM VPA, respectively (Fig. 3c and d). Analysis of
SH-SY5Y cell extracts for sortilin expression indicated a
concentration-response curve qualitatively similar to that
observed for p75NTR induction, with a significant enhancement observed following treatment with 0.3 mM VPA
(Fig. 3e). In LAN-1 cells the lowest VPA concentration
required to produce a significant increase of sortilin levels
appeared to be approximately 0.6 mM, whereas the maximal
response was observed at 1 mM VPA (Fig. 3f).

HDAC inhibitors induce p75NTR and sortilin
expression
In addition to VPA, other HDAC inhibitors were able
to induce p75NTR and sortilin expression. In both SHSY5Y and LAN-1 cells prolonged exposure (24 h) to
entinostat (1 µM ), a class I HDAC inhibitor, romidepsin

ence of either vehicle or VPA at the indicated concentrations. Cell
lysates were analysed for p75NTR and sortilin expression by Western blot. Values are the mean ± SD of four independent experiments.
*p < 0.05 vs. control

13

704

Apoptosis (2020) 25:697–714

(30 nM), a selective inhibitor of the class I HDAC1 and 2,
the short-chain fatty acid sodium butyrate (1 mM), which,
like VPA, preferentially inhibits class I and IIa HDAC,
and the broad spectrum HDAC inhibitor trichostatin A
(300 nM) [9], caused a marked induction of p75NTR
expression (Fig. 4a-d). Conversely, the class II HDAC
inhibitor MC1568 (10 µM) [37] was without significant
effects in SH-SY5Y cells and elicited a modest stimulatory response in LAN-1 cells (Fig. 4a and c). The HDAC6
inhibitor tubacin (5 µM) [38] and the HDAC8 inhibitor
PCI-34,051 (5 µM) [39] had no effect in both cell lines
(Fig. 4b and d).
We next examined the effect of the distinct HDAC
inhibitors on sortilin expression. Cell treatment with
entinostat, sodium butyrate, trichostatin A, MC1568 and
romidepsin significantly increased the cellular levels of
sortilin, whereas tubacin and PCI-34,051 were without
effect (Fig. 4e-h).

VPA‑induced p75NTR overexpression
is mimicked by HDAC1 knockdown and involves
opposite changes in the transcriptional regulators
EZH2 and CASZ1

Fig. 4  Effects of HDAC inhibitors on p75NTR and sortilin expression. SH-SY5Y (a, b, e and f ) and LAN-1 (c, d, g and h) cells were
incubated for 24 h with either vehicle, 1 mM VPA, 1 µM entinostat,
1 mM sodium butyrate (NaButyr), 300 nM trichostatin A (TSA),
10 µM MC1568, 30 nM romidepsin, 5 µM tubacin, or 5 µM PCI-

34,051. Cell lysates were analysed for p75NTR and sortilin expression. Values are the mean ± SD of four (a, b, e and f) and six (c, d,
g and h) independent experiments. *p < 0.05, **p < 0.01 vs. control
(vehicle-treated cells)
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The results obtained with the different HDAC inhibitors
indicated that blockade of class I HDACs, rather than class II
HDACs, was likely involved in the upregulation of p75NTR.
We further investigated this possibility by knocking down
HDAC1, a widely expressed member of class I HDACs that
is inhibited by therapeutically relevant concentrations of
VPA [7]. Treatment of SH-SY5Y cells with siRNA duplexes
targeting HDAC1 reduced the protein levels of HDAC1 by
68 ± 26% (p < 0.05) and increased p75NTR expression by
75 ± 20% (p < 0.05), as compared to control siRNA-treated
cells (Fig. 5a).
Previous studies by Wang et al. [40] have shown that
in human neuroblastoma cells romidepsin upregulated
p75NTR mRNA by inducing the depletion of the histone
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methyltransferase EZH2, the catalytic subunit of the polycomb repressive complex 2 (PRC2), with the consequent
derepression of the transcription factor CASZ1, which
positively regulates p75NTR transcription by binding to
the NGFR promoter [41]. We therefore examined whether
a similar epigenetic mechanism was involved in p75NTR
induction by VPA. As shown in Fig. 5b and c, in SH-SY5Y
cells either exposure to VPA (1 mM) or HDAC1 knockdown
significantly decreased EZH2 protein levels and upregulated
CASZ1 expression. Moreover, both 3-deazaneplanocin A
(DZNep) (1 µM), an inhibitor of S-adenosylhomocysteine
hydrolase which causes EZH2 depletion [42], and tazemetostat (TZM) (1 µM), a direct EZH2 inhibitor [43], induced
p75NTR expression (Fig. 5d). To gain additional evidence
for a role of CASZ1 in VPA-induced p75NTR upregulation,
SH-SY5Y cells were treated with CASZ1 siRNA duplexes.
As shown in Fig. 5e, this treatment blocked the VPA-induced

Fig. 5  VPA-induced p75NTR upregulation is mimicked by HDAC1
knockdown and involves CASZ1 derepression. a SH-SY5Y cells
were transfected with either control siRNA or HDAC1 siRNA
duplexes and cell lysates were analysed for HDAC1 and p75NTR
expression 48 h post-transfection. Values are the mean ± SD of four
separate experiments. *p < 0.05 vs. the corresponding sample treated
with control siRNA. b, c Cells treated for 24 h with either vehicle or
1 mM VPA (b) or transfected with either control or HDAC1 siRNAs
(c) were analysed for the levels of EZH2 and CASZ1 by Western blot.
Values are the mean ± SD of four separate experiments. *p < 0.05 vs.
control (vehicle) or the corresponding sample treated with control
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increase of CASZ1 and significantly attenuated the induction
of p75NTR elicited by the drug. Collectively, these results
indicate that EZH2 depletion and the consequent CASZ1
derepression participate in the upregulation of p75NTR
induced by VPA.

Exposure to VPA enhances proNGF‑induced
formation of p75NTR/sortilin complex
and activation of JNK
We next examined the functional outcome of the p75NTR
and sortilin induction by VPA. To this goal, we first investigated whether VPA treatment enhanced the interaction
between p75NTR and sortilin. As this interaction has been
shown to be strengthened by the formation of a trimeric
complex with proneurotrophins [32, 44], SH-SY5Y cells
were preincubated for 24 h with or without 1 mM VPA and

siRNA. d Cells were treated for 72 h with either vehicle, deazaneplanocin (a) (DZNep) (1 µM) or tazemetostat (TZM) (1 µM). The
levels of p75NTR were measured by Western blot and normalised
to actin. Values are the mean ± SD of four independent experiments.
*p < 0.05 vs. vehicle. e Cells were transfected with either control
siRNA or CASZ1 siRNA and 45 h post-transfection treated with
either vehicle or 1 mM VPA for 24 h. Cell lysates were analysed for
the expression of CASZ1 and p75NTR by Western blot. Values are
the mean ± SD of four experiments. *p < 0.05 vs. vehicle in control
siRNA-treated cells; #p < 0.05 vs. VPA in control siRNA-treated cells
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then treated for 2 h with either vehicle or proNGF (1 µg/
ml). To avoid the conversion to NGF, a cleavage-resistant
mutated form of proNGF was used. Following treatment, cell
lysates were subjected to immunoprecipitation with either
an anti-p75NTR or a preimmune antibody and the immunoprecipitates were analysed for the presence of p75NTR
and sortilin by Western blot. Incubation of cell lysates with
preimmune antibody failed to immunoprecipitate either sortilin or p75NTR under each experimental condition (results
not shown), whereas, as expected, the anti-p75NTR antibody immunoprecipitated a greater amount of p75NTR from
lysates of cells preincubated with VPA. In agreement with
previous studies [32], co-immunoprecipitation of sortilin

was only observed following treatment with proNGF, indicating the formation of a heterotrimeric complex including
proNGF, sortilin and p75NTR (Fig. 6a). In cells preexposed
to VPA, the amount of sortilin co-immunoprecipitated with
p75NTR increased markedly, indicating that the upregulation of p75NTR and sortilin induced by the drug was accompanied by an increased formation of the receptor complex in
response to proNGF.
Activation of JNK through the NRAGE adaptor protein is
considered as a main cell death signalling mechanism triggered by p75NTR [45]. As shown in Fig. 6b, treatment of
SH-SY5Y cells with proNGF (5 ng/ml) for either 3 or 6 h
failed to induce a significant increase in the phosphorylation/

Fig. 6  Exposure to VPA promotes proNGF-induced p75NTR/sortilin interaction and JNK activation. a SH-SY5Y cells were incubated
for 24 h with either vehicle or 1 mM VPA and then treated for 2 h
with either vehicle or proNGF (1 µg/ml). Thereafter, cell lysates were
subjected to immunoprecipitation with an anti-p75NTR antibody.
Immunoprecipitates and cell lysates (input) were analysed for sortilin and p75NTR immunoreactivities. The immunoblot is representative of three independent experiments. b SH-SY5Y cells were incubated for 24 h with either vehicle or 1 mM VPA and then exposed to
either vehicle or proNGF (5 ng/ml) for 3 and 6 h. Cell lysates were
analysed for phospho-JNK (pJNK) and JNK levels. Values are the

mean ± SD of four independent experiments. *p < 0.05 vs. control
(vehicle + vehicle); #p < 0.05. c SH-SY5Y cells were incubated for
24 h with either vehicle or 1 mM VPA and then treated for 6 h with
either vehicle or 5 ng/ml proNGF. Cell lysates were analysed for the
expression of phospho-c-Jun (p-c-Jun) and c-Jun. d SH-SY5Y cells
were treated as indicated in C and analysed for phospho-c-Jun expression (green color) by immunofluorescence microscopy. Cell nuclei
were stained in blue with DAPI. Values indicate the percent of phospho-c-Jun positive cells and are the mean ± SD of four independent
experiments. Bar = 50 µm. *p < 0.05 vs. control (vehicle + vehicle);
#
p < 0.05 (Color figure online)
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activation state of JNK. However, a significant stimulation of
JNK phosphorylation by proNGF was observed at both time
points in cells pretreated for 24 h with VPA, which per se
caused a modest stimulatory effect. In line with these results,
in cells pretreated with vehicle proNGF (5 ng/ml) had no
effect on the levels of the transcription factor c-Jun phosphorylated at Ser73, a JNK phosphorylation site [46], but
significantly increased the levels of phosphoSer73-c-Jun in
cells preincubated with VPA (Fig. 6c). Similar results were
obtained by immunofluorescence analysis which showed that
pretreatment with VPA increased the percent of SH-SY5Y
cells positive for phosphoSer73-c-Jun immunoreactivity and
that this response was potentiated by a subsequent exposure
to proNGF (Fig. 6d).

Cell treatment with VPA induces neuroblastoma
cells apoptosis which is potentiated by proNGF
We next examined whether the upregulation of p75NTR and
sortilin by VPA was associated with a change in neuroblastoma cell viability and whether this response was affected
by proNGF. As shown in Fig. 7A staining with propidium
iodide to mark dead cells indicated that VPA treatment for
24 h caused a significant decrease in the viability of SHSY5Y cells. Exposure to proNGF (5 ng/ml) for 24 h had no
effect on cell viability of vehicle-pretreated cells, but significantly enhanced the cell death in VPA-pretreated cells.
Similar results were obtained in LAN-1 cells (Fig. 7B).
In both SH-SY5Y and LAN-1 cells VPA-induced neuroblastoma cell death was associated with an increased
formation of active cleaved caspases 9 and 3 and stimulation of PARP cleavage at a caspase-sensitive site (Fig. 7C).
Exposure to proNGF had no effect on caspase activation
and PARP cleavage in vehicle-pretreated cells but significantly enhanced these apoptotic events in cells preexposed
to VPA. Similar results were obtained when the expression
of cleaved caspase 3 was examined by immunofluorescence.
VPA significantly increased the percent of cleaved caspase 3
positive cells in both neuroblastoma cell lines (Fig. 7D and
E). The subsequent treatment with proNGF augmented the
percent of apoptotic cells in VPA- but not vehicle-pretreated
cultures.
We then investigated whether VPA-induced apoptosis and
its potentiation by proNGF were dependent on the upregulation of the p75NTR/sortilin receptor complex. To assess
the p75NTR-dependence, SH-SY5Y cells were treated with
p75NTR siRNA and then sequentially exposed to VPA and
proNGF. As shown in Fig. 8a, p75NTR siRNA treatment
decreased the basal expression of p75NTR and greatly attenuated the induction by VPA irrespective of subsequent treatment with proNGF. Depletion of p75NTR attenuated VPAinduced JNK phosphorylation and apoptosis, as indicated
by the reduced formation of cleaved PARP, and completely
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prevented the potentiation of these responses elicited by
proNGF (Fig. 8a).
To investigate the involvement of sortilin, cells were pretreated with neurotensin (NT) (5 µM), which has been shown
to antagonize the binding of proNGF to sortilin [30]. As
shown in Fig. 8b, the addition of NT did not affect VPAinduced PARP cleavage but completely prevented the potentiation induced by proNGF.

VPA enhances p75NTR and sortilin expression
and promotes proNGF‑induced apoptosis in mouse
cerebellar granule cells
Prolonged exposure (24 h) of primary cultures of mouse
cerebellar granule cells to VPA (1 mM) induced a significant
increase in the expression of p75NTR and sortilin (Fig. 9a).
Similar effects were obtained by treating the cells with entinostat (1 µM). Treatment of primary cultures with VPA
increased the percent of apoptotic cells, as indicated by the
immunofluorescence analysis of cleaved caspase 3 expression (Fig. 9b). Exposure to proNGF (5 ng/ml) had no effect
on cells pretreated with vehicle, but significantly increased
the percent of apoptotic cells in VPA-pretreated samples.

Discussion
Proneurotrophin-induced activation of the p75NTR receptor
is considered to act as a key regulator of neuronal death in
the developing and aging brain, as well as in different neurodegenerative diseases [25, 30, 47, 48]. The present study
shows that prolonged exposure of human neuroblastoma
cells and mouse cerebellar granule cells to VPA upregulates p75NTR and sortilin expression, triggers apoptosis and
predisposes to proNGF-enhanced cell death, thus disclosing
a novel mechanism whereby VPA adversely affects neuronal
survival.
In both SH-SY5Y and LAN-1 cells VPA-induced upregulation of p75NTR and sortilin was associated with an
enhanced expression of the receptor proteins at the plasma
membrane. This localization is critical for the receptor function. For instance, in PC12 rat pheochromocytoma cells the
magnitude of the responses to NGF has been reported to
depend on the level of p75NTR cell surface expression [49,
50]. Sortilin is predominantly localized in intracellular compartments [51] and increases in its plasma membrane expression, in conjunction with p75NTR, have been found to be
associated with enhanced proneurotrophin-induced neuronal
cell death [52, 53]. Thus, the ability of VPA to enhance the
cell surface levels of both p75NTR and sortilin provides the
condition for the formation of a receptor complex capable of
detecting extracellular stimuli and propagating biologically
relevant intracellular signals.
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Fig. 7  Cell treatment with proNGF potentiates VPA-induced apoptosis. A SH-SY5Y cells grown onto glass coverslips were incubated for
24 h with either vehicle or 1 mM VPA and then exposed for additional 24 h to either vehicle or 5 ng/ml proNGF. Dead cells were
identified by propidium iodide fluorescence (red color), whereas cell
nuclei were stained with DAPI (blue color). Values are the mean ± SD
of four experiments. Bar = 100 µm. B LAN-1 cells were grown,
treated and analysed as indicated in A. C SH-SY5Y and LAN-1 cells
were incubated for 24 h with either vehicle or 1 mM VPA and then
exposed for 24 h to either vehicle or 5 ng/ml proNGF. Cell lysates

were analysed for cleaved caspase (cleav casp) 9, procaspase (procasp) 9, cleaved caspase 3, procaspase 3, cleaved PARP and total
PARP. Values are the mean ± SD of five independent experiments.
D, E SH-SY5Y (D) and LAN-1 (E) cells grown onto glass coverslips
were treated as indicated in C and then processed for cleaved caspase 3 immunofluorescence (green color) analysis. a = vehicle; b =
proNGF; c = VPA; d = VPA + proNGF. Positive cells are expressed
as percent of total cells. Values are the mean ± SD of four independent experiments. Bar = 50 µm. *p < 0.05 vs. vehicle. #p < 0.05 (Color
figure online)

We found that in human neuroblastoma cells the upregulation of p75NTR and sortilin occurred at VPA concentrations ranging from 0.3 to 1.0 mM. These values are higher
than the free plasma concentrations of VPA detected in

patients treated with antiepileptic doses (0.034–0.104 mM)
[54], but are consistent with the free plasma concentrations reached following administration of anti-tumour
doses of the drug, which are much higher than those used
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Fig. 8  Involvement of p75NTR/
sortilin receptor complex in the
apoptosis induced by VPA and
pro-NGF. a SH-SY5Y cells
were transfected with either
control siRNA or p75NTR
siRNA duplexes. Forty-eight
h post-transfection cells were
incubated for 24 h with either
vehicle or 1 mM VPA and then
exposed to either vehicle or
5 ng/ml proNGF for additional
24 h. Cell lysates were analysed
for p75NTR, phospho-JNK
and cleaved PARP expression.
Values are the mean ± SD of
four independent experiments.
*p < 0.05 vs. vehicle in control
siRNA-treated cells. a p < 0.05;
#
p < 0.05 vs. the corresponding
sample in control siRNA-treated
cells. b SH-SY5Y cells were
pretreated for 24 with either
vehicle or 1 mM VPA. Thereafter, the cells were first exposed
to either vehicle or 5 µM neurotensin (NT) for 2 h and then
to vehicle or 5 ng/ml proNGF
for additional 22 h. Cell lysates
were analysed for cleaved and
uncleaved PARP. Densitometric
ratios are expressed as percent
of PARP cleavage induced by
VPA in the absence of NT and
are the mean ± SD of four independent experiments. *p < 0.05
vs. control (vehicle + vehicle).
a
p < 0.05; #p < 0.05 vs. the corresponding sample in vehicletreated cells

in neuropsychiatric diseases [3, 55, 56]. For instance, in a
phase I/II clinical trial evaluating VPA potentiation of epirubicin effects in advanced solid tumours, patients receiving
120 mg/kg/day VPA showed mean total and free plasma concentrations of 1.52 and 0.75 mM, respectively [56]. Thus,
the VPA-induced changes observed in the present study may
have clinical relevance when the drug is used to treat extracranial tumours, such as neuroblastoma. Moreover, within
the same concentration range VPA was previously found to

cause hyperacetylation of H3 histone and downregulation
of TrkB in SH-SY5Y cells [57], indicating that the drug
can induce chromatin remodelling and altered expression of
neurotrophin receptors with similar potencies.
The upregulation of p75NTR and sortilin induced by
VPA was associated with increased levels of the respective
mRNAs, suggesting that these changes result from an action
of the drug on gene transcription. Moreover, the finding that
other HDAC inhibitors were able to induce p75NTR and
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Fig. 9  VPA upregulates p75NTR and sortilin expression and promotes proNGF-induced apoptosis in mouse cerebellar granule cells.
a cells were incubated for 24 h with either vehicle, 1 mM VPA or
1 µM entinostat and cell lysates were analysed for p75NTR and sortilin expression. Values are the mean ± SD of four independent experiments. b cells were incubated for 24 h with either vehicle or 1 mM

VPA and then exposed for additional 24 h to either vehicle or 5 ng/ml
proNGF. Cells were analysed for cleaved caspase 3 (green color) and
neurofilament 160/200 (red color) by immunofluorescence microscopy. Nuclei were stained with DAPI (blue color). Bar = 50 µm.
Values are the mean ± SD of four experiments. *p < 0.05 vs. vehicle.
#
p < 0.05 (Color figure online)

sortilin expression points to the participation of an epigenetic mechanism whereby HDAC blockade positively affects
the activity of NGFR and SORT1 genes encoding p75NTR
and sortilin, respectively (Fig. 10). With regard to NGFR,
the present study provides evidence that one mechanism by
which VPA upregulates p75NTR expression involves the
depletion of the PRC2 core component EZH2 and the consequent derepression of CASZ1, a neuroblastoma tumour
suppressor and a positive regulator of NGFR [40, 41]. As
previously observed with other HDAC inhibitors, which suppress PRC2 likely through proteasome-mediated degradation
[42, 58], treatment of SH-SY5Y cells with VPA induced a
significant decrease in EZH2 expression levels. This effect
was accompanied by an increase of CASZ1 levels, and
blockade of this response by CASZ1 siRNA transfection
prevented VPA-induced p75NTR upregulation. Like VPA,
HDAC1 knockdown enhanced p75NTR, inhibited EZH2
and increased CASZ1 expression. Moreover, cell treatment

with the EZH2 depleting agent DZNep or the EZH2 inhibitor TZM upregulated p75NTR. Interestingly, VPA-induced
downregulation of TrkB was recently found to involve depletion of EZH2 and derepression of RUNX3 [57], a negative
regulator of the NTRK2 gene. Thus, a common epigenetic
mechanism based on inhibition of PRC2 transcriptional
repression appears to mediate the VPA opposite effects on
p75NTR and TrkB expression.
Relatively little is known on the control of SORT1 gene
expression and the precise molecular mechanisms linking
HDAC inhibition and sortilin upregulation remain to be elucidated. Nonetheless, the observation that the HDAC6 inhibitor tubacin and the HDAC8 inhibitor PCI-34,051, which
do not induce histone hyperacetylation [38, 39, 57], had no
effects on either sortilin or p75NTR expression indicates that
both responses are not induced by generic HDAC inhibition
but involve specific HDAC isoforms capable of producing
chromatin remodelling.
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Fig. 10  Schematic diagram illustrating the induction of p75NTR and
sortilin by VPA and the consequent promotion of proNGF-induced
neuronal apoptosis. The inhibition of HDACs is shown to induce the
transcription of NGFR and SORT1 genes, leading to an enhanced
p75NTR and sortilin expression at the plasma membrane. These
receptor changes sensitise neuronal cells to the proapototic action of
proNGF through the activation of JNK signalling

Immunoprecipitation experiments indicated that in
VPA-treated SH-SY5Y cells the upregulation of p75NTR
and sortilin expression was accompanied by an enhancement of proNGF-induced association of the two receptor
proteins and potentiation of JNK activation, as indicated by
the increased phosphorylation of JNK and c-Jun. In control
cells proNGF was unable to induce JNK activation, possibly
because of the lower amount of p75NTR and sortilin available for the formation of a receptor complex at sufficient
levels.
Previous studies have provided evidence that activation of
JNK, which follows the binding of NRAGE to the cytosolic
domain of p75NTR, causes cell death through the mitochondrial apoptotic pathway initiated by the release of cytocrome
c and activation of caspase 9 [45]. We found that in both
SH-SY5Y and LAN-1 cells prolonged exposure to VPA
induced a significant increase in the number of dead cells
which was associated with enhanced activation of caspases
9 and 3 and caspase-dependent PARP cleavage. The cell
death and the activation of the intrinsic apoptotic cascade
induced by VPA was potentiated by the subsequent exposure
to proNGF. In vehicle-pretreated cells, expressing basal levels of p75NTR and sortilin, proNGF failed to affect the cell
viability and the expression of apoptotic effectors, consistent
with the lack of effect on JNK activity. In VPA-treated cells

711

the attenuation of p75NTR upregulation by siRNA treatment prevented proNGF-induced JNK activation and PARP
cleavage, indicating that these responses were dependent on
the enhanced expression of p75NTR. The finding that the
depletion of p75NTR reduced the activation of JNK and
PARP cleavage also in VPA-treated cells suggests that the
upregulation of p75NTR triggered death signalling in the
absence of proNGF. This result is consistent with previous
studies showing that ectopic overexpression of p75NTR
causes ligand independent apoptotic cell death of human
neuroblastoma cells [59].
The upregulation of p75NTR and sortilin expression may
have important implications for the anti-tumour activity of
VPA. Clinical studies in primary neuroblastic tumours have
shown that p75NTR mRNA expression correlated with
increased event-free and overall survival and suggested
that induction of p75NTR could be a strategy to reduce
tumourigenicity of neuroblastoma [60]. In this context, the
enhanced sensitivity to the proapoptotic action of proNGF
may play a role, as proNGF is produced not only by neurons
[61] but also different cancer cells, including neuroblastoma
cells [62, 63], and may accumulate in the tumour microenvironment. It is noteworthy that in differentiated human
neuroblastoma cells VPA and other HDAC inhibitors were
recently found to induce the downregulation of TrkB [57],
whose expression in neuroblastoma is known to promote
aggressiveness, chemotherapy resistance and metastasis
[64]. Thus, the ability to induce an imbalance of proapoptotic and prosurvival neurotrophin receptor signalling may
constitutes a unique property that can be exploited for the
use of VPA as anti-neuroblastoma agent.
As observed in human neuroblastoma cells, in cultured
cerebellar granule cells prolonged exposure to VPA upregulated p75NTR and sortilin expression, indicating that these
alterations were not restricted to transformed neurons. The
VPA induction was mimicked by entinostat, implying a
mechanism involving HDAC inhibition. Similarly to the
results obtained in neuroblastoma cells, in cerebellar granule cells VPA-induced upregulation of p75NTR and sortilin
was accompanied by apoptosis, which was enhanced by the
exposure to the p75NTR/sortilin receptor ligand proNGF.
HDAC inhibition is considered as one of the major mechanism by which maternal exposure to VPA can cause neurodevelopmental defects and increase the risk of autism in
children [18]. VPA administration to neonatal mice has been
found to cause autism-like behavioural deficits associated
with a marked induction of apoptosis in the external granule
cell layer of the cerebellum [65], an area of neural stem cells
that express p75NTR in both mice and humans [66, 67].
Interestingly, recent studies have found enhanced levels of
p75NTR mRNA and soluble sortilin in the blood of patients
with autism [68, 69]. In light of these observations, the present study also suggests the possibility, which remains to
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be investigated, that overexpression of p75NTR and sortilin may contribute to the neuronal damage occurring in
the developing brain following exposure to VPA. In this
sense, a main issue to be considered concerns the concentrations reached by VPA in the brain. Previous studies using
brain biopsies of patients suffering from a variety of brain
tumours reported VPA concentrations, expressed as percent
of plasma concentrations, ranging from 6.8 to 27.9% (0.04
to 0.20 mM) [70], which are lower than the VPA concentrations found to affect p75NTR and sortilin levels in neuronal
cells. However, with regard to this point one should consider
the concentrations that VPA may reach in the embryonic or
foetal brain rather than the values detected in postnatal brain
specimens. To our knowledge, there is no information on the
concentrations reached by VPA in the embryonic brain and
associated with teratogenic effects following administration
of therapeutic doses to the mother. On the other hand, VPA
is known to cross the placenta and its levels in umbilical
cord serum may be higher than those in maternal serum [71,
72]. In the neonate, increases in the serum unbound fraction
of VPA have been found to be associated with congenital
malformations [73]. In vitro studies using blood-brain barrier models have shown an enhanced permeability to VPA
in neonatal versus adult rats [74]. An elevated concentration of radiolabeled VPA in embryonic neuroepithelium was
observed when the drug was administered to pregnant mice
at 8–9 day gestation [75]. Collectively, these studies suggest
that under certain pharmacokinetic conditions the immature brain may accumulate VPA at high levels in specific
structures, thus leaving open the possibility that sufficient
concentrations can be reached to induce changes in neuronal
p75NTR and sortilin expression.
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