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Lead decreases cell survival, proliferation, and neuronal
differentiation of primary cultured adult neural precursor cells
through activation of the JNK and p38 MAP kinases
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University of Washington, Seattle, WA 98195, USA

Abstract

Adult hippocampal neurogenesis is the process whereby adult neural precursor cells (aNPCs) in
the subgranular zone (SGZ) of the dentate gyrus (DG) generate adult-born, functional neurons in
the hippocampus. This process is modulated by various extracellular and intracellular stimuli, and
the adult-born neurons have been implicated in hippocampus-dependent learning and memory.
However, studies on how neurotoxic agents affect this process and the underlying mechanisms are
limited. The goal of this study was to determine whether lead, a heavy metal, directly impairs
critical processes in adult neurogenesis and to characterize the underlying signaling pathways
using primary cultured SGZ-aNPCs isolated from adult mice. We report here that lead
significantly increases apoptosis and inhibits proliferation in SGZ-aNPCs. In addition, lead
significantly impairs spontaneous neuronal differentiation and maturation. Furthermore, we found
that activation of the c-Jun NHy-terminal kinase (JNK) and p38 mitogen activated protein (MAP)
kinase signaling pathways are important for lead cytotoxicity. Our data suggest that lead can
directly act on adult neural stem cells and impair critical processes in adult hippocampal
neurogenesis, which may contribute to its neurotoxicity and adverse effects on cognition in adults.
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Introduction

Adult hippocampal neurogenesis is the process whereby adult neural precursor cells
(aNPCs) in the subgranular zone (SGZ) of the dentate gyrus (DG) lead to the generation and

© 2015 Published by Elsevier Ltd.

Correspondence should be addressed to: Zhengui Xia, Ph.D., Toxicology Program in the Department of Environmental and
Occupational Health Sciences, Box 357234, University of Washington, Seattle, Washington, 98195. zxia@u.washington.edu. Tel: 1-
206 616 9433 Fax: 1- 206 685 3990. anna28@uw.edu (A.E.). whyx2012@uw.edu (H.W).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors claim no conflict of interest.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Engstrom et al.

Page 2

functional integration of adult-born neurons in the hippocampus (Ming and Song, 2011).
These adult-born neurons can influence certain forms of hippocampus-dependent learning
and memory formation (Clelland et al., 2009; Deng et al., 2009; Garthe et al., 2009; Pan et
al., 2012a; Pan et al., 2012b; Wang et al., 2014). Importantly, the various stages and cell
types involved in adult hippocampal neurogenesis can be modulated by various
physiological and pathological factors, including other cell types in the neurogenic niche,
growth factors, cytokines, neurotrophins, and processes such as mating, aging, stress, and
exercise (Ming and Song, 2011; Pan et al., 2012a,b; Pan et al., 2013b; Wang €t al., 2014).
However, the effects of neurotoxicant exposure on adult hippocampal neurogenesis have not
been studied extensively.

The heavy metal lead is a ubiquitous environmental contaminant and a major public health
concern. The combustion of leaded gas in the U.S. in the 20t century released
approximately 4 million metric tons of lead into the environment (Toscano and Guilarte,
2005b). The phasing out of leaded paint and gasoline has contributed to a significant decline
in ambient lead levels as well as mean blood lead levels (12.8 to 1.6 pg/dL from 1976 to
2002) in the U.S. population (Toscano and Guilarte, 2005b; ATSDR, 2007). However, lead
can persist in the soil for decades and no level of lead is considered safe (White et al., 2007).
In addition to its well-characterized developmental neurotoxicity, cumulative lead exposure
can also cause neurological impairment in adults (van Wijngaarden et al., 2009). Monkeys
and rats exposed to low concentrations of lead have increased cognitive decline and
Alzheimer’s disease-associated neuropathology later in life (Basha et al., 2005; Wu et al.,
2008; Bihaqi et al., 2013; Grossman, 2014). Furthermore, longitudinal studies from a cohort
of non-occupationally exposed elderly men found an association between relatively low
blood (mean 5.5 ug/dL) and/or patella lead levels and increased cognitive decline (Payton et
al., 1998; Weisskopf et al., 2004). These blood lead levels are comparable to background
blood lead levels in the adult U.S. population (1.5 and 2.2 pg/dL among 20-59 and = 60
year-olds, respectively) (ATSDR, 2007). Thus, lead may contribute to increased or
accelerated cognitive decline at environmentally relevant exposure levels.

Lead may facilitate and accelerate cognitive decline through impaired adult hippocampal
neurogenesis. Several studies have examined the effect of early life lead exposure on adult
hippocampal neurogenesis and found that developmental lead exposure is associated with
altered proliferation, survival, and dendritic morphology of adult-born neurons in the
hippocampus and altered hippocampus learning and memory in rats (Verina et al., 2007)
(Jaako-Movits et al., 2005). However, results have not been entirely consistent among
various studies. Gilbert et al. (2005) found that lead-treated rats have reduced adult-born cell
(BrdU) survival but no change in cell proliferation, while a similar study reported that lead
decreases adult-born cell survival as well as proliferation (Verina et al., 2007). Furthermore,
Jaako-Movits et al. (2005) found that lead impaired adult-born cell proliferation and
neuronal maturation, while Verina et al. found no effect of lead on neuronal differentiation
(Verina et al., 2007). Although these studies are very interesting, the inconsistent results
warrant further investigation. Moreover, the early life exposure paradigms used in these in
vivo studies may have introduced potential confounding factors due to the adverse effects of
lead during development (Gilbert et al., 2005; Jaako-Movits et al., 2005; Verina et al.,
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2007). Only one study to date has assessed the effect of postnatal lead exposure alone on
adult neurogenesis (Schneider et al., 2005). Schneider et al. (2005) exposed male rats to
1500 ppm lead acetate for 30-35 days starting at postnatal day 25 and found that lead
impaired adult-born cell proliferation in the SGZ. However, they did not assess the effect of
lead on other stages of adult neurogenesis or cognitive behavior. Thus, additional research is
needed to determine whether adult-only lead exposure is sufficient to impair adult
hippocampal neurogenesis and to characterize the signaling mechanisms underlying lead-
induced impairment in adult neurogenesis. In this study, we used primary cultured aNPCs
isolated from the hippocampus (SGZ-aNPCs) of adult mice as an in vitro model system to
test the hypothesis that lead exposure impairs adult hippocampal neurogenesis and to
elucidate the underlying signaling mechanisms.

Materials and Methods

Reagents

Cell culture

The preparation, use, and disposal of hazardous agents were carried out according to the
Environmental Health and Safety Office at the University of Washington. Lead (11) acetate
trihydrate (Cat. 316512, Sigma-Aldrich, St. Louis, MO) was dissolved in deionized distilled
water (H,0) to make a 5 mM stock solution and stored at —20°C. Z-VAD-FMK (Cat.
FMKO001, R&D Systems, Minneapolis, MN) was dissolved in dimethyl sulfoxide (DMSQO)
to make a 20 mM stock and used according the manufacturer’s specifications. The p38 (Cat.
SB2021990, EMD Millipore Calbiochem, Billerica, MA) and JNK (Cat. SP600125, EMD
Millipore Calbiochem) inhibitors were dissolved in DMSO to yield 3 mM stock solutions
and stored at —20°C. 5-bromo-2'-deoxyuridine (BrdU) was from Sigma (Cat. B9285) and
stored as a 65 mM stock solution. The primary antibodies and dilutions used in
immunocytochemistry were rat anti-BrdU (1:500, Bio-Rad Laboratories AbD Serotec,
Raleigh, NC), mouse anti-p111-tubulin (1:500, Promega, Madison, WI), and mouse anti-
SOX2 (1:500, R&D Systems). Goat anti-rat and goat anti-mouse Alexa Fluor-conjugated
secondary antibodies as well as Hoechst 33342 were from Invitrogen (Carlsbad, CA). For
Western Blot analysis, the following rabbit primary antibodies from Cell Signaling (Beverly,
MA) were used at a 1:1000 dilution unless otherwise specified: monoclonal anti-phospho-
Akt (Cat. 4060, 1:2000), polyclonal anti-phospho-p38 (Cat. 9211), monoclonal anti-phospho
JNK (Cat. 4668), monoclonal anti-JNK (Cat. 9258), polyclonal anti-phospho-c-Jun (Cat.
9164), and monoclonal anti-GAPDH (Cat. 2118). Horseradish peroxidase-conjugated
secondary antibodies were from EMD Millipore (Billerica, MA). All of the primary and
secondary antibodies were diluted into the appropriate blocking buffer.

The University of Washington Institutional Animal Care and Use Committee approved all
experimental procedures. The primary aNPCs were prepared as previously described (Guo
etal., 2012; Pan et al., 2013) from the SGZ of the DG from 6-7 week-old male C57BL/6J
mice (Taconic, Hudson, NY). The solutions and media used during the aNPC isolation were
filter sterilized. Briefly, the whole brain from four adult male mice was harvested and placed
in HBSS (Invitrogen). Each brain was then sliced into 1 mm sections using an adult mouse
brain matrix (Kent Scientific, Torrington, CT), and then the SGZ was isolated from these
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sections via microdissection under a dissection microscope. The SGZ tissue was placed in
Solution A (30 mM Glucose, 26 mM NaCO3z, 2mM HEPES pH 7.4 (Invitrogen) in HBSS
(Invitrogen)) and spun down for 10 min at 1,000 rpm. The pelleted tissue was then
resuspended and a combination of mechanical and enzymatic digestion (MACS Neural
Tissue Dissociation Kit, Miltenyi Biotec, San Diego, CA) was used to dissociate the tissue.
To stop the digestion, DMEM/F-12 medium (Invitrogen) with 10% Fetal Bovine Serum
(FBS, Invitrogen) was added and the SGZ tissue was then filtered through a cell strainer (70
um cell strainer, Fisher Scientific, Waltham, MA) and spun down for 3 min at 1,000 rpm.
The pellet was washed once with DMEM/F-12 medium with 10% FBS and once with
DMEM/F-12 medium with 10% FBS plus Percoll (GE Healthcare Life Sciences, Pittsburgh,
PA) solution (1:10 Percoll in PBS) followed by spins at 1,000 rpm for 3 and 15 min,
respectively. The pellet was washed once with Solution A and once with initial proliferation
medium (Neurobasal medium (Invitrogen); 1X B27 supplement without Vitamin A
(Invitrogen); 2mM L-Glutamine (Invitrogen); 100 U/ml penicillin/streptomycin
(Invitrogen), 20 ng/ml of epidermal growth factor (EGF; EMD Chemicals) and 10 ng/ml
basic fibroblast growth factor (b0FGF; EMD Chemicals) followed by 5 min spins at 1,500
rpm. The cells were then plated in a petri dish with initial proliferation medium and cultured
at 37°C and 6.5% CO2. Growth factors (EGF and bFGF) were refreshed every 3-4 d unless
noted otherwise. Primary neurospheres formed after 7-14 d, at which time, the neurospheres
were collected, enzymatically and mechanically dissociated, and then resuspended in growth
media (Advanced DMEM/F-12, 1X N2 Supplement (Invitrogen), 1X B27 Supplement, 100
U/ml Penicillin/streptomycin, 2 mM L-Glutamine, 2 pg/ml Heparin sodium salt (Sigma), 20
ng/ml EGF, and 10 ng/ml bFGF). The neurospheres were maintained in petri dishes in the
growth media and passaged < 10 times.

Drug treatment

For experiments, the neurospheres were dissociated (0.125% trypsin-EDTA (Invitrogen) for
5 min; 0.014% soybean trypsin inhibitor (Sigma) for 5 min) and seeded as a monolayer
culture on poly-L-ornithine- (15 pg/ml) and fibronectin (1 mg/ml) (BD Biosciences, San
Jose, CA)-coated ACLAR coverslips or culture plates. To assess cell number, proliferation,
and apoptosis, cells were seeded at a cell density of 5 x 103 cells per well (48-well plate)
and allowed to attach overnight. The next day, the media was changed (Advanced DMEM/
F-12, 1X N2 Supplement, Penicillin/streptomycin, 2 mM L-Glutamine, 2 pg/ml Heparin
sodium salt, 20 ng/ml EGF, and 10 ng/ml bFGF) and the cells were treated with agents for
0-48 h as described in the figures and figure legends. For a given experiment, each agent
was administered once (not replenished). Lead was dissolved in H,O while the p38 and INK
inhibitors were dissolved in DMSO, so either an equal volume of H,O or an equal
concentration of DMSO was used as a vehicle control. To assess cell proliferation, BrdU
was added to each well (final concentration of 10 uM) for the last 2 h of the experiment.

To assess spontaneous differentiation, the cells were seeded at a cell density of 5 x 103 cells
per well (48-well plate) overnight. The next day, the media was replaced with EGF/bFGF-
free growth media supplemented with 1 mg/ml bovine serum albumin (BSA) (Equitech Bio,
Kerrville, TX), and then the cells were treated with lead or vehicle control and cultured for 5
d (each agent was administered once).
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Immunocytochemistry

For immunocytochemistry, the cells were fixed by removing half of the media from each
well and replacing it with an equal volume of 8% paraformaldehyde (PFA)/8% sucrose in
PBS for 30 min at room temperature (RT). The fixed cells were washed for 3X5 min in PBS,
permeabilized by 1X5 min in 1% SDS in PBS, and washed 3X5 min in PBS. The cells were
blocked with 5% BSA in PBST (0.1% Triton-X 100 in PBS) for 30 min at RT, and then
incubated with primary antibodies at 4°C overnight. For BrdU staining, the cells underwent
additional processing prior to blocking: 5 min in H,O at RT, 10 min in 1 N HCl at 4°C, 30
min in 2 N HCl at 37°C, 2X15 min in 0.1 M borate buffer (pH 8.5). Following incubation
with primary antibodies, the cells were washed 3X10 min with PBST and then incubated
with secondary antibodies for 2 h at RT. The cells were washed 3X10 min with PBST,
incubated with 2.5 pg/ml Hoechst 33342 for 30 min, washed 1X with PBST, and then
mounted onto slides using anti-fade Aqua Poly/Mount (Polysciences) solution.

Imaging and quantification of immunostained cells

All images were captured using a fluorescence microscope (Zeiss) equipped with a camera
with a 10x or 20x objective (Zeiss). Images were uniformly adjusted for color, brightness,
and contrast with Adobe Photoshop CS4 (Adobe Systems Inc.). A cell with nuclear
condensation or fragmentation was scored as apoptotic. A cell was scored as marker™ if the
cell had a uniformly stained Hoechst* nucleus as well as marker expression in the nucleus
(BrdU) or cell body and neurites (BllI-tubulin* neurites = length of soma). All quantification
was conducted by an experimenter blinded to treatment. At least 250 cells per coverslip per
treatment were quantified from at least 10 randomly selected fields on each coverslip.

Western Blot analysis

The cells were seeded at 2 x 10° cells per well in poly-L-ornithine and fibronectin-coated
12-well plates for 24 h. Cells were then treated as described in the figure legends and then
washed with ice-cold PBS followed by Triton-X cell lysis buffer with protease inhibitors.
The cell lysates were clarified by centrifugation and stored at —80°C. The protein
concentration was measured using the BCA protein assay (Thermo Scientific, Waltham,
MA). Samples containing 5 pg protein were separated by gel electrophoresis on a 12.5%
SDS-PAGE gel and transferred to a PVDF membrane (EMD Millipore). Following antibody
incubation, the protein of interest was detected with ECL Prime (GE Healthcare Life
Sciences) using a ChemiDoc XRS Imaging System (BioRad). ImageJ (NIH) was used for
the densitometry analysis and determination of fold induction normalized to a loading
control (total protein or GAPDH).

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism software (version 5.0c for Mac,
GraphPad Software Inc., San Diego, CA, USA). All of the immunocytochemical data are
from at least two independent experiments with triplicates or quadruplicates for each data
point (n = 2 independent experiments for each data point). The Western blot data are
representative data from two independent experiments with duplicates. For dose-response
experiments, a Student’s t test with two-tailed analysis (a = 0.05) was used for pair-wise
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comparison of the means. One-way ANOVA with a Bonferroni post-hoc analysis (a = 0.05)
was used to analyze all of the drug treatment data (Z-VAD-FMK, MAPK inhibitors). Data
represent mean = SEM., n.s. not significant, * p < 0.05; ** p < 0.01; *** p < 0.001.

Results

SGZ-aNPCs are maintained as neurospheres in vitro and retain their stem cell
characteristics

After isolation from the dentate gyrus of the hippocampus of adult C57BI/6J male mice, the
SGZ-aNPCs are maintained as neurospheres in culture (Fig. 1A). Upon dissociation and
seeding as a monolayer in growth media, at least 98.5% of cells continue to express the stem
cell marker, SOX2 (Fig. 1B), after more than six passages. Thus, these SGZ-aNPCs are an
appropriate in vitro model for studying the effects of lead on the stem/progenitor pool in the
hippocampus because these cells proliferate and retain their stem cell characteristics after
multiple passages.

Lead significantly decreases the total cell number and increases apoptosis in SGZ-aNPCs

To determine whether lead is cytotoxic and induces apoptosis in aNPCs, cells were treated
with 0 to 2 uM lead for 48 h. Lead significantly decreased the total cell number in a dose-
dependent manner (Fig. 2A-D) starting at 0.1 uM. Furthermore, lead significantly increased
the percent of apoptotic cells, quantified by nuclear condensation and/or fragmentation (Fig.
2E), beginning at 0.1 pM, the lowest concentration tested. A 2 h pretreatment with 5 M Z-
VAD-FMK, a pan-caspase inhibitor, almost completely blocked lead (0.5 uM)-induced cell
loss (Fig. 2F) and apoptosis (Fig. 2G). These data suggest that lead is toxic to SGZ-aNPCs
and induces caspase-dependent apoptosis in these cells.

Lead decreases proliferation in SGZ-aNPCs

To determine whether lead decreases aNPC cell proliferation, we pulsed the cells with BrdU
during the final 2 h of a 48 h lead treatment. BrdU is a thymidine analog and it is
incorporated into the DNA of actively replicating cells during S phase of the cell cycle.
Starting at 0.5 uM lead, we observed a significant decrease in the number of BrdU* cells
after a 48 h-treatment (Fig. 3). Combined with data shown in Fig. 2, these results suggest
that lead inhibits cell proliferation of aNPCs at higher concentrations. However, at lower
concentrations (< 0.5 pM), lead causes cell loss primarily through apoptosis.

Lead decreases spontaneous neuronal differentiation and maturation of SGZ-aNPCs

We also examined whether lead disrupts neuronal differentiation and maturation, another
critical step in adult neurogenesis. SGZ-aNPCs were seeded overnight, and then the cells
were cultured in EGF/bFGF-free growth media containing vehicle or lead for 5 d to allow
spontaneous neuronal differentiation in the absence of mitogens. We assessed neuronal
differentiation by immunostaining for l11-tubulin (also known as Tuj-1), a marker of
immature neurons. Treatment with low concentrations (= 0.1 pM) of lead significantly
decreased the percent Bll1-tubulin® cells (B111-tubulin* soma and neurites > length of soma)
(Fig. 4A-G).
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To determine whether lead may also impair neuronal maturation, we assessed the effect of
lead on neurite morphology and complexity. Using the ImageJ Simple Neurite Tracer plug-
in, we traced all of the neurites from 12-16 randomly chosen fields (20X magnification) per
treatment and calculated the average neurite length and average number of branching points
per BlI1-tubulin® cell. Lead significantly decreased the mean neurite length (Fig. 5A-E) and
the mean number of branching points (Fig. 5A-D, F) per Blll-tubulin® cell. These data
suggest that lead impairs neuronal differentiation and maturation of SGZ-aNPCs.

Lead inhibits activation of the Akt signaling pathway

To begin to elucidate the molecular mechanisms underlying lead toxicity, we determined if
lead inhibits antiapoptotic signaling pathways, such as the Akt pathway. Akt plays a critical
role in regulating cell survival and growth, and Akt activation can prevent stress-induced
apoptosis (Song et al., 2005). Lead significantly decreased Akt phosphorylation starting at 4
h (Fig. 6), indicative of reduced Akt activation. Thus, lead-induced cell death may involve
inhibition of the prosurvival Akt pathway.

Activation of the JNK signaling pathway contributes to lead-induced cytotoxicity

The c-Jun NH,-terminal kinase (JNK) is a member of the mitogen activated protein kinase
(MAPK) family, and it couples various external stimuli, such as stress and growth factors, to
a variety of biological responses, including apoptosis and cell proliferation, respectively
(Davis, 2000; Dhanasekaran and Reddy, 2008). Thus, to begin elucidating signaling
mechanisms underlying lead-induced apoptosis, we first determined the effect of lead on
JNK and c-Jun phosphorylation. SGZ-aNPCs were treated with 2 uM lead for 0-12 h, and
the cell lysates were subjected to Western blot analysis. Treatment with lead for 8 h or
longer significantly increased JNK phosphorylation, indicative of INK activation (Fig. 7A,
B). Furthermore, lead treatment for 12 h caused a significant increase in the phosphorylation
of c-Jun, the prototypical INK substrate (Fig. 7C, D). To determine whether inhibition of
JNK is sufficient to attenuate the effect of lead on cell number and apoptosis, SGZ-aNPCs
were pretreated with 0.5 UM of the ATP-competitive, pan-JNK inhibitor SP600125 for 1 h
and then treated with 0.5 uM lead for an additional 48 h. Pretreatment with the INK
inhibitor without lead co-treatment had no effect on total cell number (Fig. 7E) or the
number of BrdU™* cells (data not shown), suggesting that the endogenous basal INK activity
does not play a major role in cell proliferation under normal proliferation conditions in the
presence of growth factors. However, pretreatment with the JNK inhibitor almost
completely reversed lead-induced cell loss and apoptosis (Fig. 7E, F). These data suggest
that activation of the JNK signaling pathway contributes to lead-induced apoptosis.

Activation of the p38 MAP kinase signaling pathway is also important for lead cytotoxicity

p38 is another member of the stress activated MAP kinases (Kyriakis and Avruch, 2012).
Lead significantly increased p38 phosphorylation [6.25 + 0.14 (SEM)-fold increase] after
treatment for 8 h (Fig. 8A, B), indicative of p38 activation. Pretreatment with 0.5 pM
SB2021990, a p38 inhibitor, had no effect by itself on total cell number (Fig. 8C), apoptosis
(Fig. 8D), or the number of BrdU* cells (data not shown), but completely blocked the
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adverse effect of lead on cell number and apoptosis. Together, the data in Fig. 7 and Fig. 8
suggest that activation of both JNK and p38 are critical for lead-induced apoptosis.

Discussion

Various extracellular and intracellular stimuli have been shown to modulate the survival,
proliferation, and differentiation of adult-born cells in the hippocampus (Clelland et al.,
2009; Deng et al., 2009; Garthe et al., 2009; Ming and Song, 2011; Pan et al., 2013b; Wang
et al., 2013). However, the effects of toxicants on adult neurogenesis are not well
understood. A recent study from our lab found that a hydroxylated metabolite of PBDE-47,
a brominated flame retardant, interferes with the differentiation, proliferation, and survival
of primary cultured aNPCs isolated from the subventricular zone of the lateral ventricle (Li
et al., 2013). In addition, several studies have examined the effect of developmental lead
exposure on adult hippocampal neurogenesis, although the results have been inconsistent
(Gilbert et al., 2005; Jaako-Movits et al., 2005; Verina et al., 2007). In addition, their use of
early life exposure paradigms makes it difficult to conclude that these observations are not
due to the cumulative effects of lead on both developmental and adult neurogenesis (Gilbert
et al., 2005; Jaako-Movits et al., 2005; Verina et al., 2007).Thus, additional studies are
needed to determine whether adult-only lead exposure is sufficient to impair adult
hippocampal neurogenesis and learning and memory. Most importantly, the signaling
mechanisms underlying lead-induced impairment in adult neurogenesis have not been
investigated. Thus, the goal of this study was to determine whether lead directly impairs
critical processes in adult neurogenesis using primary cultured SGZ-aNPCs as a model
system and to characterize the underlying signaling pathways.

Our data demonstrate that lead impairs several key processes in adult neurogenesis. Under
proliferation conditions, lead significantly reduced aNPC total cell number and increased
apoptosis at concentrations as low as 0.1 uM, the lowest tested concentration. It also
significantly decreased BrdU incorporation, a measure of cell proliferation, starting at 0.5
UM. Under differentiation conditions when cells were cultured in media lacking the
mitogenic growth factors EGF/bFGF, lead significantly impaired spontaneous neuronal
differentiation and neuronal maturation, starting at 0.1 uM. These data are consistent with
the notion that adult lead exposure, alone, may be sufficient to directly impair multiple
aspects of adult neurogenesis (Schneider et al., 2005), with apoptosis and neuronal
differentiation being most sensitive.

The underlying mechanisms for the effects of lead on adult neurogenesis have not been well
characterized. JNK and p38 are stress-activated MAP kinases (Barger et al., 1993; Davis,
2000; Dhanasekaran and Reddy, 2008), and their activation has been implicated in toxicant-
induced neuronal apoptosis (Xia et al., 1995; Newhouse et al., 2004; Giordano et al., 2007;
Klintworth et al., 2007; Choi et al., 2010). JNK and p38 are also activated by growth factors
and mediate cell proliferation (Davis, 2000; Kyriakis and Avruch, 2012). Here we show that
pharmacological inhibition of JNK or p38 had no effect on total cell number or BrdU
incorporation, suggesting that JNK or p38 do not play a major role in the cell proliferation of
cultured SGZ-aNPCs. However, lead increases JNK and p38 phosphorylation as well as
phosphorylation of the transcription factor c-Jun, a downstream target of JNK. These results
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are consistent with the findings from another study in which acute treatment with 1-10 uM
lead acetate increased p38 phosphorylation in a human derived cell line (SH-SY5Y cells),
although cell survival and apoptosis were not assessed (Leal et al., 2002). Furthermore, in
our study, we found that pharmacological inhibition of either INK or p38 was sufficient to
prevent lead-induced cell loss and apoptosis. Thus, lead-induced cell loss and apoptosis may
require activation of both JNK and p38 MAP kinase signal transduction pathways.

Akt is important for the regulation of cell growth and survival, and Akt activation can
prevent stress-induced apoptosis (Kim et al., 2001; Tobiume et al., 2001; Yoon et al., 2002;
Song et al., 2005). We found that lead treatment significantly decreased Akt phosphorylation
starting at 4 h. Interestingly, Akt phosphorylates and negatively regulates the MAPKKK
apoptosis signal-regulating kinase 1 (Ask1) (Tobiume et al., 2001). Inhibition of Akt results
in the dissociation of Ask1 and the subsequent activation of downstream targets, including
p38 and JNK (Yoon et al., 2002). Thus, lead-induced cell death may also be mediated
through the inhibition of the pro-survival Akt pathway.

Endoplasmic reticulum (ER) stress, oxidative stress, and disrupted calcium homeostasis
have also been implicated in lead-induced neurotoxicity and other target organ toxicities
(Toscano and Guilarte, 2005a; White et al., 2007; Baranowska-Bosiacka et al., 2013; Liu et
al., 2013a, b; Akande et al., 2014). For example, lead may bind to sulfhydryl groups, leading
to a reduction in cellular antioxidant capacity through the depletion of the cellular thiol
status and inhibition of antioxidant enzymes, inducing oxidative stress (Ercal et al., 2001).
Increased oxidative stress is associated with reduced cell viability and cell proliferation in
embryonic and adult neural progenitor cells (Sava et al., 2007; Choi et al., 2014). In our
study, we found that lead increased JNK and p38 activation in SGZ-aNPCs. Importantly,
both of these MAP kinases can be activated by oxidative stress (Davis, 2000), and JNK may
be activated via the IRE1/JNK pathway in response to lead-induced ER stress (Qian et al.,
2001; Qian and Tiffany-Castiglioni, 2003). Thus, additional research is needed to determine
whether oxidative and ER stress may underlie lead toxicity in SGZ-aNPCs.

Both animal and epidemiological studies have found an association between low blood lead
levels (~ 10 pg/dL) and increased cognitive decline in older adults (Stewart et al., 2002;
Weisskopf et al., 2004; Stewart et al., 2006; Wu et al., 2008). Although we cannot directly
compare the lead concentrations we used to human blood lead levels, we observed lead
toxicity in SGZ-aNPCs at 0.1 uM lead, which is equivalent to 2.05 ug lead/dL media. Thus,
lead may exert toxic effects on adult neurogenesis under environmentally relevant exposure
conditions.

In summary, using an in vitro model system, we provide evidence that lead significantly
impairs aNPC survival, proliferation, and differentiation in a dose-dependent manner. In
addition, we show that the activation of proapoptotic JNK and p38 MAP kinase and
inhibition of the prosurvival Akt signaling may mediate lead toxicity. Because adult
hippocampal neurogenesis plays an important role for hippocampus-dependent learning and
memory, impairment in adult neurogenesis may underlie cognitive decline in adults exposed
to lead.
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Abbreviations

aNPC adult neural precursor cells

SGzZ subgranular zone

DG dentate gyrus

JNK c-Jun NH,-terminal kinase

MAP mitogen activated protein

DMSO dimethyl sulfoxide

Brdu 5-bromo-2'-deoxyuridine

EGF epidermal growth factor

bFGF basic fibroblast growth factor

BSA bovine serum albumin

PFA paraformaldehyde

PBST phosphate-buffered saline with 0.1% Triton-X 100
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SOX2/Hoechst

Fig. 1. The SGZ-aNPCs are maintained as neurospheres and retain their stem cell
characteristics, in vitro

A, SGZ-aNPCs continue to proliferate as neurospheres after six passages. B, SGZ-aNPCs
continue to express SOX2 (red), a stem cell marker, when dissociated and seeded as a
monolayer in proliferative conditions. Scale bars. 50 pm.
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Fig. 2. Lead significantly decreases the total cell number and increases apoptosis in SGZ-aNPCs
A-E, SGZ-aNPCs were treated with 0, 0.1, 0.2, 0.5, 1, or 2 uM lead for 48 h. Representative

Hoechst nuclei staining from (A) untreated, (B) 0.2 uM, and (C) 1 uM lead-treated SGZ-
aNPCs. Quantification of (D) the total cell number and (E) the percent apoptotic cells. F-G,
SGZ-aNPCs were pretreated with 5 pM Z-VAD-FMK, a pan-caspase inhibitor, for 2 h
followed by 0.5 uM lead for 48 hand (F) the total cell number and (G) the percent apoptotic
cells were quantified. Arrows: nuclear condensat ion and/or fragmentation. Hoechst: nuclei
staining. Scale bar: 50 um. n = 2-3 independent experiments for a total of 4-8 coverslips per
data point. Data represent mean £ SEM., n.s. not significant, * p < 0.05; ** p< 0.01; *** p<
0.001.

Toxicol In Vitro. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Engstrom et al.

Page 17

Untreated

0.2 uM Lead 0.5 pM Lead

BrdU/Hoechst

% BrdU* cells

0+
0.0 0.5 1.0 1.5 2.0
Lead (uM)

Fig. 3. Lead decreases proliferation in SGZ-aNPCs
A-D, SGZ-aNPCs were treated with 0, 0.1, 0.2, 0.5, 1, or 2 uM lead for 48 h. Representative

BrdU and Hoechst co-staining from (A) untreated, (B) 0.2 uM, and (C) 0.5 uM lead-treated

SGZ-aNPCs, and quantification of (D) the percent BrdU™* cells. BrdU: a marker for cells in

S phase of the cell cycle. Scale bars: 50 pm. n = 2 independent, experiments for a total of 8

coverslips per data point. Data represent mean + SEM., n.s. not significant, * p < 0.05; ** p
<0.01.
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Fig. 4. Lead decreases spontaneous neuronal differentiation of SGZ-aNPCs
A-H, SGZ-aNPCs were treated with 0, 0.1, 0.2, 0.5, 1, and 2 uM lead for 5 d in EGF/bFGF-

free growth media. Representative BI11-tubulin and Hoechst co-staining from (A,D)
untreated, (B,E) 0.2 uM, and (C,F) 0.5 uM lead-treated SGZ-aNPCs. Images D-F
correspond to the boxed regions in images A-C, respectively. Quantification of (G) the
percent BllI-tubulin* cells and (H). BIlI-tubulin*: immature neuron marker. Scale bars for A-
C: 50 um; D-F: 25 um. n = 2 independent experiments for a total of 8 coverslips per data
point. Data represent mean £ SEM., n.s. not significant,* p < 0.05; ** p < 0.01; *** p<
0.001.
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Fig. 5. Lead decreases the neuronal maturation of SGZ-aNPCs
A-F, SGZ-aNPCs were treated with 0, 0.1, 0.2, 0.5, 1, and 2 uM lead for 5 d in EGF/bFGF-

free growth media. Representat ive (A, C) Hoechst staining and (B, D) neurite traces from
untreated and 0.2 uM lead-treated SGZ-aNPCs, respectively. Quantification of (E) the mean
neurite length per BllI-tubulin* cell and (F) the average number of branch points per pllI-
tubulin® cell. Scale bar: 25 pm. n = 2 independent experiments for a total of 8 coverslips per
data point. Data represent mean + SEM.; * p < 0.05; ** p < 0.01; *** p < 0.001.

Toxicol In Vitro. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Engstrom et al.

Page 20

kD

P-AKE S ————— e — 60

GAPDH o e S s S ——— 37
Time(hours) 6 6 2 2 4 4 6 6

Vehicle 2 uM Lead
control

Fold induction

Time (hours)

Fig. 6. Lead inhibits activation of the Akt signaling pathway
A-B, SGZ-aNPCs were treated with 2 uM lead for the indicated amount of time, and the cell

lysates were subjected to Western blot analysis for (A) phosphorylated-Akt. (B) The fold
induction of Akt normalized to GAPDH compared to DMSO controls. n = 2 independent
experiments with duplicates. Data represent mean + SEM., n.s. not significant, * p < 0.05;
**p<0.01.
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Fig. 7. Activation of the JNK signaling pathway contributes to lead-induced cytotoxicity
A-D, SGZ-aNPCs were treated with 2 UM lead for the indicated amount of time. The cell

lysates were subjected to Western blot analysis for (A) phosphorylated-JNK and (C)
phosphorylated c-Jun, and the fold induction of (B) p-JNK (normalized to total INK) and
(D) p-c-Jun (normalized to GAPDH) in lead-treated cells compared to DMSO controls was
quantified. E-F, SGZ-aNPCs were pretreated with 0.5 pM of the ATP-competitive, pan-JNK
inhibitor SP600125 for 1 h and then treated with 0.5 uM lead for an additional 48 h.
Quantification of (E) the total cell number and (F) the percent apoptot ic cells. A-D: n=2
independent experiments with duplicates . E-F: n = 3 independent experiments for a total of
9 coverslips per data point. Data represent mean £ SEM., n.s. not significant,* p < 0.05; ** p

<0.01; *** p<0.001.
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Fig. 8. Activation of the p38 MAP kinase signaling pathway is also important for lead

cytotoxicity

A-B, SGZ-aNPCs were treated with 2 uM lead for the indicated amount of time, and the cell
lysates were subjected to Western blot analysis for (A) phosphorylated-p38. (B) The fold
induction of p-38 normalized to GAPDH compared to DMSO controls. C-D, SGZ-aNPCs
were pretreated with 0.5 UM of a p38 inhibitor for 1 hand then treated with 0.5 pM lead for
48 h. Quantification of (C) the total cell number and (D) apoptosis. A-B: n = 2 independent
experiments with duplicates . C-D: n = 3 independent experiments for a total of 9 coverslips
per data point. Data represent mean £ SEM., n.s. not significant, * p < 0.05; ** p < 0.01; ***

p <0.001.
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