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A B S T R A C T

Acetylcholinesterase (EC3.1.1.7; AChE) is a key enzyme in the cholinergic system. Emerging evidence has shown
that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a typical persistent organic pollutant, suppressed neuronal
AChE activity via dysregulation of different biosynthesis processes in human and rat neuronal cells. In the
nervous system, astrocytes protect neurons from environmental pollutants. As a known target cell of TCDD, the
astrocyte might be involved in TCDD effects on neuronal AChE. Therefore, in the present study, we found
astrocyte-derived conditioned medium (ACM) could induce AChE activity preferentially in mature neurons in
the absence of TCDD. The enzymatic activity of AChE was generally decreased in cultured cortical neurons upon
direct treatment with TCDD (0.003–0.01 nM). This trend of changes in AChE activity was not significantly
altered in immature neurons exposed to ACM produced in the presence of TCDD (TACM group), but reversed in
mature neurons. Compared with effects of treatment with ACM plus TCDD (ACMT), a significant differential
effect on AChE activity was found in the TACM group in response to TCDD treatment specifically in immature
neurons, suggesting the presence of a TCDD-specific active component derived from the astrocyte. Inconsistent
alterations in expression and enzymatic activities of the AChE T subunit (AChET) and the proline-rich membrane
anchor (PRiMA) were found, suggesting that a mechanism of action beyond the transcriptional level might be
involved. These data indicate that the astrocyte might play a protective role in TCDD-induced alterations of
neuronal AChE in certain stages of differentiation.

1. Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) plays an important role in
cholinergic neurontransmission by hydrolyzing the neurotransmitter
acetylcholine [1]. It participates in diverse brain functions including
learning and memory [2]. In addition, AChE is also one of the most
frequently used biomarkers for neurotoxicity evaluation and pollution
monitoring, and a wide spectrum of environmental chemicals (e.g. di-
oxins) has been reported to alter AChE activity in various species [3].
The effects and mechanism of dioxins on AChE have been gradually
uncovered in neurons [3,4]. 2,3,7,8-tetrachlorodibenzo-p-dioxin

(TCDD) is the prototypical dioxin, which transcriptionally suppresses
neuronal AChE activity via the aryl hydrocarbon receptor (AhR) in SK-
N-SH cell, a human-derived neuroblastoma cell line [5,6]. Moreover,
posttranscriptional mechanisms via microRNA and a posttranslational
mechanism have been proposed in the TCDD-induced AChE suppression
in SK-N-SH cells and PC12 cells, respectively [7,8].

Dioxins are typical representatives of persistent organic environ-
mental contaminants with multiple toxic effects on the nervous system
[4]. Exposure to dioxins could increase the risk of Alzheimer's disease
(AD) (OR = 1.64) in Korean Vietnam veterans 40 years after the war
[9]. However, the underlining mechanisms of this epidemiological
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phenomenon are still unclear. AChE has been known as a important
target enzyme in the therapy of AD, while, in the AD patients, the ratio
of G4/G1 molecular forms of AChE is decreased [10] and the level of
AChE is increased around amyloid plaques [11] Given the involvement
of AChE in AD pathogenesis, it is valuable to reveal if dioxin exposures
have interference effects on AChE. Glial cells are the most abundant
cells in brain, and the first to response to exogenous stress to protect
neurons. However, whether glial cells are involved in dioxin induced
AChE dysregulation is still unknown.

The astrocyte is one type of glial cells distributed throughout the
central nervous system (CNS), playing important roles in maintaining
neuronal synapses, forming the blood brain barrier, and regulating in-
flammation upon neuron damages derived from various kinds of insults
[12]. It has been reported that astrocytes provide neurotrophic support
to laminin-dependent regeneration of axons by upregulation of axon
growth supportive chondroitin sulfate proteoglycans (CSPGs), in-
cluding CSPG4 and CSPG5 [13]. On the other hand, abnormally acti-
vated astrocytes are deleterious to adjacent neurons by release of var-
ious cytokines [14] and are associated with neuritic plaques in the AD
brain [15]. Moreover, upon exposure to toxic substances, such as lead
and glyphosate-based herbicides, synaptic impairments occur in par-
allel with the dysfunction of astrocytes [16,17]. Emerging evidence has
shown that dioxin can induce dysregulation of marker genes for as-
trocyte reactivation and promote the migration ability of the astrocyte
[18]. Thus, whether dioxin interferences with astrocyte function could
lead to the impairment of synapses and related molecules, such as
AChE, is an important question to be addressed for understanding the
pathological mechanism in dioxin-related AD patients.

We hypothesize that astrocytes are responsive to dioxin exposure
and this has an indirect effect on neuronal AChE via certain astrocyte-
derived factors, which might be trophic factors or cytokines leading to
protective or harmful effects on the neuron, respectively. Thus, in the
present study we explored the changes of AChE activity and related
genes in primary cultured rat cortical neuron, upon TCDD treatment
administrated directly to the primary neurons or indirectly through
conditioned medium derived from TCDD-treated primary astrocytes. In
the study, environmentally relevant low doses of TCDD were employed
to mimic the exposure conditions of the dioxin-related AD patients.

2. Materials and methods

2.1. Preparation of primary cultured rat cortical astrocytes and neurons

Primary astrocytes were prepared on postnatal day 1 from Sprague-
Dawley rats purchased from Vital River Laboratories (VRL; Beijing,
China). Cerebral cortex was dissected in Hank's Balanced Salt Solution
(HBSS; Sigma-Aldrich, St. Louis, MO), digested with 0.05 g/mL trypsin
(Gibco, Grand Island, New York) at 37 °C for 20 min and triturated
several times in culture medium (Minimum Essential Medium (MEM;
Gibco, Paisley, Scotland, UK) with 10% horse serum (Gibco), 100 U/mL
penicillin and 100 μg/mL streptomycin (Gibco)). The culture medium
was replaced twice a week. After 10 days, the astrocytes were shaken on
a plate shaker for overnight to detach the neurons. After washing away
the detached neurons, the attached cells were trypsinized (0.25%
trypsin (Gibco)) to obtain the dissociated cells for subculturing, which
were pure astrocytes; while the cells that remained attached in the plate
were mostly microglial cells. After this purification process, the astro-
cyte cultures were randomly chosen for glial fibrillary acidic protein
(GFAP) detection by immunofluorescent staining using a specific anti-
body from Cell Signaling Technology (Danvers, MA). The average
purity of the cultures was higher than 90%.

Primary cultures of cortical neurons were isolated and cultured from
E18 Sprague-Dawley rat fetuses purchased from VRL. The cerebrums
were dissected in the HBSS, then digested with 0.05 g/mL trypsin for
15 min at 37 °C. After trituration, the isolated cells were harvested and
re-suspended in plating medium (Dulbecco's modified Eagle's medium

(DMEM; Gibco) supplemented with 25 μM L-Glutamic acid monosodium
salt hydrate (Sigma-Aldrich), 0.5 mM GlutaMAX™ Supplement (Gibco),
10% horse serum, 100 units/mL penicillin, and 100 mg/mL strepto-
mycin). The cells were then seeded onto the 6 well plates coated with
poly-L-lysine (Sigma-Aldrich). The day of seeding was defined as DIV
(day in vitro) 1. On DIV 2, the plating medium was replaced by culture
medium (Neurobasal medium (Gibco) with B-27™ Supplement (Gibco)
and GlutaMAX™ Supplement). On DIV 3, cytosine arabinoside (Ara-c,
Sigma-Aldrich, 2.5 μM) was added to the cultures to remove glial cells.
The culture medium was changed by half every four days afterwards.
All animal experiments were conducted in accordance with animal
protocols approved by the Animal Care and Use Committee of Research
Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

2.2. Chemical treatment

TCDD dissolved in dimethyl sulfoxide (DMSO) was purchased from
Wellington Laboratories Inc.(Ontario, Canada). The primary astrocytes
were treated with TCDD at 0.003, 0.01 and 0.3 nM (1:1000) or DMSO
(Sigma-Aldrich, 1:1000) once in B27 free culturing medium. Four days
after the treatment, the resulting astrocyte conditioned medium (ACM),
was collected and administrated to the primary neurons on DIV 2 or 7
for 4 days, defined as the TACM group. Meanwhile, the primary neu-
rons (DIV 2 and 7) from the same set of cultures were directly treated
with TCDD or DMSO containing B27 free culture medium at the same
concentrations as that of astrocytes for 4 days. These neurons with di-
rect TCDD treatment were defined as DM group. These culture media
lacked B-27 to reduce interference with other substances. In addition, to
distinguish the astrocyte-derived and TCDD-derived effects, the pri-
mary neurons (DIV 2 and 7) from the same set of cultures as that of the
DM (TCDD: 0.03 nM) and TACM (TCDD: 0.03 nM) groups, were treated
with TCDD (0.03 nM) diluted in ACM collected from the astrocytes
(same set of cultures as that of the TACM group and treated with B27
free culture medium for 4 days) for 4 days. This treatment was defined
as ACMT.

2.3. AChE activity measurement

AChE enzymatic activity in neurons was measured by a modified
method of Ellman [19]. Cells were collected and lysed in 150 μL of
high-salt lysis buffer (1 M NaCl and 80 mM disodium hydrogen phos-
phate, pH7.5) supplemented with 0.5% Triton X-100 and 0.6 μL of
benzamidine hydrochloride (B–HCl, Sigma-Aldrich) each 6 well. About
38 μL of cell lysate and 20 μL water was incubated with Mix1 (80 μL
NaH2PO4, 2 μL tetraisopropylpyr-ophosphoramide and 10 μL 5,5′-di-
thiobis (2-nitrobenzenoic acid)) for 30 min at room temperature, then
added to Mix2 (10 μL acetylthiocholine iodide of AChE substrate and
40 μL water) to start the AChE-specific reaction. Finally, a multi-
functional micro plate spectrometer (TECAN Infinite F200 Pro; Män-
nedorf, Switzerland) was used to record the optical density (OD) at
405 nm at 10 min intervals over a period of 6 h. Protein concentration
was measured using a kit from TIANGEN (Beijing, China) by the
Bradford method [20]. During the measurement period, OD derived
from the cell lysate increased linearly with time. The velocity of the
reaction was calculated from slope of the OD linearly with time. Arbi-
trary units of enzymatic activity are expressed as velocity (mOD per
minute) per microgram of protein [5]. All reagents were obtained from
Sigma-Aldrich.

2.4. RNA extraction and quantitative PCR analyses

Total mRNA was extracted by a GeneJET RNA Purification Kit
(Thermo Scientific, Waltham, MA), according to the manufacture's in-
struction. RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) was used to reverse-transcribe 1 mg of total RNA, according
to the manufacture's instruction. 10-fold diluted cDNA was subjected to
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PCR using the GoTaq qPCR Master Mix (Promega, Madison, WI). The
SYBR green signal was detected by QuantStudionTM 6 Flex Real-Time
PCR System from ThermoFisher. Results were analysed by the ΔΔCt
value method [21]. Primers were designed by Oligo 7 (Molecular
Biology Insights) based on sequences obtained from Genebank, and
synthesized by Sangon Biotech (Shanghai, China). The primers were as
follows: AChET: 5′-ACCCCAATGACCCTCGAGAC -3’(F) and 5′-GCCGC
ACCTCCAAAGGCTTC-3’(R) for rat (BC094521.1). PRiMA: 5′-CCAGCT
CCCAACTCTACCTCC-3’(F) and 5′-CAGTGGTTTCCTCTTTATGGCTT-
3’(R) (NM_001108721.2). GAPDH: 5′-AGCCCAGAACATCATCCCTG-
3’(F) and 5′- CACCACCTTCTTGATGTCATC-3′(R) (NM_017008.4).

2.5. Statistical analysis and other assays

Graphpad prism software (version 5, La Jolla, CA) was used for
statistical analysis and plotting figures. Statistical tests were done by
using one-way ANOVA or two-way ANOVA with Bonferroni's test.

3. Results

3.1. Influence of ACM on AChE expression in cultured neuron

Effects of ACM on neuronal AChE activity and mRNA expression
were investigated in primary cultured neurons at immature (collected
on DIV 6) and mature stages (collected on DIV 11), Under B27-free
conditions, the enzymatic activity of AChE was slightly but not sig-
nificantly increased in mature neurons compared to immature neurons
in normal medium (NM) (Fig. 1A). After a four-day-treatment with
ACM, the enzymatic activity of AChE increased in mature neurons stage

compared with those in NM, but had no significant change at the im-
mature stage (Fig. 1A). Consistent with the literature, the major AChE
transcript variant was the AChET subunit in the primary cultured neu-
rons (Fig. 1B). We further examined effect of ACM on the expression of
the AChET subunit. Consistent with enzymatic activity result, the gen-
eral profile of the AChET mRNA level increased (3–4 folds) from im-
mature to mature stages in both NM or ACM (Fig. 1C) However, ACM
had no significant effect on AChET expression at both stages (Fig. 1C).
PRiMA is the membrane anchor and assembly organizer of the tetra-
meric globular form of AChE in neurons [1]. Under B27-free conditions,
the expression of PRiMA mRNA is kept at a low level at immature and
mature stages, and did not change with ACM treatment (Fig. 1D).

3.2. Astrocyte-derived effects of TCDD on AChE activity in cultured neurons

The dose-dependent effects of TCDD on the enzymatic activity of
AChE were examined in the primary neurons at different stages. In the
DM group, TCDD treatment caused a decrease in AChE activity com-
pared to solvent control, which was more obvious in immature than
mature neurons (Fig. 2A). An nonclassical dose-dependent effect was
found in which a low concentration of TCDD had a more apparent effect
(Fig. 2A). When comparing the DM and TACM groups, we found that
TCDD treatment had more prominent differential effect on AChE ac-
tivity at the mature stage: TCDD had no effect on AChE activity in the
TACM group, wherase it had a significant suppressive effect at 0.03 nM
in the DM group (Fig. 2A). There was only a trend of recovery of AChE
activity in immature neurons (Fig. 2A). To demonstrate the presence of
TCDD-induced factors in the CM of the TACM group, we included an
ACMT group as a control. At the immature stage, compared to DMSO
control, AChE activity was slightly decreased upon TCDD treatment

Fig. 1. Influence of ACM on AChE expression in cultured neuron (A)
Neurons on DIV 2 or 7 were treated with normal medium (NM) or ACM for 4
days. AChE activity was determined by the modified Ellman assay, and nor-
malized by protein concentration. Values were expressed as the fold of basal
derived from the value off NM-treated DIV 2 group (B) The mRNA expression
levels of AChER, AChEH and AChET in neurons were determined by quantitative
PCR analysis, using AChER mRNA level as the control. GAPDH was used as an
internal control for quantification. Effects of ACM on AChET (C) and PRiMA (D)
expression in neurons at different stages. After NM or TACM treatment, the
AChET mRNA level and PRiMA mRNA level were determined by quantitative
PCR analysis. The values from NM-treated DIV 2 group served as control.
GAPDH was used as an internal control for quantification. Values were nor-
malized by control and expressed as mean ± SEM (n = 3); each independent
sample was tested in triplicate. Statistical analysis was done by two-way
ANOVA with Bonferroni test. *p < 0.05 and ***p < 0.001 as compared with
control (DIV 6); ###p < 0.001 as compared with NM group on DIV 11.

Fig. 2. Astrocyte-derived effects of TCDD on AChE activity in cultured
neurons. Cultured neurons were treated with different concentrations of TCDD
(0.003 nM, 0.01 nM or 0.03 nM) or 0.1% DMSO (solvent control) directly (DM)
or indirectly (TACM and ACMT) on DIV 6 or 11. Four days later, the AChE
activity was determined by the modified Ellman assay, and normalized by each
protein concentration. Effects of DM and TACM (A) and effects of DM, ACMT
and TACM on the AChE activity at growth stage (B) and mature stage (C) are
shown. Values were expressed as the fold of control value in DMSO-treated cells
in DIV 6 DM group (A,B) or in DIV 11 DM group (C) and expressed as
mean ± SEM (n = 3); each independent sample was tested in triplicate.
Statistical analysis was done by two-way ANOVA with Bonferroni test.*p <
0.05, **p < 0.01 and ***p < 0.001 as compared with the value of DMSO-

treated cells; #p < 0.05 as compared with the value of ACMT group.
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(0.03 nM) in three groups of neurons (Fig. 2B), which was consistent
with the results in Fig. 2A. Interestingly, a slight but significant increase
was found in TACM compared to ACMT only with the presence of TCDD
(Fig. 2B). At the mature stage, compared to DMSO control, AChE ac-
tivity were slightly decreased upon TCDD treatment (0.03 nM) only in
the DM group (Fig. 2C), which was consistent with the results in
Fig. 2A. However, unlike the finding in Fig. 2B, AChE activity was
equally increased in the TACM and ACMT groups compared to DM
(Fig. 2C).

3.3. Astrocyte-derived effects of TCDD on neuronal AChET and PRiMA
mRNA expression

The dose-dependent effects of TCDD on AChET and PRiMA mRNA
expression were examined in the primary neurons at different stages.
Generally, AChET exhibited more obvious changes. For immature neu-
rons, TCDD treatment caused a dose-dependent increase in AChET ex-
pression upon direct treatment with maximum effect at 0.3 nM, but a
significant decrease at lower concentrations in the TACM group with
maximum effects at 0.01 nM (Fig. 3A). For mature neurons, a similar
trend of change in AChET expression was found with different con-
centrations of TCDD treatment in the DM and TACM groups which was
a suppressive effect at lower concentrations with maximum suppression
at 0.01 nM (Fig. 3B). Because of a recovery trend of AChET expression in
the TACM group of neurons, AChET expression was slightly but sig-
nificantly increased with 0.03 nM TCDD treatment in these neurons
(Fig. 3B). In general, there were no significant changes in PRiMA mRNA
in all groups (Fig. 3C and D), but at the mature stage, a different trend
of change of PRiMA mRNA was found in the DM and TACM groups
(Fig. 3D).

4. Discussion

In order to demonstrate the presence of astrocyte-derived effects on
neuronal AChE upon dioxin exposure, we compared the alterations in

AChE activity and related genes, including AChET and PRiMA, upon
direct treatment with TCDD and indirect treatment using CM from
TCDD-treated astrocytes. There are several variants of AChE resulting
from alternative splicing at the C-termini of primary transcripts, namely
AChER, AChEH and AChET. These transcripts possess the same catalytic
domain but distinct carboxyl-termini, and exert different functions [1].
The AChET variant is widely distributed in the central and peripheral
nervous systems but in various molecular forms to meet different re-
quirements for acetylcholine elimination at the different locations [22].
In association with the proline-rich membrane anchor (PRiMA), AChET

can be organized into a tetrameric globular form in brain [22].
First, in the absence of TCDD, we found ACM could induce the

enzymatic activity of AChE preferentially in mature neurons. These
results suggest that an the astrocyte-derived factor might be able to
upregulate neuronal AChE via mechanisms preferentially existing in
differentiated neurons. The enzymatic activity of AChE was generally
decreased in cultured cortical neurons upon direct treatment with
TCDD (0.003–0.01 nM). This trend of changes in AChE activity was not
significantly altered upon indirect treatment using conditioned medium
from TCDD treated astrocytes in immature neurons, but was reversed in
mature neurons. These data indicate that the astrocyte might play a
protective role in TCDD-induced alterations of neuronal AChE parti-
cularly in mature neurons. Compared with effects of treatment with
ACM plus TCDD (ACMT), a significant differential effect on AChE ac-
tivity was found in the TACM group in response to TCDD treatment
which occurred specifically in immature neurons. This result suggested
the presence of a TCDD-specific active component derived from the
astrocyte, which might have a weak effect on neuronal AChE.
Regarding the potential mechanism of the findings, expression of
AChET and PRiMA transcripts did not correlate with enzymatic activity
suggesting that a mechanism of action beyond the transcriptional level
might be involved. A similar notion has been proposed previously to
explain the TCDD-induced decrease of AChE activity in nerve growth
factor (NGF)-treated PC12 cells [7].

Our previous study demonstrated that relatively low dose TCDD
treatment suppressed AChE activity by an AhR-dependent transcrip-
tional and/or posttranscriptional mechanism in quiescent human-de-
rived SK-N-SH cells [5,8]. However, Xu et al. also showed that dioxin
could reduce AChE activity specifically in NGF-induced differentiated
rat PC12 cells [7]. In the present study, the stage of spontaneous dif-
ferentiation of the primary neurons was also important for the effect of
TCDD. Thus, the species specificity proposed previously [5] might in-
volve different neuronal intrinsic factors in response to the differ-
entiation process, which might be beyond the classical AhR-dependent
mechanism.

Astrocyte-derived indirect effects of other toxic substances on neu-
ronal AChE activity have been reported but with contradictory effects
to that of our present data. Pizzurro et al. demonstrated that diazinon
and diazoxon could reduce AChE activity in ACM treated cultured
hippocampal neurons and the neurite outgrowth was inhibit [23,24].
These studies support the notion that certain toxic substances can in-
directly alter AChE activity via astrocyte-derived factors. Moreover, the
different indirect effects on AChE activity might result from the dif-
ferent type of astrocyte-derived factors induced by the toxic substances
[5,18], which needs further investigation.

In this study, we used TCDD at concentrations similar to those found
in the U.S. population. According to the National Health and Nutrition
Examination Survey (NHANES) 2005–2006 and 2007–2008, the
median serum levels of dioxin-like compounds measured in the U.S.
population ranged from 7.7 pg/g lipid to 40.4 pg/g lipid [25]. After
conversion based on the estimated average serum fat content of 6.9 g/L
[26], the average serum concentration of dioxin in this population
would be 0.0001–0.001 nM. To our knowledge, there is very little data
reported concerning the neuro-toxicological effects of dioxin at such
low doses. We found 0.03 nM TCDD could effectively activate the AhR
pathway in astrocytes (data unpublished). Consistent with the

Fig. 3. Astrocyte-derived effects of TCDD on the expression of AChET (A, B)
and PRiMA (C, D) in neurons. Cultured neurons were treated with different
concentrations of TCDD (0.003 nM, 0.01 nM or 0.03 nM) or 0.1% DMSO (sol-
vent control) directly (DM) or indirectly (TACM) on DIV 6 or 11. The mRNA
levels of AChET and PRiMA were determined by quantitative PCR analysis.
GAPDH was used as an internal control for quantification. Values were ex-
pressed as the fold of control (the DMSO-treated DM group) and expressed as
mean ± SEM (n = 3); each independent sample was tested in triplicate.
*p < 0.05 and ***p < 0.001 as compared with the value of DMSO-treated DM
group by two-way ANOVA with Bonferroni test.
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literature, 0.03 nM TCDD treatment could activate AhR and subse-
quently induce dioxin-responsive-element-driven reporter gene ex-
pression in rat hepatoma H4IIE cells [27]. Furthermore, we have de-
monstrated that TCDD can induce astrocyte reactivation and
significantly induce pro-migratory gene expression via AhR pathways in
primary cultured astrocytes [18], which might be due to the TCDD-
induced astrocyte-derived factors. Therefore we speculate that TCDD
treatment of astrocytes induces secretion of certain astrocyte-derived
factor(s) probably via activation of AhR in astrocytes. Secretion of TNF-
α could be induced in astrocytes treated with 1 nM TCDD [28]. Lima el
at found that TNF-α was increased due to neuronal cholinergic pathway
maintenance [29]. However, TNF-α may not contribute to the recovery
of AChE activity in the TACM group of neurons since upregulation of
this inflammatory factor is known to decrease AChE activity [30]. Ef-
fects of other TCDD-induced chemokines and cytokines, such as che-
mokine Cxcl4, Cxcl7 and CCL20 [31,32] on neuronal AChE expression
are still under investigation.
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