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Abstract

Introduction: Exposure to acrylamide is increasing worldwide as a result of its heavy use in industry and formation in
carbohydrate-rich food cooked at high temperature. Despite its neurotoxicity, no studies have shown its toxic effects
on dopaminergic neurons yet. Therefore, the current study was carried out to show whether acrylamide adversely
affects primary cultured dopaminergic neurons.

Material and methods: Acrylamide (0.001, 0.01, 0.1, 1, 2 mM) was added to two different groups of primary mes-
encephalic cell cultures on the 9™ day in vitro for 24 and 48 h, respectively. Moreover, a group of cultures was
treated with lower concentrations of acrylamide (0.01, 0.05, 0.1, 0.5 mM) on the 6t day in vitro for 5 consecutive
days to investigate its long-term effects on dopaminergic neurons. Following each treatment, culture media were
obtained for measuring lactate dehydrogenase, and cultured cells were stained immunocytochemically against tyro-
sine hydroxylase and neuronal nuclear antigens.

Results: Treatment of cultures with acrylamide for 48 h significantly reduced the number of dopaminergic neurons,
adversely altered the morphology of the surviving neurons and increased levels of lactate dehydrogenase in the
culture media. Similar treatment of cultures with acrylamide also resulted in lower numbers of total neuronal cells
as shown by a reduced expression of the neuronal nuclear antigen. Prolonged treatment of cultures with lower con-
centrations of acrylamide slightly reduced the survival of dopaminergic neurons but increased the release of lactate
dehydrogenase into the culture media as well.

Conclusions: The current study shows, for the first time, neurotoxicity of acrylamide on dopaminergic neurons in the
primary mesencephalic cell culture.
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Introduction

Acrylamide (ACR) is a chemical that used wide-
ly in science, industry and technology [14]. In 2002,
the Swedish National Food Agency and Stockholm
University discovered that ACR can naturally form
in many starchy foods prepared at high tempera-

ture such as biscuits, cereals, potatoes crisps, French
fries and coffee [2]. Acrylamide forms in foods as
a result of interaction between sugars and an aspar-
agine amino acid through Maillard reaction [24].
Scientists classified ACR as a well-known neurotox-
in [3] and they reported that it can affect both cen-
tral and peripheral nervous systems in human and
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experimental animals [18]. In this context, Pennisi
et al. [18] reported that humans who were exposed
subchronically to ACR showed muscle weakness,
hand and feet numbness, ataxia and gait abnormal-
ities. Semla et al. [25] observed that treatment of
rats with ACR caused foot splay, ataxia and muscle
weakness to paralysis of hind limbs. These neuronal
disabilities were reported to result from inhibiting
kinesin-based fast axonal transport, alteration of
neurotransmitter levels and direct inhibition of neu-
rotransmission [7]. A direct toxic effect of acrylamide
was also reported on neuronal cells both in in vitro
and in vivo. For example, Mehri et al. [16] showed
that ACR decreased cell viability of PC12 cells, and
Abdelall et al. [1] and Lai et al. [10] reported progres-
sive degeneration of Purkinje cells and hippocampal
neurons by ACR in rats, respectively.

Parkinson’s disease (PD) is a chronic and progres-
sive neurodegenerative disorder affecting about 1%
of elderly people worldwide [9]. The selective loss
of dopaminergic neurons in substantia nigra pars
compacta (SNpc) and depletion of striatal dopamine
are considered the apparent pathological processes
leading to most of clinical signs in PD [6]. Apart of
the genetic form of PD which affects about 5-10% of
cases, scientists have only identified some risk fac-
tors that are associated with the occurrence of PD
and failed so far to explain the aetiology underlying
dopaminergic cell loss in the sporadic form [15,26].
Among these risk factors, environmental exposure
to industrial chemicals, organic solvents, pesticides
and heavy metals is common [19]. Although ACR was
recognized as a well-known neurotoxin a long time
ago, and dietary and occupational ACR exposure are
significantly increasing nowadays, no studies have
investigated its neurotoxic effects on dopaminergic
neurons so far. Accordingly, the present study was
built up to investigate whether ACR adversely affects
dopaminergic neurons in primary mesencephalic cell
culture, the most reliable in vitro model for PD.

Material and methods

Preparation of primary mesencephalic
cell cultures

Care and handling of pregnant mice (OF1/SPF)
were performed in accordance with the guidelines of
the European Union Council (86/609/EU) for the use
of laboratory animals. On gestation day 14, pregnant
mice were killed, the uteri were dissected and the

Folia Neuropathologica 2019; 57/2

Acrylamide adversely affects dopaminergic neurons

embryos were carefully removed to a Petri dish con-
taining Dulbecco’s phosphate buffered saline (DPBS,
Invitrogen, Germany, pH 7.2). Brains were then ob-
tained, mesencephala were excised and cultures
were prepared according to Radad et al. [20]. In brief,
mesencephala were cleaned from meninges and cut
into small pieces in a drop of DPBS. The tissues were
then incubated in a water bath at 37°C for 7 min in
presence of 0.25% trypsin solution (2 ml) and 0.02%
DNase | in HBSS (2 ml). After centrifugation at 100x g
for 4 min, the supernatant was aspirated and the
tissue pellet was mechanically dissociated with
a fire-polished Pasteur pipette. Then, suspended
cells were grown in Dulbecco’s Modified Eagle Medi-
um (DMEM) provided with 10 mM HEPES buffer,
4 mM glutamine and 10% heat-inactivated foetal calf
serum (FCS). On the 1%t and 3 day in vitro (DIV), the
medium was exchanged with DMEM supplemented
with FCS. On the 5t DIV, the medium was exchanged
with FCS-contained medium (50%) and serum-
free DMEM supplemented with 0.02 ml B-27/ml
(50%) (Invitrogen, Germany). Serum free DMEM sup-
plemented with 0.02 ml B-27/ml was used from the
6t DIV and was subsequently replaced every 2 day.

Treatment of cultures with acrylamide

A 10 mM stock solution of ACR (Sigma Aldrich)
was prepared by dissolving 0.7108 mg of ACR (MW:
71.08) in 1 ml distilled water. The final treatment
concentrations were prepared in DEMEM. On the
9t DIV, two groups of cultures were treated sepa-
rately with different concentrations of ACR (0.001,
0.01,0.1, 1, 2 mM) for 24 and 48 h to investigate the
effects of short-term treatment with ACR on dopa-
minergic neurons. The lethal concentration (LC,,) of
ACR on dopaminergic neurons was determined. To
investigate the long-term effects of ACR on dopami-
nergic neurons, a group of cultures was treated with
lower concentrations of ACR (0.01, 0.05, 0.1, 0.5 mM)
on the 6 DIV for 5 consecutive days.

Identification of dopaminergic neurons

At the end of ACR treatments, culture media were
removed, aliquoted and stored at —70°C till mea-
surement of lactate dehydrogenase. Cultured cells
were then washed carefully with PBS and fixed in
histochoice for 15 min at room temperature. Then,
cells were permeabilized with 0.4% Triton-X for
30 min. Cultured cells were rinsed 3 times with PBS

197



Khaled Radad, Mubarak Al-Shraim, Ahmed Al-Emam, Rudolf Moldzio, Wolf-Dieter Rausch

and non-specific binding sites were blocked by 5%
horse serum (Vectastain ABC Elite kite) for 90 min.
To visualize dopaminergic neurons (THir neurons),
cultured cells were incubated with anti-TH antibody
overnight at 4°C, secondary antibody (Vectastain)
and avidin-biotin-horseradish peroxidase complex
(Vectastain) for 90 min at room temperature. The re-
action product was developed in a solution of diam-
inobenzidine (1.4 mM) in PBS containing 3.3 mM
hydrogen peroxide (H,0,). Dopaminergic neurons
were counted with a Nikon inverted microscope in
10 randomly selected fields per well at 10x magni-
fication. Moreover, 50 dopaminergic neurons (10/
field) were randomly selected in 5 randomly selected
fields/well and their primary neurites were counted.

Measurement of lactate
dehydrogenase

Lactate dehydrogenase (LDH) release serves as
a marker of cytotoxicity and cell death [11]. The
cytotoxic detection kit was used to measure LDH in
the culture media according to the instructions of
the manufacturer. In brief, NADH + H* produced from
NAD* by LDH is transferred by diaphorase to the
yellow tetrazolium salt 2-[4-iodophenyl]-3-[4-nitro-
phenyl]-5-phenyltetrazolium chloride (INT) resulting
in red formazan formation. The latter was measured
spectrophotometrically at 490 nm with a reference
wave length at 688 nm. Supplemented DMEM was
used as a blank and deducted as background.

Neuronal nuclear antigen
immunostaining

To investigate the effect of ACR on the total neu-
ronal cell populations, a set of cultures was admin-
istered with different concentrations of ACR (0.001,
0.01, 0.1, 1, 2 mM) on the 9th DIV for 48 h. On the
11t DIV, culture media were aspirated and cultured
cells were immunohistochemically stained with anti-
NeuN (neuronal nuclear antigen) antibody (Chemi-
con, USA) for visualizing postmitotic neuronal cell
types. In the cells, similar staining procedures were
performed as described for anti-TH immunostaining
except that the anti-TH was replaced with the anti-
NeuN antibody. NeuN immunoreactivity was quan-
titatively assessed in 10 photo/treatment condition
using Adobe Photoshop software®. In brief, the orig-
inal photos were converted into black-white ones by
the threshold tool. Density of black colour was mea-
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sured and presented as the percent of the average
control [18].

Statistics

Data for each parameter were obtained from
3 experiments (4-well plate each) and presented as
mean + standard error of mean (SEM). ANOVA and
post-hoc Duncan’s test were used to compare dif-
ferent groups using IBM SPSS statistics 22. P < 0.05
was considered as statistically significant.

Results

Effect of acrylamide on the survival
of dopaminergic neurons

As shown in Figure 1A, incubation of primary
mesencephalic cell cultures with different concen-
trations of ACR (0.001, 0.01, 0.1, 1, 2 mM) on the
9th DIV for 24 h did not significantly affect the num-
ber of dopaminergic neurons. However, treatment
of cultures with the same concentrations of ACR
on the 9t DIV for 48 h significantly decreased the
number of dopaminergic neurons by 47.10% and
60.69% at the concentrations of 1 and 2 mM, respec-
tively, compared to untreated controls (Fig. 1A).
The LC,, of ACR on dopaminergic neurons was cal-
culated as 1 mM in cultures treated with ACR on
the 9t DIV for 48 h (Fig. 1A). Moreover, when cul-
tures were incubated with ACR for 24 or 48 h, it sig-
nificantly decreased the number of dopaminergic
neurites, respectively, by 17.16% and 19.53% at the
concentration of 1 mM, and 38.32% and 53.09% at
the concentration of 2 mM compared to untreated
controls (Fig. 1B).

Effect of acrylamide on the
morphology of dopaminergic neurons

Untreated dopaminergic neurons were intact
with long and branched processes after both 10 DIV
(Fig. 2A,B) and 11 DIV (Fig. 3A,B). In 24 h-treated cul-
tures, ACR was found to slightly affect dopaminergic
neurons at the concentration of 1 mM (Fig. 2C,D) and
produced marked loss and shortening of dopaminer-
gic neurites of surviving cells at the concentration
2 mM (Fig. 2E,F). In 48 h-treated cultures, ACR treat-
ment resulted in fewer dopaminergic neurons, and
marked loss and shortening of dopaminergic neur-
ites at both 1 mM (Fig. 3C,D) and 2 mM (Fig. 3E,F)
concentrations.
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Fig. 1. Effect of acrylamide (ACR) on the survival of dopaminergic neurons in the primary mesencephalic cell
culture. A) ACR did not produce any significant effect on the survival of dopaminergic neurons in 24 h-treat-
ed cultures. On the other hand, ACR significantly decreased the number of dopaminergic neurons at the
concentrations of 1 (47.10 £1.00) and 2 mM (60.69 +1.27) in 48 h-treated cultures compared to untreated
controls. B) ACR significantly decreased the number of dopaminergic neurites at the concentrations of
1 and 2 mM when cultures treated for both 24 and 48 h were compared to untreated controls. 100% cor-
responds to the total number of dopaminergic neurons and their neurites after 10 (the average number
of dopaminergic neurons = 43.21 +0.96 and neurites = 3.21 +0.65) and 11 DIV (the average number of
dopaminergic neurons = 47.51 +1.32 and neurites = 3.50 £0.78) in untreated control cultures (*p < 0.001).

Effect of acrylamide on lactate
dehydrogenase release into the culture
media

Interestingly, LC;, of ACR did not affect LDH
release into the culture medium and only produced
significant release (130.37%) at the concentration
of 2 mM after 48 h compared to untreated control
culture (Fig. 4). ACR did not affect LDH release in the
cultures treated for 24 h (Fig. 4).

Effect of acrylamide on the total
neuronal cells

Treatment of primary mesencephalic cell cul-
tures with different concentrations of ACR (0.001,
0.01, 0.1, 1, 2 mM) significantly decreased NeuN
immunoreactivity by 15.85% and 18.51% at the con-
centrations of 1 and 2 mM, respectively, after 48 h
compared to untreated controls (Fig. 5A). Figure 5B
showed that ACR at the concentrations of 1 and
2 mM resulted in decreasing NeuN immunoreactivi-
ty, compared to untreated control cultures.

Long-term effects of acrylamide on
primary mesencephalic cell culture

Incubation of cultures with lower concentrations
of ACR (0.01, 0.05, 0.1, 0.5 mM) on the 6" DIV for
5 consecutive days significantly decreased the num-
ber of dopaminergic neurons by 16.26%, 17.55%
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and 10.39% at the concentrations of 0.05, 0.1 and
0.5 mM, respectively, compared to untreated control
cultures (Fig. 6A). Moreover, LDH levels in the culture
medium was increased following treatment of cul-
tures with ACR by 91.97% and 100.89% at the con-
centrations of 0.1 and 0.5 mM compared to untreat-
ed control cultures (Fig. 6B).

Discussion

Exposure to environmental toxins is one of the
four best-documented pan cellular factors besides
age, genetic mutations and inflammation leading
to increasing the risk of developing PD [28]. Acryl-
amide is a common chemical that is widely used for
synthesis of polyacrylamide, treatment of drinking
water and as cosmetic additives, and forms in many
of high temperature prepared carbohydrate-rich
foods [23]. Although ACR has been documented as
a neurotoxic substance since the 1950s, no studies
have shown its effects on dopaminergic neurons, the
cells that synthesize the dopamine neurotransmitter
and their loss leads to PD, yet. Therefore, the present
study tried to demonstrate the effect of ACR on pri-
mary dopaminergic neurons in neuronal cell culture.
Our results showed that ACR significantly decreased
the survival of dopaminergic neurons with a LC,, of
1 mM after 48 h of exposure. Our results are con-
sistent with previous studies on other cellular and
animal models. For instance, Li et al. [13] report-
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Fig. 2. Representative micrographs of dopaminergic neurons after 10 DIV. A, B) Untreated control cultures
showed many and intact dopaminergic neurons with long and branched neurites. C, D) Acrylamide (ACR)
at the concentration of 1 mM slightly affects the morphology of dopaminergic neurons in 24 h-treated
cultures. E, F) Cultures treated with 2 mM of ACR for 24 h showed a marked loss and shortening of dopa-

minergic neurites.

ed that ACR significantly decreased the viability of
PC12 cells. Albalawi et al. [2] found that treatment of
human retinal epithelial cells (RPE) with 1 mM ACR
for 24 h increased their cell death rate. Zhao et al.
[30] showed that ACR at a concentration of 1 mM
adversely affected astrocytes and microglia in prima-
ry astrocytes/microglia co-culture. Li et al. [12] found
that ACR was efficient in producing crucial Parkinso-
nian-like pathology including dopaminergic damage
and a-synuclein aggregation in C. elegans. In animal
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models, Abdelall et al. [1] and Lai et al. [10] reported
ACR-induced progressive degeneration of Purkinje
cells and hippocampal neurons in rats, respectively.
Incubation of cultures with similar concentrations of
ACR for 24 h did not significantly affect the number
of dopaminergic neurons. Moreover, ACR was seen
to adversely affect the morphology of dopaminergic
neurons concomitant with a reduction in the num-
bers and lengths of dopaminergic neurites. Similarly,
neurite outgrowth was reported to be more sensi-

Folia Neuropathologica 2019; 57/2



A ]
FREENC Wk
/
/ N
@
gy ASh -
" R ona oy o |
F ¢ 5% R
¥ 100 pum
o—
C
4
/ ot i e §
{ 1
AR &
E
¥ ,--c ’
B
£ :
o

Acrylamide adversely affects dopaminergic neurons

Fig. 3. Representative micrographs of dopaminergic neurons after 11 DIV. A, B) Untreated control cultures
showed many and intact dopaminergic neurons with long and branched neurites. C, D) Treatment of cul-
tures with 1 mM of acrylamide (ACR) for 48 h resulted in a reduction in the number of dopaminergic neu-
rons, and a marked loss and shortening of dopaminergic neurites. E, F) Cultures treated with 2 mM of ACR
showed a marked loss of dopaminergic neurons, and short and dysmorphic neurites.

tive to ACR exposure in some in vitro studies. For
example, Chen et al. [5] reported that exposure of
NGF- or FGF-stimulated PC12 cells to 0.5 mM of ACR
significantly decreased their neurite outgrowth com-
pared to untreated control cultures. Also, Attoff et al.
[4] found that ACR decreased neurite humber and
impaired their outgrowth in differentiated SH-SY5Y
cell line. Measurement of the neurite number and
length (neurite outgrowth) is considered as a useful
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screening assay to identify potential developmental
neurotoxicants [21]. In contrast to its toxic effect on
dopaminergic neurons, LC., of ACR had no effect on
LDH release into the culture medium and only caused
significant LDH release at the concentration of 2 mM
compared to untreated control cultures. These
results agree with some other studies reporting no
significant effect of ACR on LDH activity [22,29]. Lack
of release of LDH by LC,, of ACR into culture medi-

201



Khaled Radad, Mubarak Al-Shraim, Ahmed Al-Emam, Rudolf Moldzio, Wolf-Dieter Rausch

300 um indicates, to some extent, the selective effect
250 * on dopaminergic neurons and absence of overall
toxicity on primary mesencephalic cell culture. Fur-
thermore, ACR at both 1 and 2 mM concentrations
generated about a 15-18% reduction in NeuN immu-
noreactivity indicating a decrease in the total neuro-
nal cell populations in the culture. Likewise, ACR was
reported to reduce the expression of the neuronal
and astrocytes biomarkers in differentiating C17-2
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Fig. 4. Effects of acrylamide (ACR) on lactate
dehydrogenase (LDH) release into the cul-

cell cultures [4]. This slight effect of ACR on total
neuronal cells in our primary mesencephalic cell
cultures supports the idea of the absence of over-
all toxicity and provides a reason for insignificant

ture medium. ACR significantly increased LDH
release into the culture medium when cultures
were treated with 2 mM of ACR on the 9th DIV
for 48 h compared to untreated controls. 100%
corresponds to the amount of LDH in the culture
medium after 12 DIV (¥p < 0.001).

LDH release into the culture medium. Acrylamide
neurotoxicity in humans was reported to occur as
a result of exposure to high doses in occupation-
al settings [8]. However concerns about low levels
of chronic exposure are increasing due to increas-
ing the evidence of ACR cumulative effects [17,27]
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Fig. 5. Effect of acrylamide (ACR) on the neuronal nuclear antigen (NeuN) immunoreactivity in the primary
mesencephalic cell culture. A) ACR significantly decreased NeuN immunoreactivity by 15.85 +3.45% and
18.51 +4.00% at the concentrations of 1 and 2 mM, respectively, after 48 h compared to untreated con-
trols. 100% corresponds to NeuN immunoreactivity after 12 DIV in untreated control cultures (*p < 0.001).
B) Treatment of cultures with ACR for 48 h markedly decreased the expression of NeuN marker at the con-
centrations of 1 and 2 mM compared to untreated control cultures.
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Fig. 6. Long-term effects of acrylamide (ACR) on the primary mesencephalic cell culture. A) Treatment of
cultures with ACR for 5 consecutive days significantly decreased the number of dopaminergic neurons by
16.26 +1.23%, 17.55 +1.50% and 10.39 +2.77% at the concentrations of 0.05, 0.1 and 0.5 mM, respective-
ly, compared to untreated controls. B) Similar treatment of cultures with ACR significantly increased the
release of lactate dehydrogenase (LDH) into the culture media by 91.97 +23.61% and 100.89 +32.11% at
the concentrations of 0.1 and 0.5 mM, respectively, compared to untreated controls. 100% corresponds
to the total number of dopaminergic neurons and the amount of LDH in the culture media after 11 DIV

(*p < 0.05, **p < 0.001).

and formation of ACR in high temperature-exposed
starchy foods [2,24]. To investigate long-term effects
of lower concentrations of ACR on dopaminergic
neurons, a group of primary mesencephalic cell cul-
tures was treated with ACR (0.01, 0.05, 0.1, 0.5 mM)
on the 6" DIV for 5 consecutive days. Our results
showed that the concentrations of 0.05, 0.1 and
0.5 mM decreased the dopaminergic cell number
by about 15%, and the concentrations of 0.1 and
0.5 mM increased LDH release into the culture medi-
um by about 100%, compared to untreated control
cultures. These concentrations did not affect both
the number of dopaminergic neurons and the levels
of LDH in the short-term regime where cultures were
treated with ACR for 48 h. This indicates that ACR
may have some cumulative effects in the primary
mesencephalic cell culture.

In conclusion, our current study reports, for the
first time, the adverse effects of ACR on dopaminer-
gic neurons in the primary mesencephalic cell cul-
ture.
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