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A B S T R A C T

Perfluoroalkyl acids (PFAAs) are persistent compounds used in many industrial as well as consumer products.
Despite restrictions, these compounds are found at measurable concentrations in samples of human and animal
origin. In the present study we examined whether the effects on cell viability of two sulfonated and four car-
boxylated PFAAs in cultures of cerebellar granule neurons (CGNs), could be associated with deleterious acti-
vation of the N-methyl-D-aspartate receptor (NMDA-R).

PFAA-induced effects on viability in rat CGNs and unstimulated PC12 cells were examined using the MTT
assay. Cells from the PC12 rat pheochromocytoma cell line lack the expression of functional NMDA-Rs and were
used to verify lower toxicity of perfluorooctanesulfonic acid (PFOS) in cells not expressing NMDA-Rs. Protective
effects of NMDA-R antagonists, and extracellular as well as intracellular Ca2+ chelators were investigated.
Cytosolic Ca2+ ([Ca2+]i) was measured using Fura-2.

In rat CGNs the effects of the NMDA-R antagonists MK-801, memantine and CPP indicated involvement of the
NMDA-R in the decreased viability induced by PFOS and perfluorohexanesulfonic acid (PFHxS). No effects were
associated with the four carboxylated PFAAs studied. Further, EGTA and CPP protected against PFOS-induced
decreases in cell viability, whereas no protection was afforded by BAPTA-AM. [Ca2+]i significantly increased
after exposure to PFOS, and this increase was completely blocked by MK-801. In PC12 cells a higher con-
centration of PFOS was required to induce equivalent levels of toxicity as compared to in rat CGNs. PFOS-
induced toxicity in PC12 cells was not affected by CPP.

In conclusion, PFOS at the tested concentrations induces excitotoxicity in rat CGNs, which likely involves
influx of extracellular Ca2+ via the NMDA-R. This effect can be blocked by specific NMDA-R antagonists.

1. Introduction

Perfluoroalkyl acids (PFAAs) including perfluoroalkyl sulfonated
(PFSA) and carboxylated (PFCA) acids are found in measurable con-
centrations in samples from humans and wildlife, due to widespread use
in industrial as well as consumer products since the 1950’s (Buck et al.,
2011). In the industry they are used amongst others as surfactants, anti-
reflective coatings for photolithography processes, etchants, lubricants

and in ion-exchange processes (OECD, 2009), whereas in consumer
products they may be found in paint and inks, in food contact papers,
impregnation sprays, ski waxes and outdoor clothing (IVF Swerea,
2009; Kotthoff et al., 2015). They are slowly degradable (Haug et al.,
2010; Holzer et al., 2009; Nilsson et al., 2010; Olsen et al., 2007), cross
the blood brain barrier, and accumulate in the brain to a variable de-
gree depending on their carbon chain length and functional group(s)
(Ahrens et al., 2009; Eggers Pedersen et al., 2015; Greaves et al., 2013;
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Maestri et al., 2006). Exposure to PFAAs has been associated with
neurobehavioural effects in laboratory animals including mice, rats and
zebrafish such as decreases in spontaneous motor ability, deranged
spontaneous behavior such as rearing and locomotion, and lack of ha-
bituation, as well as increased swimming speed in fish (Chen et al.,
2013; Johansson et al., 2008; Yang et al., 2009). In humans a recent
study suggested that prenatal exposure to the PFAAs per-
fluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)
may be associated with a small to moderate effect on the neurobeha-
vioural development of children and specifically an increase in hyper-
activity (Hoyer et al., 2015), however more human studies are required
due to large variability shown in published literature (Roth and Wilks,
2014).

Glutamate is considered the major excitatory neurotransmitter in
the mammalian brain and spinal cord (Paoletti et al., 2013). Ex-
citotoxicity refers to the process whereby neuronal death is induced by
excessive rapid or prolonged activation of glutamate receptors (Fonnum
and Lock, 2004), resulting in sustained elevation of free cytoplasmic
Ca2+, which in turn release more glutamate into the affected area.
Excitotoxicity is assumed to be involved in several pathological con-
ditions such as ischemic brain injury (after stroke or trauma) and
neurodegenerative disorders (e.g. Alzheimer's disease and Huntington's
disease) (Feng et al., 2004; Marini and Paul, 1992; Xia et al., 1995). In
addition to the metabotropic glutamate receptors, there are three types
of ionotropic glutamate receptors, the α-amino-3-hydroxy-5-methyli-
soxazole-4-propionic acid (AMPA), kainate and N-methyl-D-aspartate
(NMDA) receptors (Fonnum and Lock, 2004; Li et al., 2004), which
contain central ligand gated ion-channels (Fonnum and Lock, 2004), all
three which have been implicated in glutamate neurotoxicity (Marini
and Paul, 1992). Of these the NMDA receptor (NMDA-R) is assumed to
play a major role in the mediation of neuronal death in primary cultures
of nerve cells (Marini and Paul, 1992).

The NMDA-Rs consist of several subunits forming heterotetrameric
complexes (Feng et al., 2004; Tarnok et al., 2008), and contain a
channel largely permeable to Ca2+ (Paoletti et al., 2013). Functional
NMDA-Rs are formed by the combination of GluN1 and at least one
GluN2 subunit, or GluN1 in combination with GluN2 and GluN3 sub-
units (Iacobucci and Popescu, 2018; Kew and Kemp, 2005). Similar to
the cerebellum in vivo, the expression of subunits in cultures of cere-
bellar granule neurons (CGNs) in vitro changes with time, and ma-
turation of the neuronal cultures (Cebers et al., 2001; Vallano et al.,
1996). Due to these by others well documented and previously reported
time-dependent changes in NMDA-R subunit expression, experiments in
the present study were conducted in CGNs at various time-points, and
neuronal cells exposed at days in vitro (DIV) 14 were assumed to express
more mature receptors than cells exposed at DIV 0 or 8. This was
however not verified by gene or protein analysis.

Granule cells are the most abundant neuronal cell type in the cer-
ebellum (Gallo et al., 1982), they are easy to isolate, and to use in in
vitro studies. They have been in use for several decades, and have been
applied in many studies examining mechanisms of excitotoxicity. CGNs
may be cultured to a high purity, express excitatory glutamate re-
ceptors, and produce and release L-glutamate (Kramer and Minichiello,
2010) and thus make, in addition to hippocampal and cortical cultures,
a good model for the study of glutamatergic functions. Whereas the
cerebellum earlier was assumed to be involved mainly in the planning
and execution of movements, studies have shown that it is largely as-
sociated with cerebral networks involved in cognition (Buckner, 2013).
Studies of children with malformations of the cerebellum find asso-
ciations with neurophsychological deficits affecting executive func-
tions, visuospatial and linguistic abilities, as well as with affective and
social disorders, and autistic syndromes (Volpe, 2009). Exposure to
certain POPs have been associated with an increased risk of autism
spectrum disorders (Schmidt et al., 2014). Changes in the expression of
ionotropic glutamate receptors have been observed in autism, and an
upregulation of NMDA-R GluN1 subunit protein levels has been

observed in post-mortem samples from the human cerebellum (Rojas,
2014). In animal models of autism overexpression of GluN2B has also
been observed (Rojas, 2014). In the cerebellum the migration of
granule cells from the external germinative layer to the internal granule
cell layer is dependent on the NMDA-Rs, where the GluN2B subunits are
especially important (Akazawa et al., 1994; Llansola et al., 2005;
Tarnok et al., 2008; Watanabe et al., 1994).

Previous studies using inhibitors of the NMDA-R function have in-
dicated an involvement of this receptor in death of cultured CGNs in-
duced by halogenated hydrocarbons such as the polychlorinated bi-
phenyls (PCBs) (Mariussen et al., 2002), as well as the brominated
flame retardant, tetrabromobisphenol A (TBBPA) (Reistad et al., 2007).
We have previously reported that viability in cultures of CGNs exposed
to six different PFAAs (perfluorohexanesulfonic acid (PFHxS), PFOS,
PFOA, perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA)
and perfluoroundecanoic acid (PFUnDA)) is affected by carbon chain
length and the functional groups attached to the perfluorinated mole-
cular backbone (Berntsen et al., 2017). In the present study the initial
aim was to investigate the possible involvement of the AMPA/kainate-
and NMDA-Rs in PFAA-induced reductions in viability of CGNs using
the same six compounds.

After the initial studies conducted with the six different PFAAs we
chose to focus our remaining studies on PFOS. For comparative pur-
poses we also included PFOA in some, but not all of the experiments.
PFOS and PFOA both have 8 carbon atoms in the molecular backbone
structure, but have different functional groups attached. Whereas PFOS
has a sulfonate group, PFOA contains a carboxyl group (Fig. 1).

We have previously reported that CGNs exposed at DIV 8 to con-
centrations of PFOS and PFOA inducing equipotent effects after 24 h
exposure, show very different time-curves for cytotoxicity induction.
Whereas PFOS induced most of its toxicity within 1 h of exposure, PFOA
did not induce significant effects on viability until after 12 h exposure
(Berntsen et al., 2017), which may indicate different mechanisms of
action. For the second part of the experiments the aim was to in-
vestigate how PFOS and PFOA affected the viability of CGNs at different
stages of maturation. Further, time-dependent effects of intracellular
and extracellular calcium chelation on PFOS- and PFOA-induced effects
on viability were investigated. Finally, the effects of PFOS and PFOA
exposure on cytosolic calcium concentration were assessed. Cells from
the PC12 rat pheochromocytoma cell line reportedly lack the expres-
sion of functional NMDA-Rs (Edwards et al., 2007) and were exposed to
concentrations within the same range as used in the CGN experiments,
to verify lower toxicity of PFOS in cells not expressing NMDA-Rs.

2. Materials and methods

2.1. Chemicals and reagents

1,2-bis(o-aminophenoxy)-ethane-N,N,N-N′-tetraacetic acid tetra-
acetoxymethyl ester (BAPTA-AM,≥ 90%), was obtained from
Calbiochem (San Diego, CA, USA). Basal medium Eagle (BME),
Dulbecco's modified Eagle medium (DMEM), heat-inactivated foetal
bovine serum (FBS), Glutamax-I supplement (200mM), heat-in-
activated horse serum and penicillin-streptomycin (100 IU/ml peni-
cillin and 100 μg/ml streptomycin) came from GIBCO Life technologies
(Paisley, UK). Perfluorohexanesulfonic acid potassium salt
(PFHxS,> 98%) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Albumin from bovine serum (BSA,≥ 96%),
cytosine β-D-arabinofuranoside (ARA-C,≥ 90%), deoxyribonuclease I
from bovine pancreas (DNAse), dimethyl sulfoxide (DMSO,≥ 99.9%),
ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid
(EGTA,≥ 97.0%), memantine hydrochloride (memantine,≥ 98%),
+/-MK-801 hydrogen maleate (MK-801), perfluorooctanesulfonic acid
potassium salt (PFOS,≥ 98%), perfluorooctanoic acid (PFOA, 96%),
perfluorononanoic acid (PFNA, 97%), perfluorodecanoic acid (PFDA,
98%), perfluoroundecanoic acid (PFUnDA, 95%), poly-L-lysine
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hydrobromide (Mw > 70,000), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT, 98%), trypsin type I from bovine
pancreas and trypsin inhibitor from Glycine max (soybean) type IeS
were purchased from Sigma-Aldrich (St.Louis, MO, USA). 3-((R)-2-
Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP,≥ 98%), 2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide
disodium salt (NBQX,≥ 98%) was from Tocris Biosciences (Bristol,
UK). All other chemicals and reagents used were obtained from stan-
dard chemical suppliers. Stock solutions of all relevant concentrations
of PFAAs and BAPTA-AM were prepared by dissolution in DMSO,
whereas CPP, MK-801 and memantine were dissolved in Milli-Q-water.
The stocks were frozen, and thawed before each experiment so that the
same stocks were used for all experiments. For EGTA a 0.5M stock
solution was made by dissolution of 1.9 g EGTA in 9ml distilled water
added 0.4 g NaOH to reach a pH of 7.5, followed by further addition of
1ml distilled water. The stock solution was stored in the fridge and
used for all the experiments involving EGTA.

2.2. Laboratory animals

For each isolation of cells, mixed-sex litters of 10 Wistar rat pups
were obtained at 8 days of age from Taconic, Denmark. The pups were
euthanised, without prior use of anaesthesia, by decapitation on the day
of arrival, whereas the dam was euthanised with an intracardiac in-
jection of pentobarbital under isoflurane anaestesia, followed by
opening of the thoracic cavity. All animal treatments were carried out
in accordance with the Norwegian Animal Welfare Act and the
Directive 2010/63/EU of the European Parliament and of the Council
on the protection of animals used for scientific purposes. Efforts were
made to minimise animal suffering and to reduce the number of animals
used.

2.3. Isolation of rat cerebellar granule neurons

Primary cultures of post-mitotic cerebellar granule neurons were
prepared as described in Berntsen et al. (2013) from rat pups at post-
natal day (PND) 8. Cells from each isolation were diluted to an

Fig. 1. The chemical structures of the six different PFAAs. Adapted from (Berntsen et al., 2017).
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approximate concentration of 1–1.2× 106 cells/ml in BME, supple-
mented with 10% heat-inactivated FBS, 2.5 mM Glutamax, 100 IU/ml
penicillin +100 μg/ml streptomycin, 25mM KCl and 1% glucose
(sBME), and transferred to 12 well poly-L-lysine treated (.01mg/ml for
2 h, 1ml per well) cell culture plates (Nunc, 1ml cells per well) for the
cytotoxicity experiments. For Ca2+ imaging cells were seeded in pre-
coated poly-D-lysine 3.5 cm dishes with a central glass bottom of 1.4 cm
in diameter (MatTek Corporation, 3ml cells/dish). The cytostatic drug
ARA-C was added to all plates after 24 h - at day 1 in vitro (DIV), giving
a concentration of 10.3 μM in the cell medium, to prevent the replica-
tion of non-neuronal cells. Cells were then left undisturbed in a CO2

incubator without medium change, at 36 °C and 5% CO2 until DIV 8–9
or 14, when exposures were carried out. For CGN-cultures left until DIV
14 additional glucose (1mg/ml) was also added to the medium as
previously described by Schramm et al. (1990) for the maintenance of
healthy cultures. In the present study, glucose was added approximately
every third day as in de Luca et al. (1996) at DIV 7, 9 and 12. For all
chemical exposures performed at DIV 8 or DIV 14 CGNs were exposed
to toxicants in sBME, without FBS (sBME (− FBS)). For the exposure of
cells at DIV 0, 2× the normal concentration of cells (2–2.4×106 cells/
ml) in sBME were seeded in half the normal volume of medium (0.5 ml
cells/well) followed by addition of 2× the desired final concentration
of toxicants/DMSO in additional medium (0.5ml/well), giving a con-
centration of 1× for the relevant toxicant in 1ml medium/well. ARA-C
was added at DIV 1 as usual. All exposures were performed in triplicate
wells, and a mean value calculated for each concentration. Each ex-
periment was repeated several times (depending on the experiment) in
cell cultures isolated from cerebella at different days (cells from one
isolation was counted as one independent replicate).

2.4. PC12 cells

Cells from the rat pheochromocytoma cell line PC12 were grown in
DMEM supplemented with 10% FBS, 5% horse serum, sodium pyruvate
(1 mM) and 100 IU/ml penicillin +100 μg/ml streptomycin, diluted to
a concentration of 3.5× 104 cells/ml and plated 100 μl/well in a 96-
well, transparent, flat-bottom cell culture plate (Nunc). Cells were
subsequently incubated for 24 h at 37 °C and 5% CO2, followed by ex-
posure to toxicants and inhibitors in supplemented DMEM for yet 24 h
at 37 °C and 5% CO2, before cell viability assessment with the MTT
assay.

2.5. MTT cell-viability assay

The MTT assay was used for measurement of cell viability in the rat
cerebellar neuronal experiments described in this paper. To verify the
viability-results from the MTT assay, cells from all exposed wells in an
experiment were also examined by phase contrast microscopy, prior to
conducting the assay. The MTT assay was also used for cell viability
assessment in PC12 cells. The MTT assay is based on the cleavage of the
yellow tetrazolium salt MTT into the blue product formazan by the
mitochondrial enzyme succinate dehydrogenase in living cells
(Mosmann, 1983). In the assay, a reduction in the number of living cells
results in a decrease in the amount of formazan produced as compared
to the control, and indicate the degree of cytotoxicity induced. For the
studies in rat cerebellar granule neurons, the assay was conducted as
described in Berntsen et al. (2013), and dual wavelength absorbance
measurements were performed at 570 and 690 nm in a VICTOR3 mul-
tilabel reader (Perkinelmer, Inc. Waltham, MA, USA). For the PC12
cells, after end of exposure, 10 μl of 5 mg/ml MTT solution in PBS was
added to each well of the 96 well plate, with the exception of the wells
left for background subtraction. The plate was subsequently incubated
at 37 °C and 5% CO2 for 3 h, before replacement of the MTT-solution
with 100 μl DMSO/well for dissolution of the formazan salt. Absorbance
was subsequently measured after 30min at 570 nm in a CLARIOstar®
microplate reader (BMG Labtech, Ortenberg, BW, Germany), and the

average blank value from wells containing cells without MTT, was
subtracted from the final optical density values obtained.

2.6. Mechanistic studies of the involvement of ionotropic glutamate
receptors in PFAA-induced cytotoxicity

To examine the involvement of ionotropic glutamate receptors in
PFAA-induced cytotoxicity, CGNs were exposed on DIV 8 to a single
concentration of the PFSAs PFHxS (550 μM) and PFOS (60 μM) as well
as the PFCAs PFOA (500 μM), PFNA (100 μM), PFDA (40 μM) and
PFUnDA (30 μM) for 24 h, alone or in conjunction with the un-
competitive NMDA-R antagonist memantine (Volbracht et al., 2006),
the high affinity uncompetitive NMDA-R antagonist MK-801
(Frankiewicz et al., 1996), or the competitive NMDA-R antagonist CPP
(Fritz et al., 1996). Preliminary experiments with PFOS, and various
concentrations of CPP were conducted to assess the effect of different
concentrations of CPP. In addition, cells were co-incubated with the
AMPA/kainate receptor antagonist NBQX (Mitsui et al., 2011). The
concentrations of the PFAAs were based on concentration-response
experiments described in a separate publication (Berntsen et al., 2017).
Concentrations producing close to equipotent effects, i.e. some, but not
full toxicity (60–80% reduction in cell viability), for all the PFAAs at
24 h, were selected. The concentrations of PFAAs used in the present
study are higher than concentrations measured in the general popula-
tion, and are more in the range of what may be found in occupationally
high exposed workers. The concentrations of MK-801, memantine and
NBQX were based on previous publications (Berntsen et al., 2013;
Mariussen et al., 2002). The inhibitors were also tested alone to ex-
amine their effects on cell-viability in unexposed cells. To also assess
involvement of mature NMDA-Rs in PFOS- and PFOA-induced cyto-
toxicity CGNs were exposed on DIV 14 to PFOS (60 μM) and PFOA
(500 μM) for 24 h alone or together with memantine, MK-801, or CPP.
The concentrations of the various inhibitors used as well as the number
of independent experiments conducted are presented in Table 1.

2.7. PFOS and PFOA-induced cytotoxicity in CGNs at different stages of
maturation

To assess potential differences in cytotoxicity of PFOS and PFOA in
neuronal cultures at different stages of maturation, rat CGNs were ex-
posed to increasing concentrations of PFOS and PFOA for 24 h at DIV 8
(10, 20, 40, 60, 80 and 100 μM PFOS, and 100, 200, 300, 400, 500 and
600 μM PFOA, n=5–7) and DIV 14 (n=3) before assessment of via-
bility with the MTT assay. The concentration-response curves for PFOS
and PFOA at DIV 8 have been published before (Berntsen et al., 2017),
but are included in Fig. 4A and B for comparisons. To assess the effect of
PFOS on immature NMDA-Rs, CGNs were also exposed to the same
concentrations of PFOS in the presence of FBS, at cell isolation (DIV 0,
n=3) for 8 days until DIV 8, when viability was assessed.

Table 1
Concentrations and number of experiments conducted with each inhibitor alone
or in combination with each PFAA in CGNs.

Exposure day in vitro (DIV) Inhibitor Concentration in μM n

8 Memantine 3 and 6 5–7
8 MK-801 3 5–6
8 CPP 0.75 and 10 4–6
8 CPP+PFOS 0.75, 1.5, 3, 6 and 10 5
8 NBQX 10 5
8 All above inhibitors unexposed cells 5–6
14 Memantine 6 3
14 MK-801 3 3
14 CPP 10 3

n=number of independent experiments from separate cell isolates, each per-
formed in triplicate
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2.8. PFOS-induced toxicity in PC12 cells

To verify whether the PFOS-induced toxicity could be acting via the
NMDA receptor, PC12 cells lacking the expression of functional NMDA-
Rs (Edwards et al., 2007) were exposed to concentrations within the
same range as used in the CGN experiments (12.5, 25, 50 and 100 μM).
In addition, a higher concentration (200 μM) was used to ensure the
likelihood of cytotoxicity induction (n=4 for all). 200 μM PFOS was
also tested in combination with CPP (0.75 and 10 μM, n=3 for both).

2.9. Assessment of time-dependent effects of extracellular and intracellular
Ca2+ chelation on cell viability after exposure to PFOS and PFOA

To assess effects of chelation of extracellular and intracellular Ca2+

CGNs were co-incubated for different time intervals with PFOS (60 μM)
and PFOA (500 μM) alone, and in conjunction with the extracellular
Ca2+ chelator EGTA (2mM, 10, 30 and 60min and 12 and 24 h, n= 4)
and the intracellular Ca2+ chelator BAPTA-AM (10 μM, 10 and 60min
and 24 h, n=4–6). Effects of EGTA and BAPTA-AM alone were also
assessed (n= 4–6). At each time-point a DMSO control (0.1% for EGTA
and 0.2% for BAPTA-AM) was included. The concentrations of EGTA
and BAPTA-AM were based on previous experiments and publications
(Berntsen et al., 2013; Reistad et al., 2007).

2.10. Effects of CPP on time-dependent changes in viability after PFOS and
PFOA exposure

To assess acute effects of PFOS and PFOA exposure on CGN viabi-
lity, and involvement of the NMDA-R in the induced toxicity, cells were
incubated with PFOS (60 μM) or PFOA (500 μM) alone and in con-
junction with CPP (10 μM) as well as CPP only (10 μM) and DMSO
(0.1%) for 10 and 60min (n=4–5). Due to previous findings that this
concentration of PFOA did not induce toxicity at these time-points
(Berntsen et al., 2017), a higher concentration of PFOA (1000 μM) with
and without CPP was also included (n=3).

2.11. Measurements of cytosolic Ca2+ using Fura-2

Dishes containing CGNs were used at DIV 8–9 for Fura-2 measure-
ments of cytosolic Ca2+ ([Ca2+]i) during 1 h exposure to toxicants and/
or inhibitors. Cells were initially incubated with 5 μM of the fluorescent
Ca2+ indicator Fura-2 AM in sBME (− FBS) (1 ml/ dish), for 30min at
37 °C and 5% CO2. This was followed by washout of excess Fura-2 ester
using sBME (− FBS) (1 ml/dish), and further 30min incubation in
sBME (− FBS) (1 ml/dish) at 37 °C and 5% CO2. Subsequently for ex-
periments another 1ml of sBME (− FBS) was added/dish. [Ca2+]i
imaging by dual excitation fluorometry was conducted as previously
described in Strandabo et al. (2016) with modifications. In brief the
dishes containing CGNs were mounted on an Olympus IX71 inverted
microscope with objectives of high UV light transmittance (Olympus,
Tokyo, Japan). Excitation light was provided by the use of a Lambda LS
Xenon Arc lamp (Sutter, CA, USA). The wavelength of the light was
altered between 340 and 380 nm with the aid of a Lambda 10–2 filter
wheel, and the emission at 510 nm was recorded using a Hamamatsu
ORCA ER camera (Hamamatsu Photonics, Hamamatsu, Japan). Ratio
images were obtained at a frequency of 0.83 Hz. Exposure times varied
according to the Fura-loading and were between 250 and 350ms for
340 nm and between 50 and 150ms for 380 nm excitation. The ratio
between the emission at the two excitation wavelengths (F340/F380)
reflects [Ca2+]i, and an increase in the ratio corresponds to an increase
in [Ca2+]i. In the present study, exposures were performed by adding
1ml of sBME (− FBS) containing 3× the desired final concentration of
toxicants or sBME (− FBS) only, to the dish already containing 2ml of
sBME (− FBS). Measurements were taken before addition of toxicants
(time point 0), followed by measurements at 30 and 60min post
treatment. For studies of cells co-treated with an inhibitor, this was

added 5min prior to the addition of toxicants. Measurements of [Ca2+]i
were taken before addition of the inhibitor, after 5min incubation with
inhibitor alone (time-point 0), and 30 and 60min after addition of
toxicant. For each time-point, measurements of [Ca2+]i were obtained
from 5 cells in 4 random areas of each dish. For calculation of effects
and statistical testing, an average value was calculated for the 20 ob-
servations obtained at each time-point. To correct for inter-experi-
mental variability in baseline Ca2+ levels prior to treatment with tox-
icants, the average [Ca2+]i value for the 20 cells obtained 30 and
60min after treatment was expressed as % of the average [Ca2+]i value
obtained prior to treatment at time-point 0 (set to 1). In the case of the
inhibitor studies the average values from 30 and 60min were expressed
as % of the average value obtained after 5min incubation with the
inhibitor. CGNs in the present study were treated with 60, 100 and
300 μM PFOS and PFOA for 60min (n=4–5). Due to the absence of an
increase in [Ca2+]i after PFOA treatment as compared to control cells,
the effect of a higher concentration of PFOA and PFOS (1000 μM) was
also examined (n=4). To further examine whether the increase in
[Ca2+]i could be the result of influx via the NMDA-R, CGNs were pre-
incubated with the NMDA-R channel blocker MK-801 (3 μM), before
addition of PFOS or PFOA (300 μM of both) in conjunction with MK-
801 (3 μM) or sBME (− FBS) only (n=6–8).

2.12. Statistical analysis

Statistical analyses and calculations were carried out using
GraphPad Prism 7. For the assessment of significant alterations in via-
bility in rat CGNs treated with the different PFAAs and MK-801, or
NBQX, as compared to the PFAA alone, a two-tailed paired t-test was
used, due to the comparison of two groups. For treatment with mem-
antine or CPP, as well as treatment with inhibitors in rat CGNs at DIV
14, a repeated measure one-way ANOVA with a Dunnett's post hoc test
was used due to comparison of several groups. Effects on cell viability
after treatment of rat CGNs at DIV 8 with inhibitors only, effects on
viability after exposure of rat CGNs to PFOS or PFOA at DIV 0, 8 and 14,
effects on viability in PC12 cells after treatment with PFOS as compared
to treatment with 0.1% DMSO, in addition to comparison of effects of
treatment of PC12 cells with PFOS alone or together with CPP were
assessed with one-way ANOVAs and Dunnett's post hoc tests. In all the
studies where effects of exposure were examined at various time-points,
significant differences were tested using a two-way ANOVA, with a
Tukey-Kramer post hoc test. In all the experiments conducted, a p-value
of< .05 was regarded as statistically significant. Best fit concentration-
response curves for cell-viability were obtained by non-linear regres-
sion in PRISM 7. Concentrations were log transformed prior to analysis.
A 4-parameter variable slope model was used with the bottom value
constrained to 0 to improve fit.

3. Results

3.1. Mechanistic studies on the involvement of ionotropic glutamate
receptors in PFAA-induced cytotoxicity

Three inhibitors were used for screening of the involvement of
NMDA-Rs in PFAA-induced effects on viability in CGNs. The results are
summarised in Fig. 2. MK-801 significantly improved viability after co-
exposure with PFHxS and PFOS by 15 and 40 percentage points
(p < .05 and .01, respectively), whereas in conjunction with PFOA and
PFNA, viability was significantly reduced by 25 and 14 percentage
points (p < .05) (Fig. 2A). No effects were observed for the PFDA- and
PFUnDA-induced cytotoxicity. After co-incubation with 3 and 6 μM
memantine, significant alterations in viability were detected as com-
pared to PFAA exposure only (Fig. 2B). For PFHxS (ANOVA
(F2,5= 12.7, p < .01)) viability increased by 14 and 20 percentage
points (p < .05 and .01, respectively), for PFOS (ANOVA (F2,5= 33.2,
p < .01)) by 22 percentage points for both concentrations (p < .001)
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and for PFDA (ANOVA (F2,4 = 9.33, p < .01)) viability increased by 10
and 13 percentage points (p < .05 and .01, respectively). In contrast,
co-incubation with 6 μM memantine significantly decreased viability
after PFOA exposure (p < .05), whereas 3 μM memantine had no ef-
fect. Memantine had no significant effect on viability after PFNA and

PFUnDA exposure. For CPP, concentrations of 0.75, 1.5, 3, 6 and 10 μM
significantly increased viability following PFOS exposure (ANOVA
(F26,54= 7.08, p < .001), Dunnett's post hoc test (p < .001)) reaching
86–98% of the 0.1% DMSO control value (only the results for 0.75 and
10 μM are displayed) (Fig. 2C). No effect of co-exposure with 0.75 and

Fig. 2. Neuroprotective effects of ionotropic glutamate receptor antagonists on PFAA-induced cytotoxicity at day 8 in vitro. Viability was assessed with the MTT assay
after 24 h exposure of rat CGNs at day 8 in vitro to the six PFAAs alone and in conjunction with A) MK-801 (n=5–6 experiments from separate cell isolates), B)
memantine (n=5–7 experiments from separate cell isolates), C) CPP (n=4–6 experiments from separate cell isolates) and D) NBQX (n=5 experiments from
separate cell isolates). E) The effects of inhibitors only on cell viability was also assessed (n=5–6 experiments from separate cell isolates). All values are relative to
the 0.1% DMSO control in each experiment (defined as 100%). *,** and *** indicate statistically significant differences of p < .05, p < .01 and p < .001,
respectively between CGNs treated with the PFAAs alone and together with the various inhibitors, or between cells treated with 0.1% DMSO and the inhibitors only .
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10 μM CPP was observed for PFHxS, PFOA, PFNA or PFDA. For
PFUnDA, very small, but statistically significant increases in viability of
5 and 8 percentage points were observed after co-incubation with 0.75
and 10 μM CPP (ANOVA (F2,5= 24.1, p < .001), Dunnett's post hoc
test (p < .001 and .01, respectively)). No effect on viability was ob-
served after co-incubation of CGNs with PFAAs and 10 μM of the
AMPA/kainate receptor antagonist NBQX, with the exception of
PFUnDA, where a very small statistically significant increase of 3 per-
centage points was observed (p < .01) (Fig. 2D). None of the tested
concentrations of the 4 previously mentioned inhibitors had any effect
on viability in CGNs unexposed to PFAAs with the exception of 3 μM
MK-801, which decreased viability by 13 percentage points as com-
pared to the 0.1% DMSO control (ANOVA (F6,31= 5.16, p < .001),
Dunnett's post hoc test (p < .001)) (Fig. 2E).

Involvement of NMDA-Rs in PFOS- and PFOA-induced effects on
viability in CGNs expressing mature receptors was also assessed in cells
at DIV 14 (Fig. 3). 3 μM MK-801, 6 μM memantine and 10 μM CPP
significantly increased cell viability following PFOS exposure by 69, 51
and 72 percentage points, respectively to 96, 78 and 99% of the 0.1%
DMSO control (ANOVA (F3,2= 37.1, p < .001), Dunnett's post hoc test
(p < .001, .01 and .001, respectively)). For PFOA, viability was in-
creased by 26 percentage points after co-incubation with 10 μM CPP
(ANOVA (F3,2= 18.5, p < .01), Dunnett's post hoc test (p < .01)),
whereas no statistically significant effects were observed for MK-801 or
memantine.

3.2. Effects of PFOS and PFOA on viability in CGNs at different stages of
maturation

Exposure of rat CGNs to PFOS and PFOA at DIV 8 and DIV 14,
yielded concentration-response curves within the same range of con-
centrations (10–100 μM and 100–600 μM, respectively) (Fig. 4 A and
B). There was a significant difference between the EC50 values when the
curves for PFOS at DIV 8 (top 104%, Hill-slope− 2.6 and EC50 36 μM)
and DIV 14 (top 111%, Hill-slope− 8.3 and EC50 52 μM) were com-
pared (4-parameter model, with bottom constrained to a shared value
of 0, p < .001). For PFOA the EC50 values were not significantly

different when the curves at DIV 8 (top 98%, Hill-slope− 8.6 and EC50

43 μM) and DIV 14 (top 110%, Hill-slope− 7 and EC50 44 μM) were
compared (4-parameter model, with bottom constrained to a shared
value of 0). Interestingly, when CGNs were exposed to the same range
of PFOS concentrations at time of isolation (DIV 0), and cell viability
was assessed at DIV 8, no significant differences from the 0.1% DMSO
control could be observed at any of the exposure concentrations. In
comparison, exposure of CGNs to PFOS at DIV 8 resulted in significant
reductions in cell viability at concentrations of 20 μM and above
(ANOVA (F6,28= 158.3, p < .001)), whereas at DIV 14 reductions
were observed from 60 μM and above (ANOVA (F6,14= 106.1,
p < .001)). For PFOA at DIV 8, reductions in viability were observed at
concentrations from 300 μM and above (ANOVA (F6,33= 293.9,
p < .001)), whereas at DIV 14 there were significant reductions in

Fig. 3. Neuroprotective effects of ionotropic glutamate receptor antagonists on
PFOA and PFOS-induced cytotoxicity at day 14 in vitro. Effects on viability after
exposure of CGNs for 24 h at day 14 in vitro to PFOS or PFOA alone or together
with MK-801, memantine, or CPP were investigated using the MTT assay (n=3
experiments from separate cell isolates). Statistically significant differences are
indicated with *, ** and *** representing p < .05, p < .01 and p < .001,
respectively. All values are relative to the 0.1% DMSO control in each experi-
ment (defined as 100%).

Fig. 4. Effects of PFOS or PFOA exposure on rat cerebellar granule neurons
(CGNs) at different stages of maturation. Rat CGNs were exposed to increasing
concentrations of A) PFOS at days in vitro(DIV) 0, DIV 8 and DIV 14 or B) PFOA
at DIV 8 and 14. Viability was assessed after 8 days (exposure DIV 0, n=3
experiments from separate cell isolates) or 24 h (exposure DIV 8 and 14,
n=5–7 and 3 experiments from separate cell isolates, respectively) exposure.
Effects on viability were assessed with the MTT assay. *,** and *** and #,##
and ### indicate significant differences from the 0.1% DMSO control of
p < .05, p < .01 and p < .001 at DIV 8 and 14, respectively.
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viability at concentrations of 400 μM or higher (ANOVA (F6,14= 46.71,
p < .001)). At DIV 8 a slight hormetic response was observed for
100 μM PFOA. A similar response was also observed at DIV 14 at the
same concentration, although not statistically significant.

3.3. PFOS-induced toxicity in PC12 cells

Effects of PFOS exposure was also repeated for 24 h in PC12 cells
lacking the functional expression of NMDA-Rs. Significant reductions in
viability were induced at concentrations of 50 μM and above (Fig. 5A)
(ANOVA (F5,18= 23.67, p < .001)). As opposed to complete cyto-
toxicity induction in the CGNs after treatment with 100 μM PFOS
(Fig. 4A) only a 30 percentage point reduction in viability was observed
for the PC12 cells at the same concentration (p < .05). After treatment
with 200 μM PFOS, viability was reduced by 54 percentage points
(p < .001). Co-treatment of PC12 cells with 200 μM PFOS and 0.75 or
10 μM CPP, did not result in any improvement in viability as compared
to treatment with PFOS alone (Fig. 5B).

3.4. Time-dependent effects on viability of extracellular Ca2+ chelation
after exposure to PFOS and PFOA

Time-dependent effects on cell viability were assessed using the
MTT assay after exposure of CGNs to PFOS (60 μM), PFOS in conjunc-
tion with the extracellular Ca2+ chelator EGTA (2mM) or EGTA only
for 10, 30 and 60min, as well as 12 and 24 h (Fig. 6A). Viability-values
are expressed as percentage of the 0.1% DMSO control at each time-
point (defined as 100%). There was a significant interaction between
the effects of time and treatment on viability (2-way ANOVA
(F12,60= 18.06, p < .001)). Simple main effect analysis showed that
both time (F4,60= 29.16, p < .001) and treatment (F3,60= 149.8,
p < .001) had significant effects on viability. PFOS treatment sig-
nificantly reduced viability after 10, 30 and 60min by 24, 38 and 46
percentage points, respectively (p < .01 for the former, and p < .001
for the two latter). Similar effects on viability were observed after
treatment with EGTA only with reductions of 34, 47 and 49 percentage
points (p < .001 for all). After 12 and 24 h treatment PFOS-induced
reductions in viability were 60 and 67 percentage points (p < .001 for
both). When EGTA was applied in conjunction with PFOS this resulted
in a significant improvement of viability after 30 and 60min exposure
of 34 percentage points (p < .001 for both), as compared to treatment
with PFOS alone. After 12 h, co-incubation with PFOS and EGTA re-
sulted in a further decrease in viability relative to treatment with PFOS
only (p < .001), whereas after 24 h, co-treatment decreased viability
as compared to treatment with PFOS or EGTA only (p < .001 and
p < .01, respectively). Exposure at the same time-points was also re-
peated for PFOA (500 μM) alone or together with EGTA (2mM)
(Fig. 6B), and a significant interaction was found between the effects of
the factors time and treatment on viability (2-way ANOVA
(F12,60= 23.81, p < .001)). Both time (F4,60= 123.6, p < .001) and
treatment (F3,60= 105.5, p < .001) were observed to significantly af-
fect viability. Treatment of CGNs with PFOA for 10, 30 or 60min did
not cause significant effects on viability, neither did co-incubation of
cells with EGTA and PFOA, this as opposed to treatment with EGTA
only. After 12 and 24 h, PFOA-exposure caused decreases in viability of
41 and 91%, respectively (p < .001 for both).

3.5. Time-dependent effects on viability of intracellular Ca2+ chelation
after exposure to PFOS and PFOA

Effects on cell viability after co-treatment of CGNs with PFOS
(60 μM) or PFOA (500 μM) alone or together with the intracellular
Ca2+ chelator BAPTA-AM (10 μM), as well as treatment with BAPTA-
AM only were assessed after 10 and 60min, as well as 24 h exposure
(Fig. 6C and D). Viability-values are expressed as percentage of the
0.1% DMSO control at each time-point (defined as 100%). For PFOS
there was a significant interaction between time and treatment on
viability (2-way ANOVA (F6,44= 5.29, p < .001)). Simple main effect
analysis showed that both time (F2,44= 16.17, p < .001) and treat-
ment (F3,44= 85.79, p < .001) had significant effects on viability. As
previously observed, PFOS induced effects on viability after 10min of
exposure. BAPTA-AM did not protect against PFOS-induced effects on
viability after 10 or 60min exposure. After 24 h exposure, co-treatment
with PFOS and BAPTA-AM resulted in a further significant decrease in
viability of 16 percentage points as compared to treatment with PFOS
alone (p < .01). Treatment of CGNs with BAPTA-AM significantly de-
creased viability after 60min and 24 h exposure as compared to the
0.2% DMSO control with 25 and 18 percentage points (p < .001 and
p < .01, respectively). For PFOA there was also a significant interac-
tion between time and treatment on viability (2-way ANOVA
(F6,44= 33.86, p < .001)), and simple main effect analysis showed
that both time (F2,44= 98.11, p < .001) and treatment (F3,44= 77.33,
p < .001) had significant effects on viability. No significant effects of
PFOA were observed after 10 or 60min exposure. After 24 h exposure
there was no significant difference in viability after treatment with

Fig. 5. Effects of PFOS and inhibitor exposure in PC12 cells. PC12 cells were
exposed for 24 h to increasing concentrations of A) PFOS (n= 4 experiments
from different culture days) and B) 200 μM PFOS alone and in conjunction with
0.75 or 10 μM CPP, as well as 10 μM CPP only (n=3 experiments performed on
different plates). Effects on viability were assessed with the MTT assay. * and
*** indicate statistical significance of p < .05 and p < .001 as compared to
the DMSO control.
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Fig. 6. Time-dependent changes in viability of cerebellar granule neurons (CGNs) after exposure to PFOS and PFOA, alone and in conjunction with EGTA, BAPTA-AM
or CPP. CGNs were exposed to PFOS and PFOA alone or together with A) and B) EGTA for 10, 30 and 60min as well as 12 and 24 h (n= 4). C) and D) BAPTA-AM for
10 and 60min as well as 24 h (n=4–6). E) and F) CPP for 10 and 60min (n= 4–5 and n=3–5). In each experiment the inhibitor alone as well as a relevant DMSO
control were also included. Effects on viability were assessed with the MTT assay, and expressed as % of the DMSO control at each time-point. Statistically significant
differences from the DMSO control are indicated with ** and *** representing p < .01 and p < .001. Significant differences between PFOS or PFOA alone or
together with EGTA/BAPTA-AM or CPP are indicated with # or ### for p < .05 and p < .001, respectively.
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PFOA or PFOA in conjunction with BAPTA-AM.

3.6. Effects of CPP on time-dependent changes in viability after PFOS and
PFOA exposure

In addition to the experiments conducted with the NMDA-R an-
tagonist CPP after 24 h exposure (Fig. 2C), effects on viability after co-
treatment of CGNs with PFOS (60 μM) or PFOA (500 μM and 1000 μM)
alone or together with CPP (10 μM) was assessed after 10 and 60min
exposure (Fig. 6E and F). Effects of exposure to CPP only, was also
examined. Viability-values are expressed as percentage of the 0.1%
DMSO control at each time-point (defined as 100%). For PFOS there
was no significant interaction between the effects of time and treatment
on viability (2-way ANOVA). Simple main effect analysis further
showed no effect of time, but a significant effect of treatment
(F3,20= 28.16, p < .001) on viability. After both 10 and 60min CPP
significantly increased viability after PFOS exposure from 70 and 56%
to 88 and 90%, respectively (p < .05 and p < .001). CPP only had no
significant effects on viability. For PFOA there was a significant inter-
action between time and treatment on viability (2-way ANOVA
(F5,32= 4.87, p < .01)), and simple main effect analysis showed that
both time (F1,32= 9.67, p < .01) and treatment (F5,32= 8.90,
p < .001) had significant effects on viability. None of the applied
treatments had any effect after 10 min of exposure, whereas after
60min exposure 1000 μM PFOA significantly reduced viability with 27
percentage points to 73% of the DMSO control (p < .01). Co-incuba-
tion with 1000 μM PFOA and 10 μM CPP did not result in any sig-
nificant alterations in viability as compared to 1000 μM PFOA only.

3.7. Effects of PFOS and PFOA exposure on cytosolic Ca2+concentration

[Ca2+]i was measured after exposure of CGNs to sBME (− FBS)
alone or to 60, 100 and 300 μM PFOS or PFOA, at time-point 0 (before
treatment) and after 30 and 60min exposure. [Ca2+]i was expressed
relative to the measurements at time-point 0, set to 1 (Fig. 7A and B).
Due to lack of effects after exposure to PFOA, a very high concentration
of PFOS and PFOA (1000 μM) was also included. After exposure to
1000 μM PFOS, cells were observed to burst and die under the micro-
scope, these results were therefore excluded from graphs and statistical
analysis. For PFOS there was no significant interaction between effects
of time and concentration on [Ca2+]i (2-way ANOVA). Simple main
effect analysis showed that both time (F2,48= 38, p < .001), and
concentration (F3,48= 6.16, p < .01) had significant effects on
[Ca2+]i. When exposure to 300 μM PFOS was compared with exposure
to sBME (− FBS) only, after both 30 and 60min [Ca2+]i was sig-
nificantly increased (p < .01). Exposure to 60 and 100 μM PFOS
showed no significant effect. Results were, however, close to sig-
nificance after 30min (p= .05, for both). When compared to time-
point 0, both 30 and 60min exposure to all three concentrations of
PFOS caused significant increases in [Ca2+]i. When exposure to sBME
(− FBS) only was compared to time 0 there were no significant in-
creases in [Ca2+]i observed after 30 and 60min.

Also for PFOA there was no significant interaction between effects
of time and concentration on [Ca2+]i (2-way ANOVA). Further, time
had a significant effect (F2,51= 29.58, p < .001), whereas no sig-
nificant effect on [Ca2+]i was induced by exposure. As such there was
no difference between cells treated with sBME (− FBS) only or any
concentration of PFOA at any time-point. After 1 h exposure a sig-
nificant increase in [Ca2+]i was observed as compared to time-point 0
for all the PFOA concentrations, but such an increase was also observed
for treatment with sBME (− FBS) alone (p < .05 or below).

3.8. Effects of PFOS and PFOA exposure in conjunction with MK-801 on
cytosolic Ca2+ concentration

To assess the involvement of extracellular Ca2+ influx via the

NMDA-R in PFOS or PFOA-induced increases in [Ca2+]i, CGNs were
exposed to 300 μM PFOS or PFOA, alone or in combination with 3 μM of
the NMDA-R antagonist MK-801 (Fig. 7C and D). Cells were also ex-
posed to MK-801+ sBME (− FBS) or BME (− FBS) only. For PFOS,
there was a significant interaction between the effects of time and
treatment on [Ca2+]i (2-way ANOVA (F6,72= 8.19, p < .001)). Fur-
ther, both time (F2,72= 28.47, p < .001) and treatment (F3,72= 31.95,
p < .001) had significant effects on [Ca2+]i. Again, 300 μM PFOS
significantly increased [Ca2+]i as compared to treatment with sBME (−
FBS) after 30 and 60min exposure, and the increases after PFOS ex-
posure were also significantly different as compared to time point-0
(p < .001 for all). When MK-801 was added to the cells 5 min prior to
exposure to PFOS, the increase in [Ca2+]i was completely abolished, as
shown by a flat line after 30 or 60min exposure (Fig. 7C), and [Ca2+]i
was significantly different as compared to after PFOS only treatment at
30 and 60min of exposure (p < .001). Treatment with MK-
801+ sBME (− FBS) as compared to sBME (− FBS) only did not in-
duce significant differences in [Ca2+]i, as illustrated by the parallel
lines. For PFOA there was no significant interaction between effects of
time and exposure on [Ca2+]i (2-way ANOVA). Further, time had a
significant effect (F2,66= 53.28, p < .001), whereas no significant ef-
fect was induced by exposure on [Ca2+]i, also illustrated by the parallel
lines in Fig. 7D.

4. Discussion

In the present study we have shown that three different antagonists
of the NMDA-R protected against PFOS-induced effects on cell viability
after 24 h exposure in rat CGNs at DIV 8. This was also confirmed in
CGNs exposed at DIV 14. Exposure of CGNs to PFOS and PFOA at DIV 8
and 14, yielded viability concentration-response curves within the same
concentration ranges at the two time-points, whereas no effect on via-
bility was observed when cells were exposed to PFOS at DIV 0. When
PC12 cells were exposed to high PFOS concentrations (up to 200 μM),
partial, but not complete reduction in viability was induced, and these
reductions in viability were not blocked by co-treatment with CPP.
Treatment of CGNs with the extracellular Ca2+ chelator EGTA sig-
nificantly protected against PFOS-induced reductions in viability after
30 and 60min exposure, whereas no such effect could be observed for
the intracellular Ca2+ chelator BAPTA-AM. CPP also protected against
PFOS-induced reductions in viability after 10 and 60min exposure.
PFOS exposure further caused significant increases in cytosolic levels of
free Ca2+, after 30 and 60min exposure, which was blocked by addi-
tion of the NMDA-R antagonist MK-801, prior to toxicant application.

Significant improvement in viability was observed after co-treat-
ment of cells at DIV 8 with the sulfonated PFAA PFOS and either of the
uncompetitive NMDA-R open channel blockers MK-801 and memantine
(Ates-Alagoz and Adejare, 2013; Chen and Lipton, 1997; Chen et al.,
1992; Cottone et al., 2013; Frankiewicz et al., 1996) or the competitive
antagonist CPP (Fritz et al., 1996) (Fig. 2A, B and C). Like Mg2+, MK-
801 and memantine bind within the channel of the NMDA-R (Chen and
Lipton, 1997; Frankiewicz et al., 1996; Volbracht et al., 2006), pre-
venting Ca2+ influx. Memantine has a faster kinetic binding profile and
more rapid blocking and unblocking rate (Chen et al., 1992), as well as
a greater voltage dependence than MK-801 (Frankiewicz et al., 1996),
which may potentially explain the somewhat higher protective effect of
MK-801 compared to memantine against PFOS-induced excitotoxicity
observed in the present study. CPP on the other hand, acts as a com-
petitive antagonist at the orthosteric glutamate binding site of the re-
ceptor (Fritz et al., 1996), blocking the activation of the receptor by
prevention of glutamate binding. Significant protection against effects
on cell viability with three different antagonists of the NMDA-R
strongly suggest an involvement of this receptor in PFOS-induced cy-
totoxicity.

Some protection against effects on viability was also observed after
co-treatment of CGNs with another sulfonated PFAA, the two carbon
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atom shorter PFHxS, and the blockers MK-801 and memantine (Fig. 2 A
and B). Protective effects of MK-801 against PFHxS-induced apoptosis
as well as PFHxS-induced increases in intracellular Ca2+ in CGNs was
also reported in a recent study by Lee et al. (2016). Interestingly, in the
present study, no protection was afforded by the antagonist CPP against
PFHxS-induced effects on viability (Fig. 2C). In Berntsen et al. (2017)
we observed that PFHxS-induced effects on viability in CGNs had a slow
onset (between 18 and 24 h) when compared to equipotent con-
centrations of PFOS (inducing cytotoxicity within 60min). This sug-
gests that whereas PFOS induces rapid excitotoxicity, and Ca2+ influx
via glutamate-induced NMDA receptor activation, PFHxS at equipotent
concentrations (as examined after 24 h exposure), induces cell death in
a slower and perhaps more apoptotic-like manner that to some extent
involves Ca2+ influx via the NMDA-R. After 24 h exposure to the four
carboxylated PFAAs; PFOA, PFNA, PFDA and PFUnDA there was no
large protective effect observed after co-treatment with MK-801,

memantine or CPP (Fig. 2A, B and C). For PFOA a significant reduction
in viability was observed after exposure in conjunction with MK-801
and memantine, also observed for PFNA and memantine (Fig. 2A and
B). MK-801 also had a negative effect on viability in CGNs unexposed to
PFAAs (Fig. 2E). These negative effects on viability may be explained by
the fact that CGNs in culture requires some stimulation of the NMDA-Rs
for survival. CGNs are grown under partly depolarising conditions at
high potassium concentrations (25mM), believed to mimic activation
by input from mossy fibres (Gallo et al., 1987; Vallano et al., 1996).
Blockage of the NMDA-R channel may thus have negative effects on
viability in both exposed and unexposed neurons. Co-incubation of
CGNs with PFAAs and the antagonist NBQX, which acts on the iono-
tropic glutamate receptors AMPA and kainate, did not significantly
affect viability (with the exception of PFUnDA, where the biological
relevance is questionable) (Fig. 2D). The absence of effects using
AMPA/kainate-R blockers likely indicates that the observed PFOS-

Fig. 7. Ca2+ levels in cerebellar granule neurons (CGNs) after exposure to BME, PFOS or PFOA, alone or together with MK-801. CGNs were exposed to sBME (−
FBS), or 60, 100, 300 or 1000 μM of A) PFOS or B) PFOA and cytosolic Ca2+ ([Ca2+]i) measured at time-point 0, as well as after 30min and 1 h exposure using Fura-2
Ca2+ imaging (n= 4–5). [Ca2+]i levels are expressed relative to the measurements at time-point 0, set to 1. The results for 1000 μM PFOS are not displayed. [Ca2+]i
was also measured after exposure of CGNs to 300 μM of C) PFOS or D) PFOA, alone or together with 3 μMMK-801 (n=6–8). Cells were additionally exposed to sBME
(− FBS) or 3 μM MK-801 in sBME (− FBS). Statistically significant differences between [Ca2+]i in CGNs treated with PFOS and sBME (− FBS) are indicated with **
and *** representing p < .01 and p < .001, respectively. Significant differences between PFOS alone or together with MK-801 are indicated with ### for
p < .001. For ease sBME (− FBS) is written as BME within the figures.
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induced effects were mainly induced via NMDA-R activation.
The large protective effects of MK-801, memantine and CPP, against

PFOS-induced toxicity at DIV 8, were reproducible in neurons exposed
at DIV 14, where they were even more pronounced (Fig. 3). Interest-
ingly, at this stage no negative effects on viability were observed after
co-treatment of cells with PFOA and MK-801 or memantine, and a slight
protective effect was also observed after co-treatment with CPP. These
differences could potentially be explained by changes in NMDA-R
subunit composition, occurring during the maturation of the neuronal
cultures. It has been previously observed that GluN2B subunits in cul-
tures of CGNs are gradually replaced by GluN2A and GluN2C subunits
as culture days in vitro (DIV) increase from 0 to 14 (Cebers et al., 2001;
Vallano et al., 1996). Another finding in the present study, which could
potentially be related to changes in GluN2 subunit expression, could be
the lack of toxicity observed when CGNs were exposed to increasing
concentrations of PFOS at DIV 0 (Fig. 4A). Cells at this stage of ma-
turation are predominantly expressing NMDA-R containing GluN2B
subunits. In previous studies lack of toxicity to glutamate from serum or
nutrient mediums has been observed in newly isolated CGNs from rats,
and is likely due to the undifferentiated state of these neurons at the
time of isolation (Schramm et al., 1990). Another possible explanation
for the observed lack of toxicity is that PFOS may bind to serum pro-
teins in the medium, as medium with 10% FBS was used due to growth
requirements when plating at DIV 0, whereas no serum was used when
cells were exposed at DIV 8 and 14. PFAAs do seem to have high affinity
for serum proteins, and proteins in general. On the other hand, in PC12
cells, a reduction in viability of 25% was observed after exposure to
100 μM PFOS, despite the presence of 10% FBS and 5% horse serum
(Fig. 5A), a concentration not affecting viability in CGNs at DIV 0, but
inducing complete toxicity at DIV 8 exposure (Fig. 4A). So binding to
serum proteins is not likely to be the only explanation for the lack of an
effect observed after exposure of CGNs at DIV 0. Further studies ex-
amining the effects of PFOS in cells expressing immature receptors are
necessary to clarify this point.

When undifferentiated PC12 cells were exposed to concentrations of
PFOS within the same concentration-range as the CGNs, the induced
toxicity was notably lower. Not even after application of a concentra-
tion 2 times that required to induce 100% toxicity in the CGNs, was full
toxicity induced (Fig. 5A). In concordance with our results, around 40%
reduction in viability in PC12 cells after 24 h exposure to 250 μM PFOS
was also reported in a recent study by Li et al. (2017). A possible ex-
planation for the lower PFOS-induced toxicity in PC12 cells may be
their reported lack of expression of functional NMDA-R (Edwards et al.,
2007), or as discussed previously the presence of serum in the medium.
As opposed to the protective effect of CPP treatment observed in rat
CGNs against PFOS-induced effects on viability (Fig. 2C and 3), no
protection was afforded by CPP in the PC12 cells (Fig. 5B). Li et al.
(2017) found an increase in the production of reactive oxygen species
(ROS) in PC12 cells, after PFOS exposure, which was reduced by co-
treatment with taurine treatment. In the present study we also found
that a mixture of the anti-oxidants vitamin E and C protected against
PFOS-induced effects on viability (results not shown).

Due to previous observations that PFOS induced most of its effects
on viability within 60min (Berntsen et al., 2017), we investigated how
the extracellular Ca2+ chelator EGTA, the intracellular Ca2+ chelator
BAPTA-AM, and the competitive NMDA-R antagonist CPP affected
viability within this time period. Both application of EGTA and CPP
significantly improved viability after PFOS exposure within the 60 first
min (Fig. 6A and E), suggesting that the PFOS-induced effects on via-
bility are dependent on extracellular Ca2+ influx via the NMDA re-
ceptor. No significant protection was induced by co-treatment with the
intracellular Ca2+ chelator BAPTA-AM (Fig. 6C). The significant effects
observed using NMDA-R antagonists and extracellular calcium chela-
tors and lack of effects using intracellular calcium chelators are in
concordance with previously published literature on excitotoxicity.
Rapid excitotoxicity is not just dependent on elevated intracellular

calcium, but also on movement of Ca2+ through the NMDA-R channel,
and activation of downstream toxic pathways. Entry of excess Ca2+

through the receptor channel would elevate local calcium transients
above baseline values resulting in binding of scaffolding proteins such
as postsynaptic density-95 (PSD-95), which links the NMDA-R to in-
tracellular signaling molecules such as e.g. NO that mediate the toxic
effects (Sattler et al., 1999). As a result, chelation of extracellular cal-
cium or use of NMDA-R antagonists would reduce Ca2+ flux and act in a
neuroprotective manner, whereas chelation of intracellular calcium
would not reduce flux, but might even increase it resulting in increased
toxicity when using higher concentrations of BAPTA-AM. In accordance
with our previous experiments, PFOA in contrast to PFOS at a con-
centration of 500 μM did not induce any observable toxicity during 1 h
exposure, and thus no effects were observed after co-treatment with
inhibitors (Fig. 6B, D and F). In an attempt to induce toxicity, we
therefore also treated the CGNs with a high concentration of PFOA
(1000 μM) for 10 and 60min. At 60min, some degree of toxicity was
then observed (Fig. 6F), however, no protection was afforded by co-
treatment with CPP, indicating a different mechanism of action for
PFOA as compared to PFOS.

When we further examined how [Ca2+]i in CGNs was affected by
PFOS, we found that it was significantly increased after 30 and 60min
exposure to 300 μM PFOS as compared to control cells (Fig. 7A). Also,
concentrations of 60 and 100 μM PFOS increased Ca2+ levels, although
not in a statistically significant way (borderline significance after
30min). Pre-treatment with MK-801 in subsequent experiments com-
pletely abolished the PFOS-induced increases in [Ca2+]i, indicating that
the increases were mediated through influx via the NMDA-R (Fig. 7C).
For PFOA, no increases in [Ca2+]i were observed when concentrations
up to 300 μM were applied, which could be expected due to the pre-
viously observed lack of effects on viability prior to 12 h (Berntsen
et al., 2017). Also the application of a higher concentration of PFOA
(1000 μM) failed to induce any increase in [Ca2+]i, supporting a dif-
ferent mechanism of action not involving Ca2+ influx for the above
mentioned toxicity induced after treatment of CGNs with this high
concentration. Although no statistically significant changes in [Ca2+]i
could be detected after exposure to the lower PFOS concentrations, this
does not preclude the possibility that intracellular release mechanisms
could be compromised at lower PFOS concentrations leading to neu-
ronal injury rather than neuronal cell death. Intracellular mechanisms
of Ca2+ release were not investigated in the present study, but re-
present interesting future studies.

The observed increases in [Ca2+]i in the present study may be
linked to findings reported by others after exposure of various neuronal
cell models to PFOS or other sulfonated PFAAs such as PFHxS. As dis-
cussed by Lee et al. (2016) overstimulation of the NMDA-R may lead to
excessive Ca2+ influx, which causes membrane depolarisation and ac-
tivation of L-type voltage-dependent calcium channels (L-VDCCs),
which may cause further increase in [Ca2+]i. The involvement of both
the NMDA-R and L-VDCCs was confirmed in PFHxS-induced increases
in [Ca2+]i in the experiments by Lee et al. (2016) using rat CGNs. PFOS-
induced Ca2+ influx via L-VDCCs has also been observed in studies in
primary hippocampal neurons from rat (Liao et al., 2008). In addition
to influx of Ca2+ from the extracellular environment, release of Ca2+

from intracellular stores has been reported after PFOS exposure in rat
hippocampal neurons by Liu et al. (2011) where the liberation was
mainly occurring through inositol 1,4,5-triphoshate receptors (IP3Rs)
and ryanodine receptors (RyRs). As Ca2+ acts as a second messenger it
may potentially activate several downstream signaling pathways and
events. In Lee et al. (2016) PFHxS-induced increases in [Ca2+]i was
found to be linked to the induction of apoptosis via the mitogen-acti-
vated protein kinase (MAPK) extracellular signal-regulated kinase
(ERK) 1/2 pathway. Apoptosis induction in CGNs through ERK 1/2
activation was also observed in the studies by Lee et al. (2013) and Lee
et al. (2014) in CGNs after exposure to PFOS and PFHxS, respectively.
Whereas the activation of ERK after PFOS exposure was found to occur
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through a ROS-dependent activation of protein kinase C (PKC) (Lee
et al., 2012; Lee et al., 2013), experiments using PFHxS indicated that
ROS production here was rather a downstream target and not an up-
stream regulator of ERK 1/2 activation (Lee et al., 2014). Despite these
previous reports and mechanisms discussed, chelation of [Ca2+]i in the
present study did not affect toxicity, indicating that any contribution
via other Ca2+ channels is secondary to that of the NMDA-R.

PFOS was listed as a persistent chemical under the Stockholm
Convention on Persistent Organic Pollutants in 2009 (UNEP, 2010), but
is still in use in China (Fu et al., 2016). The concentration of PFOS used
in the present study is higher than levels in the general population, and
would be more relevant for an occupational setting. A recent Chinese
study found levels of PFOS up to 118,000 ng/ml (236 μM) in serum
from occupationally exposed workers (Fu et al., 2016). Assuming a
concentration in the brain as 25% of the concentration in serum based
on Maestri et al. (2006), this corresponds to a concentration of 60 μM.
In the present study we saw that concentrations of 60 μM significantly
affected cell viability and increased cytosolic Ca2+ (although not sta-
tistically significant).

5. Conclusion

In conclusion, excitotoxicity induction by PFOS in CGNs is likely to
happen mainly through over-activation of the NMDA-R and excess in-
flux of Ca2+. This was confirmed by protective effects using competi-
tive and uncompetitive NMDA-R antagonists and an absence of pro-
tective effects for the AMPA/Kainate-R antagonist NBQX. The channel
blockers memantine and MK-801 also showed some effects against
PFHxS-induced reductions in viability. No significant involvement of
the NMDA-R in PFCA-induced effects on viability could be observed in
the present study, perhaps with the exception of PFOA in mature CGNs.
PFOS-induced effects occurred within a few hours, at concentrations
that may be relevant in an occupational setting.
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