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Abstract

Polychlorinated biphenyls (PCB) exposure at low chronic levels is a significant public health 

concern. Animal and epidemiological studies indicate that low PCB body burden may cause 

neurotoxicity and be a risk factor for neurodegenerative diseases. In the current study, we 

measured the ability of two non-dioxin like PCBs, 2,2′,4,4′,5,5′-hexachlorobiphenyl (PCB153) 

and 2,2′3,5′,6-pentachlorobiphenyl (PCB95), to alter dopamine (DA) levels and metabolism using 

the dopaminergic PC12 cell line. Our hypothesis is that treatment of PC12 cells with non-toxic 

concentrations of PCB153 or PCB95 for 12 and 24 h will have different effects due to different 

congener structures. Levels of DA and of 3,4-dihydroxyphenylacetaldehyde (DOPAL), 3, 4-

dihyroxylphenylethanol (DOPET), and 3,4-dihyroxylphenylacetic acid (DOPAC) metabolite, gene 

expression of the dopamine synthesis enzyme tyrosine hydroxylase (TH) and the vesicular 

monoamine transporter (VMAT2), and gene expression of the anti-oxidant enzymes Cu/Zn and 

Mn superoxide oxidase (Cu/ZnSOD, MnSOD), glutathione peroxidase (GPx) and catalase were 

determined. PCB153 decreased intracellular and extracellular levels of DA after 12 h exposure and 

this was consistent with an increase in DA metabolites. After 24 h, the level of DA in medium 

increased compared to the control. In contrast, PCB95 exposure increased the intracellular DA 

level and decreased DA in medium consistent with a down-regulation of VMAT2 expression at 12 

h. After 24 h exposure, PCB95 increased DA levels in media. Expression of TH mRNA increased 

slightly following 12 h but not at 24 h exposure. MnSOD mRNA increased up to 6–7 fold and Cu/

ZnSOD increased less than two-fold after treatment with both congeners. Catalase expression was 

up-regulated following 24 h exposure to PCB153 and PCB95, but GPx expression was down-

regulated after 12 h exposure to PCB95 only. These results suggest that PCB153 and PCB95 are 

neurotoxic and affect DA turnover with structure-dependent differences between these two 

congeners.
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1. INTRODUCTION

Dopamine (DA) cycles through a complex process of synthesis, storage, release, uptake and 

receptor activation (Davie, 2008). Tyrosine is the starting point in DA synthesis, is abundant 

in dietary proteins and taken up into the brain by a low-affinity amino acid transport system 

(Elsworth and Roth, 1997). Once tyrosine has entered the neuron, tyrosine hydroxylase (TH) 

converts it to L-DOPA. TH, which is usually phosphorylated by protein kinases, is normally 

the rate-limiting step in DA synthesis (Elsworth and Roth, 1997). L-DOPA is transformed by 

aromatic amino acid decarboxylase (AADC) to DA. In dopaminergic neurons, DA is 

transported from the cytoplasm into synaptic vesicles through the vesicular monoamine 

transporter (VMAT). In response to a presynaptic action potential, a change in membrane 

protein conformation allows the influx of calcium ions, which stimulates fusion of vesicles 

with the neuronal membrane at the synaptic cleft (Kelly, 1993). Once DA is released, it 

activates several postsynaptic receptors that are associated with a variety of cell signaling 

mechanisms. Increased extracellular DA may also activate the presynaptic auto-receptor 

resulting in feedback to inhibit DA synthesis via TH. DA uptake is accomplished via the DA 

transporter (DAT) back into the presynaptic neuron. If vesicular storage is disrupted and DA 

levels increase in the cytoplasm, DA has the ability to go through two other pathways. In the 

second pathway for DA inside the cells, known as the enzymatic pathway, DA is 

metabolized by monoamine oxidase (MAO) to 3,4-dihydroxyphenylacetaldehyde (DOPAL) 

which can be further metabolized to 3,4-dihyroxyphenylacetic acid (DOPAC) via aldehyde 

dehydrogenase (ALDH). As a minor pathway, DOPAL can be reduced to 3,4-

dihydroxyphenylethanol (DOPET) via cytosolic aldehyde or aldose reductase (AR) (Jones 

and Miller, 2008). In addition, a two electron oxidation of L-DOPA or DA may result in the 

formation of the corresponding quinone and superoxide (Hastings, 2009).

Polychlorinated biphenyls (PCBs) are classified as a group of man-made chemicals which 

were used in many industrial applications, including in sealants and lubricants and in 

electrical transformers and capacitors. In the 1980s, PCB production was terminated in most 

western countries, but contamination from diffuse environmental sources and from pigments 

which are inadvertently contaminated with PCBs during manufacturing, still continuous (Hu 

and Hornbuckle, 2010; IARC, 2013). PCBs are highly persistent and ubiquitous pollutants 

(Safe, 1994). Among the 209 individual PCB congeners, the ortho-substituted congeners 

constitute a large portion of the PCB residues observed in the environment and in human and 

animal tissue (Zeng et al., 2016). Among these, PCB153 (2,2′,4,4′,5,5′-
hexachlorobiphenyl), a di-ortho substituted, non-dioxin-like congener, is reported to be the 

most abundant congener in human tissues (Rylander et al., 1998). Another congener, the tri-

ortho substituted PCB95 (2,2′,3,5′,6 -pentachloro biphenyl) is a potent inhibitor of the 

ryanodine receptor and was found to be increased in the brains of certain autism patients 

(Mitchell et al., 2012; Lesiak et al., 2014).
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PCB exposure has been associated with behavioral and cognitive disorders in both human 

and animal studies (Castoldi et al., 2006) and risk of Parkinson’s disease (Corrigan et al., 
1998; Steenland et al., 2006; Petersen et al., 2008). The most consistent neurochemical 

effect of non-coplanar PCBs is the reduction of DA in cultured cells (Bemis and Seegal, 

1999) and in adult rat brain (Tilson and Kodavanti, 1997). PCBs were shown to inhibit 

neurotransmitter transporters, in particular the Na+ dependent plasma membrane DA and the 

H+- dependent vesicle monoamine transporter 2 (VMAT2) (Mariussen et al., 2001; Seegal et 
al., 2010), and to affect DA, DOPAC and homovanillic acid levels in the neostriatum of rats 

(Dervola et al., 2015). Furthermore, oxidative stress due to increased reactive oxygen species 

(ROS) or decreased antioxidant defenses, may play a role in PCBs neurotoxicity (Park et al., 
2010).

In the present study, we investigated the effects of PCB153 and PCB95 on PC12 cells. These 

dopaminergic cells are known to synthesize, store, release and metabolize catecholamine in 

a manner similar to the mammalian central nervous system and have previously been used 

for PCB research (Shain et al., 1991; Angus and Contreras, 1996; Park et al., 2010; 

Langeveld et al., 2012). The aim was to investigate the targets and pathways involved in 

PCB153 and PCB95 induced neurotoxicity and protection responses. To our knowledge this 

is the first study that identifies the effects of single congeners on DA metabolites, especially 

DOPAL and DOPET, and describes alteration of antioxidant enzymes in PC12 cells.

2. MATERIALS AND METHODS

2.1. Materials

The rat pheochromocytoma PC12 cell line (Cat. # CRL-1721 FZ, Lot # 61925403; received 

June 2015) and RPMI1640 medium (Cat #30-2001) were obtained from American Tissue 

Culture Collection (ATCC). Collagen IV was from Sigma Aldrich (Cat # 9007-34-5). All 

other cell culture components such as Fetal Bovine Serum (FBS), Penicillin- streptomycin 

(PS), Horse Serum (HS), Hank’s Balanced Salt Solution (HBSS) and phosphate buffered 

saline (PBS) were obtained from Invitrogen (Carlsbad, CA, USA). Carboxy-H2DCFDA was 

purchased from Thermos Fisher Scientific. PCB153 and PCB95 were provided by Dr. H.J. 

Lehmler of the Iowa Superfund Research Program at the University of Iowa. PCB 95 was 

synthesized using the Suzuki coupling of 2,5-dichlorobenzene boronic acid and 2,3,6-

trichloroiodobenzene according to a published method (Joshi et al., 2011). The synthesis and 

characterization of the PCB 153 batch used in this study has been reported previously 

(Rignall et al., 2013). Both congeners had a purity of > 99% based on relative peak area, as 

determined using gas chromatography-mass spectrometry (Holland et al., 2017). All PCR 

reagents and kits were obtained from Qiagen (Valencia, CA, USA). All other chemicals 

were purchased from Sigma (St. Louis, MO, USA), unless otherwise noted.

2.2. Cell Culture

PC12 cells were maintained in RPMI 1640 with 10% HS, 5% FBS and 1% penicillin-

streptomycin in a humidified incubator at 37° C with 5% CO2 in Collagen IV coated 75 cm 

flask. The medium was changed every other day. For most experiments cells were plated in 

collagen-coated 6 well plates in 5 ml medium at a density of 1.5 × 106 per well.
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2.3. Measurement of Cell Viability

To identify a non-toxic concentration of PCBs in PC12 cells, 100,000 cells in 0.3 ml 

medium per well were seeded in collagen-coated 24-well plates. The PCB congeners were 

dissolved in DMSO and cells were treated with multiple concentrations (0.001–100μM) of 

PCB153 or PCB95 for 24 h in serum-free medium. The final concentration of DMSO in 

medium was 0.5%. Cell viability was determined using 5μM of resazurine in medium. Cells 

were treated with resazurine solution for 30 minutes and the fluorescence intensity in each 

well was measured at 535 nm excitation and 590 nm emission wavelengths with a 

microplate reader (GeniosPro from TECAN, Seestrasse, Switzerland). The fluorescence 

intensity correlates with the number of living cells in each well, since living cells are able to 

metabolize non-fluorescent blue resazurin (oxidized form) to the red, fluorescing resorufin 

(reduced form). Each concentration data point was measured in triplicate wells and each 

experiment was preformed three times. Data are shown as percent of solvent control.

2.4. HPLC Analysis of DA and Its Metabolites

An Agilent 1200 Series Capillary HPLC system coupled with a photodiode array detector 

set to absorbance at 202nm and 280nm was used for quantification of DA, DOPAC, DOPAL 

and DOPET. The method used followed what is described in (Mexas et al., 2011). Briefly, 

after seeding the cells in collagen coated 6-well plates they were kept in the same growth 

condition for 48 h. Media were removed to eliminate interaction of DA and its metabolites 

with serum proteins. Cells were washed and incubated in HEPES-buffered medium 

containing 115 mM NaCl2, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5.5 mM glucose, 

1 mM NaH2PO4, and 15 mM HEPES (pH 7.4) to which DMSO (vehicle control), PCB153 

or PCB95 (5 and 10 μM PCBs) was added. Cells were then incubated for 12 or 24 h at 37° C 

in 5% CO2. For measurement of extracellular DA and its metabolites, HEPES-buffered 

media were collected. 100 μL aliquots were taken and perchloric acid was added to 5% 

(v/v), samples were spun at 10,000× g for 10 min. 40 μL of supernatant from each cell 

sample was injected into an HPLC to measure extracellular DA and DA metabolites. For 

intracellular measurements, the cells in the plate were washed with 1xPBS, scraped and 

collected in 200 μL of 1xPBS (pH 7.4). Cell lysate was sonicated at 2 sec intervals for 10 

times.100 μL aliquots were taken and protein was precipitated by addition of 5% (v/v) of 

perchloric acid and samples were spun at 10,000× g for 10 min to pelletize precipitated 

protein. 40 μL of supernatant from each cell sample were injected into an HPLC to measure 

intracellular DA and DA metabolites. The separation was completed employing a 

Phenomenx Luna C18 column and a mobile phase of 6% acetonitrile (v/v) in 0.1% 

trifluoroacetic acid and HPLC-grade water. The flow rate was 50 μL per minute. Protein 

concentration was determined using a Thermo Scientific Pierce BCA Protein Assay kit and a 

Molecular Devices Spectra-Max plate reader at 562 nm absorbance. A standard curve was 

used to calculate protein concentrations. The level of DA and DA metabolites are expressed 

as ng/mg protein.

2.5. Quantitative Real Time PCR

Cells exposed to PCBs in 6-well plates as described above were used for analysis of gene 

transcription. Total RNA was extracted from cells after each treatment regimen using an 
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RNeasy mini kit from Qiagen (Valencia, CA, USA) following the manufacturer’s procedure. 

RNA was quantified and analyzed for purity with a NanoDrop2000 from Thermo Fisher 

Scientific (Wilmington, DE, USA). A 260/280 ratio of ~2.0 was accepted as pure. Total 

RNA was reverse transcribed utilizing a high capacity cDNA reverse transcription kit 

obtained from Applied Biosystems (Foster City, CA, USA). The cDNA was later used for 

quantitative real-time RT-PCR (qRT-PCR) employing an Eppendorf RealPlex thermal cycler. 

The applied PCR program started with 95° C for 10 min followed by 35 cycles at 95° C for 

30 s, 55° C for 30 s, and 72° C for 1 min. The primers for the quantification of selected 

genes are listed in Supplemental Table 1. Beta-actin was chosen to serve as the house-

keeping gene for the analyses. An amplification threshold in the linear range of each sample 

was selected to calculate the cycle threshold (CT) for each sample. The relative mRNA 

levels were calculated as follows:

2.6. Statistical Analysis

All experiments were performed at least three times in triplicate. Data from three 

experiments was combined and analyzed together. The data are expressed as mean± SEM of 

three experiments. Statistical analysis was conducted using Two-way ANOVA along with a 

Tukey’s multiple comparison test to confirm the difference between groups. Statistical 

significance was calculated in SAS 9.3 or GraphPad prism 6. A p-value of <0.05 was 

considered to be statistically significant.

3. RESULTS

3.1. PCB95 and PCB153 are cytotoxic in undifferentiated PC12 cells only at high 
concentrations

To identify PCB153 and PCB95 concentrations without toxic effects, PC12 cells were 

exposed to a concentration ranges from 0.001–100 μM. PCBs caused a reduction in viable 

cells at the two highest concentrations (50 and 100 μM; Figure 1). Therefore, 5 μM and 10 

μM of PCBs were employed in the following experiments.

3.2. Non-dioxin like PCBs change intracellular and extracellular DA levels

Effects of PCB153 and PCB95 on levels of DA inside and outside of PC12 cells were 

investigated. DA levels were different at different time points after exposure of PC12 cells to 

PCB95 (Figure 2). At 12 h exposure to PCB95, the level of intracellular DA was 

significantly higher, particularly at 10 μM, while extracellular DA was significantly lower 

(P<0.05). After 24 h exposure, the DA levels displayed different patterns: intracellular DA 

levels were significantly diminished at 10 μM but not at 5 μM; the extracellular DA 

concentration was significantly raised at 10 μM and increased media DA to approximately 

200% of the control values.
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Figure 2 also shows the effect of PCB153 on intracellular and extracellular DA levels after 

12 and 24 h exposure. As illustrated, the level of intracellular DA was reduced at both time 

points with 10 μM PCB153. Extracellular DA was significantly reduced after 12 h exposure 

to 10 μM PCB153, but increased to approximately 150% compared to control after 24 h 

exposure to 10 μM PCB153.

3.3. PCBs modulate the transcription of DA synthesis and packaging proteins

Gene expression analysis in PC12 cells was used to determine whether the alteration in DA 

levels observed might be due to changes in DA synthesis or DA packaging into vesicles by 

these congeners. Both PCB153 and PCB95 up-regulated expression of DA’s main synthesis 

enzyme TH (the rate limiting step for DA synthesis) at 12 h but not at 24 h (Figure 3). 

VMAT2 was significantly down-regulated at high concentration exposure to PCB95 at 12 h 

(Figure 4). PCB153 (at both time points of exposure) and PCB95 after 24 h of exposure did 

not reveal changes in the expression of VMAT2 in PC12 cells (P<0.05).

3.4. PCB153 but not PCB95 treatment increased DA catabolism

Although levels of DA metabolites were mostly unaffected by PCB95 at either time point 

(Figure 5), levels of DOPAL, DOPET and DOPAC were significantly increased after 12 h 

exposure to PCB153 (Figure 6). No significant differences were found for these metabolites 

after 24 h exposure.

3.5. In PC12 cells antioxidant enzymes expression is altered by PCBs

Figure 7 shows the MnSOD and Cu/Zn SOD mRNA levels after 12 and 24 h exposure to 

PCB95 and PCB153. Both compounds significantly elevated microsomal MnSOD mRNA 

levels up to 7 fold at 10 μM after 12 h only. Exposure to either compound exhibited an 

increase of cytoplasmic Cu/ZnSOD expression and the induction was statistically significant 

at 10 μM and 12h exposure.

Figure 8 shows the effect of PCB95 and PCB153 on mRNA expression of catalase and 

glutathione peroxidase (GPx). The impact of the two PCB congeners on these two 

antioxidant enzymes was different. While levels of catalase mRNA were significantly up-

regulated after 24h exposure to either congener, no effect with PCB153 on GPx expression 

was seen. PCB95 exposure caused reduced levels of GPx mRNA after 12 h exposure but not 

24 h (P<0.05

4. DISCUSSION

A common finding after PCB exposure is a reduction in intracellular DA levels (Tilson and 

Kodavanti, 1997; Bemis and Seegal, 1999), which is in agreement with our findings in this 

study. Several mechanisms have been proposed for this effect. Diminished levels of DA can 

result from inhibition of TH activity and/or L-aromatic acid decarboxylase (L-AADC) 

activity (Angus and Contreras, 1996), the two main enzymes that contribute to DA synthesis 

(see scheme 1). Others have observed that in rats a commercial Aroclor PCB mixture at 

concentrations similar to those found in human brains decreased the DA re-uptake 
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transporter DAT which can be expected to result in disturbance of the DA system and loss of 

dopaminergic cells (Caudle et al., 2006). These changes are hallmark features of PD.

Another potential source of toxicity may come from DA metabolites. As depicted in scheme 

1, DA catabolism results in two reactive products, the aldehyde DOPAL and hydrogen 

peroxide. DOPAL can be further metabolized to produce the less toxic acid product, 

DOPAC, or through a minor pathway the ethanol, DOPET (Doorn et al., 2014). In addition 

to DA homeostasis disruption, increased production of several DA metabolites such as 

DOPAL is associated with several neurological diseases (O’Brien et al., 2005). Cells 

exposed to DOPAL showed protein modifications, enzyme inhibition and finally protein 

aggregation (Marchitti et al., 2007). It has been hypothesized that increased DOPAL is a 

factor in the loss of DA neurons resulting in Parkinson’s disease (PD) (Goldstein et al., 
2013). Whether this pathway is involved in the increased risk of PD in PCB exposed 

populations in not known. Furthermore, oxidative stress due to the imbalance between the 

steady-state levels of reactive oxygen species (ROS) and a biological system’s ability to 

remove the resulting reactive species or to repair the resulting damage by antioxidant 

defenses, may play a role in PCBs neurotoxicity (Park et al., 2010). DA catabolism can 

generate ROS in addition to pro- or anti-oxidant DA metabolites and L-DOPA and DA can 

be oxidized to the corresponding quinone with the formation of ROS (Cadet and Brannock, 

1998; Smythies, 2000; Izumi et al., 2005; Meiser et al., 2013). Neuronal cells are already 

stressed by high ROS levels and reactive species like DA quinone have been implicated in 

neuronal cell death and neurodegenerative diseases (Izumi et al., 2005; Zhou and Lim, 2009; 

Belluzzi et al., 2012; Pacelli et al., 2015). ROS and highly reactive quinones may damage 

vital components of the cell and ROS may also act as secondary messengers through redox 

signaling and regulation of gene expression (Liou and Storz, 2010). The most effective 

enzymatic antioxidant defenses within cells are superoxide dismutases (MnSOD and Cu/

ZnSOD), catalase (CAT) and glutathione peroxidase (GPx)(Matés et al., 1999), and 

reduction in the prevalence or activity of either enzyme is another pathway to increased 

intracellular ROS and a potential mechanism of neurotoxicity.

In this study, we attempted to gain insight into the effects of PCBs on the above parameters. 

We used two non-dioxin like congeners that differ in the number of chlorines (5 vs 6) and 

their position (2 meta chlorines in both plus 3 ortho chlorines in PCB95 vs 2 ortho- and 2 

para-chlorines in PCB153) to gain more insight into the mechanisms of PCBs neurotoxicity. 

These congeners were chosen because of their prevalence (PCB153) and importance as 

potential neurotoxicant (PCB95) (Mitchell et al., 2012). No dioxin-like PCB (no ortho 

substitution) were included, since these seem to have no or very limited neurotoxic activity 

(Shain et al., 1991). Five and 10 μM concentrations were used, since they did not produce 

cytotoxic effects, to avoid confounding effects due to cell death. These concentrations are 

high but environmentally relevant, since total PCB serum concentrations in the ppm range 

were observed in occupational exposure in the 1970s/80s and in PCB poisoning episodes in 

China and Taiwan, although nowadays the serum levels are usually significantly lower 

(IARC, 2013). Treatment of PC12 cells with PCB153 or PCB95 produced different 

outcomes, suggesting different modes of action for these two congeners. Scheme 1 

illustrates the numerous potential targets for the PCB congeners in dopaminergic cells and 

summarizes the major findings.
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PCB153 (10 μM) decreased intra- and extracellular DA levels after 12 h with significant 

increase in extracellular DA after 24 h. These results are similar to what Seegal and 

colleagues reported for PCB153 with respect to alteration of DA levels using both in vivo 
and in vitro experiments, including a decrease in intracellular DA level and an increase in 

extracellular DA (Seegal et al., 1989; Seegal et al., 1990; Bemis and Seegal, 2004). In our 

PC12 cells TH transcription was increased at 12 h but no change in VMAT expression was 

seen. These results seem contradictory to the lower DA levels. However, the reduced intra 

and extracellular DA at 12 h could be explained by elevated DA catabolism as indicated by 

the elevated levels of DA metabolites DOPAL, DOPAC and DOPET (Figure 6, scheme 1). 

All 3 measured metabolites were increased in cells and in medium after 12 h exposure to 

PCB153, suggesting increased biotransformation of DA as a mechanism. Increased DA 

turnover was also reported with Aroclor 1254 in another cell line, MN9D cells (Lee and 

Opanashuk, 2004). Bemis and Seegal also reported that PCBs such as PCB153 increased 

levels of DOPAC in synaptosomes (Bemis and Seegal, 2004). Competitive inhibition of 

VMAT2 is known to cause elevated DA turnover through the enzymatic pathways and 

reduced intracellular DA. Comparing the effects of known VMAT inhibitors with those of 

PCBs, they concluded that this was the most likely cause for the reduced intracellular DA.

We noticed that the levels of DOPAL, DOPAC and DOPET were elevated after 12 h 

exposure to PCB153 but not at 24 h exposure. In male rat brains at post-natal-day 21 MAO-

B activity (scheme 1: J) in the cerebellum was shown to be significantly decreased, up to 

45%, after exposure to PCB153 in utero (Roda et al., 2012). Although the methods in the 

cited study differed considerably from the present study, it may suggest a possible reason for 

the two phases, i.e. first increased metabolism when intracellular DA is high due to acute 

competitive inhibition of VMAT, followed by normalization later due to reduced MAO 

transcription and activity.

PCBs are potent competitive inhibitors of DAT, which is responsible for the re-uptake of 

extracellular DA (Mariussen et al., 2001). Inhibition of re-uptake can be expected to lead 

over time to elevated extracellular DA levels as seen after 24 h exposure to PCB153. As a 

consequence, elevated extracellular DA may activate presynaptic auto-receptors which 

would down-regulate TH and the synthesis of DA within cells (Wolf and Roth, 1990). This 

may explain why we saw normalization of TH expression after 24 h exposure to PCB153.

Interestingly, PCB95, a known neurotoxic PCB, produced similar cytotoxicity as did 

PCB153, however, DA changes inside and outside the cells were markedly different as was 

PCB95’s effect on TH and VMAT transcription. We noticed that after12 h exposure to 

PCB95, levels of DA were elevated inside the cells and levels of extracellular DA were 

reduced which may be due to the observed down-regulation of VMAT (Figure 4) and up-

regulation of TH (Figure 3) after 12 h exposure to PCB95. Decreased export and increased 

synthesis likely explain the effects of PCB95 on intra- and extracellular DA levels after 12 h.

In addition, PCB95 at 10 μM had very different effects on DA metabolite levels compared to 

PCB153. The latter increased all three metabolites in cells and medium after 12 h exposure 

with normalized levels at 24 h while PCB95 significantly increased only intracellular 

DOPET at 12 h and extracellular DOPAC at 24 h. Extracellular DOPAL and DOPET were 
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also elevated after 24 h but not statistically significantly. This lack of strong, early DA 

catabolism distinguishes PCB95 from PCB153. In this respect, PCB95 is more similar to the 

PCB mixture Aroclor 1254, which caused a similar fast increase in intracellular DA in PC12 

cells followed by a decrease in DA levels without increased DA metabolites (Seegal et al., 
1989).

After 24 h exposure to PCB95 the DA distribution was reversed, showing reduced 

intracellular and elevated extracellular levels. Non-sequestered DA accumulates in cells 

which could result in inhibition of TH (Kumer and Vrana, 1996). However, based on the 

results from our study, the effect of PCB95 on DA levels is likely through changes in gene 

expression of TH and VMAT, which were both normalized at 24h exposure, and not through 

direct inhibition.

DA neurons are particularly vulnerable to oxidative stress given that they have elevated 

bioenergetics (Pacelli et al., 2015) and levels of ROS increase during inherent auto-oxidation 

and metabolism of L-DOPA and DA to DA quinones (Kumer and Vrana, 1996; Miller et al., 
1996). The main way to avoid ROS mediated cellular damage is to increase the intracellular 

antioxidant defense capability. Results of recent studies have suggested antioxidants provide 

neuroprotection towards PCBs (Park et al., 2010). Thus, in this study, we examined the 

possible changes in gene expression of four main antioxidant enzymes: MnSOD, Cu/

ZnSOD, catalase and GPx.

The results of gene expression analyses in this study demonstrate that PCB153 and PCB95 

altered mitochondrial MnSOD expression. In PC12 cells, PCB153 and PCB95 at 10 μM up-

regulated MnSOD at 12 h. Subsequently, the level of MnSOD mRNA decreased, returning 

to normal levels at 24h. Cu/ZnSOD mRNA expression was also significantly up-regulated 

after 12 h exposure with either PCB153 or PCB95 and returned to normal expression after 

24 h. The up-regulation in MnSOD and Cu/ZnSOD by both PCB congeners was likely due 

to an increase of superoxide by PCBs. It has been reported that PCB153 caused an increase 

of steady state levels of intracellular O2
·− and H2O2 in cells in vitro and an adaptive increase 

in MnSOD and Cu-ZnSOD activity (Zhu et al., 2009).

Unlike the effects on SOD transcription levels, the two PCB congeners differed in their 

effects on catalase and GPx expression. PCB153 up-regulated catalase expression after 24 h 

at 10 μM but not 5 μM, but did not have any effect on GPx. PCB95 also increased catalase 

mRNA level, but at both concentrations and down-regulated GPx after 12 h exposure at 10 

μM, which normalized after 24 h exposure. This shows that even within the group of non-

dioxin like PCBs there are differences in effects on antioxidant enzymes.

In summary, both PCB congeners tested ultimately caused a decrease in intracellular DA 

levels similar to what was reported by others with striatal slices, synaptosomes and PC12 

cells (Shain et al., 1991; Chishti et al., 1996; Bemis and Seegal, 2004). However, PCB153 

produced a transient increase in potentially more reactive DA metabolites, in contrast to 

PCB95, which caused a transient increase in intracellular DA levels, suggesting different 

modes of action of these two congeners and different pathways of toxicity. This may have 

implications for risk assessment. Further studies with a series of PCB congeners to identify 
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structure-activity relationships are needed. Also, at this point, we have measured mRNA 

levels of VMAT2 and TH and do not know about activity or expression of DAT; however, 

these data will be determined in the future as altered ratio’s of these proteins (e.g., 

DAT:VMAT2) could be harmful to dopaminergic cells (Richardson et al., 2006). Our data 

demonstrate that PCBs could play a role in reducing tissue DA concentration via different 

mechanisms and thus could possibly lead to changes in behavior and motor function. 

Ultimately, these changes could progress over time resulting in neurodegenerative disorders. 

Studies like ours may suggest approaches for development of neuroprotective therapeutics to 

restrict PCBs long-term adverse health effects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PCB polychlorinated biphenyl

PCB153 2,2′,4,4′,5,5′-Hexachlorobiphenyl

PCB95 2,2′,3,5′,6-pentachlorobiphenyl

PC12 rat pheochromocytoma cell line

DOPAL 3,4-Dihydroxyphenylacetaldehyde

DOPAC 3,4-Dihydroxyphenylacetic acid

L-DOPA L-3,4-dihydroxyphenylalanine

MAO Monoamine oxidase

ADHD Attention deficit hyperactivity disorder

ROS Reactive Oxygen Species

DOPET 3,4-dihydroxyphenylethanol

VMAT Vesicle Monoamine Transporter

AR Aldehyde/Aldose Reductase
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Highlights

• PCB153 decreased intracellular dopamine (DA) and increased (24 h) 

extracellular DA.

• PCB153 increased DA metabolites DOPAC, DOPET, and DOPAL.

• PCB95 first increased (12 h) then decreased (24 h) intracellular DA.

• PCB95 down-regulated VMAT and GPx.

• Both PCB congeners may be neurotoxic, but through different mechanisms.
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Figure 1. 
PCB153 and PCB95 reduce viable cells at concentrations above 10 μM.

PC12 cells were exposed to 0.01–100 μM of PCB153 or PCB95 for 24 h in protein-free 

medium. Cytotoxicity was measured using the resazurin reduction assay. *p<0.005 

compared to the control.
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Figure 2. 
Intracellular and extracellular dopamine (DA) levels after 12 and 24 h exposure to PCB95 

(top) or PCB153 (bottom). PCB95 increased (12h) then decreased (24h) intracellular DA 

while the opposite was seen for extracellular DA levels. PCB153 reduced intracellular DA 

but strongly increased extracellular at the later time point with 10 μM PCB153. Values 

(mean μM/mg protein± SEM of 3–5 experiments) are depicted as percent of controls. 

*p<0.05 compared to the control.
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Figure 3. 
Tyrosine hydroxylase (TH) expression in PC12 cells treated with PCB95 or PCB153. PC12 

cells were treated with PCBs for 12 and 24 h. Both PCBs upregulated TH expression after 

12 h but not at 24 h exposures. *p<0.05 compared to the control; data are from 2 to 4 

experiments.
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Figure 4. 
Vesicular monoamine transporter 2 (VMAT2) expression in PC12 cells treated with (A) 

PCB95 or (B) PCB153. PCB95 significantly downregulated expression of VMAT2 after 12 

h but not 24 h exposure. PCB153 did not have any effect on VMAT2 expression. *p<0.05 

compared to the control; data are from 2 to 4 independent experiments.
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Figure 5. 
DA turnover following 12 and 24 h exposure to vehicle only, or 5 or 10μM of PCB95.

Samples underwent HPLC for determination of DA metabolites DOPAL, DOPAC and 

DOPET. Each value represents the μM/mg protein ±SEM of 3 experiments and data are 

normalized to their controls. *p<0.05 compared to the control.
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Figure 6. 
DA turnover following 12 and 24 h exposure to vehicle alone, or 5 or 10μM of PCB153. 

Samples (from cell extract = int, medium = ext) underwent HPLC analysis for determination 

of DA the metabolites DOPAL, DOPAC and DOPET. Each value represents the μM/mg 

protein ±SEM of 3 to 5 experiments. *p<0.05 compared to the control.
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Figure 7. 
MnSOD and Cu/ZnSOD gene expression in PC12 cells treated with PCB95 (top) or PCB153 

(bottom). Both, PCB95 and PCB153, highly upregulated MnSOD 6–7 folds following 12 h 

exposure (A). They also upregulated Cu/ZnSOD but to a much smaller extend (B). *p<0.0 

compared to the control; data are from 2–4 experiments.
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Figure 8. 
Catalase and glutathione peroxidase gene expression in PC12 cells after exposure to PCB95 

(top) or PCB153 (bottom). Both PCBs upregulated catalase, which was significant after 24h 

exposure while only PCB95 reduced GPx expression and only after 12h exposure. *p<0.05 

compared to the control; data are from 2 to 4 experiments.
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Scheme 1. Schematic summary of the effects of PCB 95 and 153 on dopaminergic (PC12) 
neuronal cells
As described in the text, the immediate (12h exposure) main effects were that PCB153 

decreased intra- and extracellular DA (B↓, L↓) and increased DOPAL, DOPAC, and DOPET 

(D↑,E↑,K↑), suggesting enhanced DA catabolism as mechanism for DA reduction. On the 

other hand, PCB95 increased intracellular DA (B↑) and decreased extracellular DA (L↓) 

with a reduction in VMAT transcription (C↓), suggesting decreased sequestration and 

release. Also, both congeners increased SOD transcription (G↑, F↑) and catalase was 

upregulated at the later time point (H↑), but PCB95 also downregulated GPs (I↓) at the early 

time point, suggesting transient oxidative stress or oxidative stress-related gene regulation.

(A) tyrosine hydroxylase (TH), (B) intracellular dopamine (DA), (C) vesicular monoamine 

transporter (VMAT), (D) the dopamine metabolite 3,4-dihydroxyphenyl ethanol (DOPET), 

(E) the dopamine metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), (F) Cu,Zn 

superoxide dismutase (CuZn-SOD), (G) Mn superoxide dismutase (Mn-SOD), (H) catalase, 

(I) glutathione peroxidase (GPx), and (J) monoamine oxidase, (K) 3,4-

dihydroxyphenylacetaldehyde (DOPAL), (L) extracellular DA.

Enayah et al. Page 23

Toxicology. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Materials
	2.2. Cell Culture
	2.3. Measurement of Cell Viability
	2.4. HPLC Analysis of DA and Its Metabolites
	2.5. Quantitative Real Time PCR
	2.6. Statistical Analysis

	3. RESULTS
	3.1. PCB95 and PCB153 are cytotoxic in undifferentiated PC12 cells only at
high concentrations
	3.2. Non-dioxin like PCBs change intracellular and extracellular DA
levels
	3.3. PCBs modulate the transcription of DA synthesis and packaging
proteins
	3.4. PCB153 but not PCB95 treatment increased DA catabolism
	3.5. In PC12 cells antioxidant enzymes expression is altered by PCBs

	4. DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Scheme 1

