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Abstract

We hypothesize that occupational exposure to PCBs is associated with a reduction in central
dopamine (DA) similar to changes previously seen in PCB exposed adult non-human primates. To
test that hypothesis we used [1231]8-CIT SPECT imaging to estimate basal ganglia DA transporter
density in former capacitor workers. Women, but not men, showed an inverse relationship between
lipid-adjusted total serum PCB concentrations and DA transporter densities in the absence of
differences in serum PCB concentrations. These sex differences may reflect age-related reductions
in the levels of gonadal hormones since these hormones have been shown experimentally to alter
response to DA neurotoxicants. These findings may aid in better understanding the roles that sex and
age play in modifying central DA function following exposure, not only to PCBs, but also to other
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DA neurotoxicants as well as further elucidating the role of gonadal hormones in influencing the
initiation and/or progression of neurodegenerative disorders.
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Introduction

Polychlorinated biphenyls (PCBs) are widely dispersed in the environment due to leakage from
electrical transformers and capacitors as well as release from factories that manufactured these
components (Erickson, 1997; Horn et al., 1979; National Research Council, 1979).
Epidemiological studies show that developmental exposure to foods contaminated by PCBs
results in possible cognitive deficits in infants and children (Jacobson and Jacobson, 2003;
Stewart et al., 2005).

Negative consequences are also seen in adults. Schantz et al. (2001) and Fitzgerald et al.
(2007; 2008) demonstrate, respectively, subtle cognitive and behavioral changes in recreational
fishermen from the Great Lakes and in adults who consumed PCB-contaminated fish from the
upper Hudson River. In addition, Seegal et al. (1991) demonstrated that adult non-human
primates exposed to PCBs, resulting in serum levels at the upper range reported in capacitor
workers (Wolff et al., 1982b), significantly reduced basal ganglia dopamine (DA)
concentrations—an effect that persisted for months following cessation of exposure (Seegal et
al., 1994a).

These findings provide the rationale for studying adults whose occupational exposure to PCBs
resulted in serum levels 10 to 20-fold higher than in the general population (Lawton et al.,
1985). Furthermore, this population represents one of the most highly exposed in the United
States and the majority of the workers were exposed only to PCBs. Thus, this cohort provides
the opportunity to determine whether changes in central DA, as seen in adult non-human
primates (Seegal et al., 1994a), also occur in occupationally exposed humans.

In this study we used in vivo molecular imaging of the dopamine transporter (DAT) to
investigate the effects of occupational exposure to PCBs on striatal DAT density in male and
female former capacitor workers. This imaging technique has been widely used to assess striatal
DAT density in both healthy subjects and in subjects with degenerative disorders characterized
by dopaminergic dysfunction, including Parkinson's disease (PD) and diffuse Lewy body
disease (Colloby et al., 2005). Importantly, recent studies by Prince et al. (2006) and Steenland
et al. (2006) found that women former capacitor workers had significantly higher mortality
from PD than did men. The Steenland et al. study (2006) is of particular import because the
subjects were from the same cohort we studied.

Because of the known and/or suggested neuroprotective effects of ovarian hormones—i.e.; (i)
women have a lower incidence of idiopathic PD than do men (Baldereschi et al., 2000; Wenning
et al., 2005); (ii) bilateral oophorectomy increases the incidence of PD (Benedetti et al.,
2002); (iii) female rodents demonstrate smaller changes in central DA concentrations following
exposure to DA neurotoxicants than do comparably exposed male animals (Dluzen, 2000;
Miller et al., 1998); and (iv) ovariectomy exacerbates DA loss following exposure to DA
neurotoxicants—an effect largely prevented by estrogen supplementation (Dluzen, 2000;
Miller et al., 1998); we included sex as a variable in all statistical analyses. Our original
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hypothesis is that workers with higher serum PCB concentrations will have lower DAT
densities and that the association will be stronger among men than women.

Methods

Study population

The population consisted of 6,798 former men and women capacitor workers who had been
employed by General Electric Corporation (GE) at either of two capacitor factories in upstate
New York (Ft. Edward and Hudson Falls) for at least 3 months between 1946 and 1977. In
1977 the use of PCBs at these sites was banned by the U.S. Environmental Protection Agency
(U.S. Environmental Protection Agency, 1978). A complete description of the study
population, the tracing and screening procedures, the demographics of the cohort and serum
PCB concentrations is presented elsewhere by Seegal et al. (2010).

A total of 241 men and women who lived within a 100 mile radius of Albany NY participated
in the study that included neurological and neuropsychological assessments, determination of
bone lead concentrations, circulating thyroid hormone levels and serum PCB concentrations.
89 of those subjects (50 men and 39 women; 37% of the total study population) agreed to
participate in the imaging portion of the study conducted at the Institute for Neurodegenerative
Disorders in New Haven, CT. The results of the imaging portion of the study are presented
here.

Human subjects protection

Prior to initiation of the study, the design and instruments, including those associated with
tracing, screening, recruitment, and data collection, were reviewed and approved by
Institutional Review Boards at each of the study's collaborating institutions (NYSDOH, Albany
Medical Center, University at Albany, Institute for Neurodegenerative Disorders and the U.S.
Army).

B-CIT imaging techniques

Subjects underwent [1231]p-CIT SPECT imaging as previously described (Laruelle et al.,
1994; Seibyl et al., 1995). High specific activity [1231]p;-CIT was prepared from the
corresponding trimethylstannyl precursor and subjects were injected with up to 6 mCi of
[1231]1B-CIT (Innis et al., 1993). Manual regions of interest (ROI) analysis of the [1231]8-CIT/
SPECT scans was performed using previously described methods (Seibyl et al., 1995), by a
nuclear medicine technologist who was blinded to the serum PCB concentration of all
participants. The primary quantitative imaging outcome measure, the specific non-displaceable
putamen uptake (V3"), was determined through a standardized analysis method (Seibyl et al.,
1995).

Measurement of serum PCB concentrations

The method for the analysis of serum PCB concentrations is described elsewhere (Seegal et
al.; 2009). Briefly, the analytical methods of Gammon et al. (2002) and Brock et al. (1996)
were followed to determine concentrations of 27 individual PCB congeners and nine
organochlorine pesticides. Total serum lipids were determined from serum cholesterol and
triglycerides using the algorithm of Phillips et al. (1989).

In addition to measuring total serum PCB concentrations, serum concentrations of ‘light’,
‘heavy’ and ‘occupational’ PCB congeners were also determined. Light was defined as those
PCB congeners eluting prior to DDE; heavy as those congeners eluting after DDE (Wolff et
al., 1982a) and ‘occupational’ (Wolff, personal communication) defined as those congeners
that were unique markers of occupational exposure—i.e., congeners whose concentrations
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were low in the general population and were derived from exposure to the Aroclor mixtures
used in the capacitor plants. These occupational congeners included (PCB28, PCB74, PCB118,
PCB105, and PCB156).

Because the distribution of lipid-adjusted serum PCB concentrations was positively skewed,
the data were log-transformed and all statistical analyses used that metric. Graphic examination
of the S-CIT variable revealed that it was symmetrically distributed and required no
transformation.

Statistical procedures

Results

The statistical analysis proceeded in three stages. First, the direct effects of age and sex on the
relationships between PCBs and striatal DAT densities were determined using the univariate
general linear model of Draper and Smith (1981). Next, we determined the correlations between
log-adjusted serum PCB concentrations, age, sex and other relevant variables (see Table 3)
that were associated either with exposure and/or outcome (B-CIT SPECT). In order to control
for these potential confounders we evaluated the correlation of each of them to either PCBs or
S-CIT for any variable whose correlation with both exposure and outcome was significant at
p<0.20. Finally, we evaluated the fitted parameter estimates both with and without potential
confounder(s). If inclusion of the confounder resulted in a shift greater than 10% in the estimate
for PCBs on S-CIT, it was retained in the final model; otherwise it was dropped from further
consideration as a confounder. As discussed in greater detail below, the final statistical model
included age, body mass index and sex.

The B-CIT cohort and comparisons with non-participants

Table 1 summarizes the means and standard deviations of demographic and background
characteristics for the 89 individuals who participated in the imaging study, as well as
highlighting any significant differences between them, as well as the 152 subjects who did not
participate in the imaging study.

There were no significant differences in age between those who underwent 3-CIT imaging and
those who did not. 51.2% of the subjects used cardiovascular medications; 50.6% took centrally
active medications. Based on these demographic variables we conclude that selection bias is
unlikely and that the B-CIT findings can be generalized to the entire cohort. Four men were
removed from subsequent analyses, despite a prescreening questionnaire, because the
extensive interview revealed that those subjects had suffered a brain trauma which might affect
the outcomes. Additionally, any individual who reported in the initial screening interview that
he or she had been diagnosed with PD were excluded from the study.

The imaging cohort consisted of 89 individuals (39 women [44%] and 50 men [56%]), ranging
in age from 51 to 85 years (mean=63.5, SEM=0.9). There were no significant differences in
age between the men and women who participated in the imaging study. Men, however,
reported using more cardiovascular medicines (p<0.01) than did women and drank alcoholic
beverages more often than women (p<0.001). There was no significant correlation between
the consumption of alcohol and either B-CIT or serum PCBs in the cohort (Table 3).

Serum PCB concentrations in men and women former capacitor workers

The geometric means and standard errors of the mean for serum PCB concentrations (for light,
heavy, total and occupational) on a lipid-adjusted basis (ppm) for men and women for the 85
subjects in the B-CIT cohort are shown in Table 2. In the B-CIT cohort, the lipid-adjusted serum
total PCB concentration for men was 1.01 ppm + 1.21 and for women 0.95 ppm + 4.75. There
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were no significant differences in any of these measures of exposure between men and women
in the B-CIT cohort. In addition, there were no significant differences between 3-CIT
participants and non- B-CIT participants for any of the PCB measures (data not shown).

[123]]8-CIT densities decrease with age in both men and women

The relationship between the age of the subjects and striatal DAT density was determined
separately for men and women. As seen in Figure 1, age was inversely associated with striatal
DAT density for both men and women, i.e., as the age of the individuals increased, striatal
DAT density decreased regardless of the sex of the individual. Indeed, analysis of variance
detected a main effect of age (F=5.171, p=0.02) but failed to detect either a significant effect
of sex (F=0.346, p=0.56) or a significant age x sex interaction (F=0.059, p=0.809).

Serum total PCB concentrations are inversely associated with striatal [123]]B-CIT densities

in women

The relationship between log serum total PCB concentrations on a lipid-adjusted basis and
striatal S-CIT densities, by sex, without statistical adjustment for potential confounders is
shown in Figure 2. Unlike the effects of age, the sex of the individual significantly influenced
the relationship between log- and lipid-adjusted total serum PCB concentrations and B-CIT
densities. Serum PCB concentrations were statistically significantly and inversely related to
striatal 5-CIT densities for women, but not for men. Indeed, the main effect of sex was
significant (F=5.79, p=0.02) as was the main effect of log total serum PCB concentrations (on
a lipid basis), for women (F=12.93, p<0.001), but not for men (F=2.69, p=0.10).

Correlations between PCBs, B-CIT SPECT, age, sex and other relevant variables

We next determined whether the above described relationship between log-adjusted serum
PCB concentrations and striatal g-CIT densities persisted after correction for classical
confounders (i.e., those statistically associated with both exposure and outcome) as well as
other confounders (i.e., variables associated with either exposure or outcome). The results of
these analyses are shown in Table 3. Confounders that were statistically associated with both
exposure and outcome included age, body mass index (BMI), DDT levels and total serum lipids
(expressed as gm/l). When these variables were included as potential confounders in a
univariate analysis of variance, the relationship between log total lipid-adjusted serum PCBs
for women was still significant (F=5.37, p=0.02) while the relationship between log total serum
PCBs for men was not (F=0.36, p=0.55). Successive univariate analyses, where confounders
shown to be non-significant were removed, resulted in a final analysis of variance that included
age, BMI and sex. The resulting statistical association between log total serum PCB
concentrations (on a lipid basis) and striatal -CIT densities remained highly significant for
women (F=6.16, p=0.015), but not for men (F=0.10, p=0.75) and is presented in Figure 3. In
summary, the inverse relationship between serum PCB levels and DAT density, observed only
in women, remained highly significant even after adjusting, for example, for the effects of age
which is correlated both with a decrease in g-CIT binding as well as increased serum PCB
levels.

Similar findings were also seen between log- and lipid-adjusted serum total PCB concentrations
and either putamen or caudate S-CIT densities. For the putamen, g-CIT densities for women
were significantly and inversely related to log total serum PCB concentrations (on a lipid basis)
(F=5.46, p=0.02), but not for men (F=0.19, p=0.67). For the caudate, -CIT densities for
women were significantly and inversely related to log total serum PCB concentrations (on a
lipid basis) (F=5.83, p=0.02); again, that was not the case for men (F=0.75, p=0.39).

We also examined whether the class of PCBs—i.e., light, heavy or occupational—altered the
statistical relationships described between total serum PCB concentrations and S-CIT densities.
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For each of the subclasses described above, the significant and inverse relationship between
serum PCB concentrations and S-CIT densities remained for women but not for men (data not
shown).

Discussion

We demonstrate that, following long-term occupational exposure to PCBs and after statistical
correction for a number of confounders, including age, only women show a significant inverse
relationship between lipid-adjusted total serum PCB concentrations and caudate, putamen or
combined caudate and putamen S-CIT densities despite the fact that neither serum PCB levels
nor age were statistically different between men and women. These findings support, in part,
our previously published results obtained in non-human primates (Seegal et al., 1991)
demonstrating that long-term exposure to PCBs significantly reduced basal ganglia DA
concentrations.

Although the reductions in striatal and putamenal [1231]8-CIT densities in women former
capacitor workers were statistically significant, the values for [1231]5-CIT striatal uptake for
all subjects, on an age-corrected basis, were within the normal range based on comparisons to
an existing data base of 73 healthy adults subjects at the same imaging center (Jennings et al.,
2004). Having said that, the data presented in Figure 3 demonstrates, after statistically
controlling for age and body mass index, a maximal reduction of between 20 and 25% in striatal
B-CIT binding in PCB-exposed women. A reduction of this magnitude is unlikely to be
associated with clinical signs of parkinsonism. Indeed, none of the individuals exhibited
clinical signs of disease due, perhaps, to the exclusion of individuals who reported that they
had been diagnosed with PD. Nevertheless, these reductions may serve as an early marker of
disease and would warrant further follow-up. Finally, only a single scan was acquired in our
study, hence we lack the temporal data necessary to determine whether subjects with high
serum PCB levels would show a more rapid decline in [1231]5-CIT striatal uptake with
increasing age than either subjects who had not been occupationally exposed to PCBs or
workers exposed only to low concentrations of PCBs. Nevertheless, our present results and the
observations of Steeenland et al. (2006) and Prince et al. (2006) suggest that occupationally
exposed women are at a heightened risk of developing PD.

There are several possible reasons for the disparate results between men and women obtained
by us and Steenland et al. (2006) and Prince et al. (2006). First, those prior studies gathered
data from all former capacitor workers, including deceased individuals. We, obviously, could
obtain [123114-CIT striatal imaging data only from living individuals. Second, our study was
limited to individuals who agreed to participate; thus bias may have been introduced into our
study since we could obtain imaging data only from individuals healthy enough to travel from
upstate New York to New Haven, CT. Finally, as mentioned above, we excluded anyone
diagnosed with PD; thereby limiting the range of changes in basal ganglia function associated
with PCB exposure.

The reported alterations in basal ganglia DA function are surprising because they stand in
contrast to the large number of epidemiological studies that show that the incidence of
idiopathic PD is approximately twice as great in men as in women (Ragonese et al., 2004). In
addition, many experimental studies have demonstrated neuroprotection in female rodents
following exposure to a number of DA neurotoxicants, including 6-OHDA and MPTP (Dluzen,
2000), compared to male rodents (Miller et al., 1998). These sex differences in susceptibility
are thought to be due to the actions of ovarian hormones, since supplementation of
ovariectomized animals, particularly with estrogen, partially ameliorates reductions in
measures of central DA integrity. Hence, based on both experimental and epidemiological
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findings, one would predict that men, rather than women, would show greater reductions in
basal ganglia DA terminal densities following occupational exposure to PCBs.

What potential mechanisms may be responsible for the greater sensitivity of women to PCBs
in this study? One potential explanation is based on the work of Bossé et al. (1997) who showed
that ovariectomy reduces [3H] GBR-12935 binding in the striatum, suggesting a reduction in
either the density or function of the DAT. In addition, Mariussen and Fonnum (Mariussen and
Fonnum, 2001) and Bemis and Seegal (Bemis and Seegal, 2004) have shown that PCBs inhibit
the DAT. Given the importance of this transporter in regulating both intra and extra-
synaptosomal DA concentrations and the consequences of such inhibition (Cyr et al., 2003;
Jaber et al., 1997), modulation of DAT density or function by post-menopausal reductions in
central estrogen may interact with PCBs resulting in a loss of function greater than either
menopause or PCBs alone.

We further suggest that age related decline in central gonadal hormones, either of ovarian origin
or conversion of testosterone to estrogen (Barreto et al., 2009; Veiga et al., 2004), has different
consequences in men and women following exposure to known DA neurotoxicants. This
suggestion is supported by data from Murray et al. (2003) and Tamas et al. (2005) who have
shown that following 6-OHDA.: (i) ovariectomy increases the loss of basal ganglia DA,
compared to that seen in the intact female; (ii) castration reduces the loss of basal ganglia DA,
compared to that seen in the intact male; (iii) estrogen supplementation in the ovariectomized
rat restores DA to levels seen in the intact female and (iv) estrogen supplementation in the
castrated male reduces the protection following castration to levels seen in the intact male rat.
These findings suggest that central estrogen is neuroprotective in the female while estrogen
(from aromatization of testosterone) may be a risk factor in the male brain. Thus, reductions
in ovarian hormones following menopause (all women in this study were postmenopausal) is
posited to result in the loss of known neuroprotective factor(s) (i.e., estrogen and progesterone)
while reductions in circulating testosterone and central aromatase activity in the aging male
may result in the loss of a neuro-risk factor (i.e., central estrogen). For this hypothesis to provide
a viable explanation for the sex differences in the effects of occupational exposure to PCBs on
caudate and putamen S-CIT SPECT binding it is necessary to posit that, if we had conducted
the imaging study in younger, reproductively competent workers, we would have found that
men would be more affected by PCB exposure than women. In partial support of this, we have
recently shown that PCB exposure leads to greater loss of striatal DA in reproductively
competent male rodents than in similarly aged female rodents.

There are inherent limitations in the ability to extrapolate findings from any study using
experimental animals to humans that may weaken our ability to explain the findings from this
study. For example, the rats in the Murray et al. (2003) and Tamas et al. (2005) studies
underwent gonadectomy prior to exposure to 6-OHDA, while the former capacity workers in
our study were exposed to PCBs while they were still reproductively competent. Nevertheless,
the results are intriguing and support the findings of both Steenland et al. (2006) and Prince et
al. (2006) who report an increase in PD-associated mortality in highly exposed women but not
in men. We must emphasize that the results presented here were obtained in a fairly small
number of workers and it would be highly desirable to increase the number of observations to
include other cohorts of individuals who had been either occupationally or inadvertently
exposed to PCBs, as well as younger, highly exposed individuals.

In summary, we find that elevations in lipid-adjusted total serum PCB concentrations, due to
long-term occupational exposure, are inversely associated with measures of DAT density in

women, but not in men despite the lack of significant differences in serum PCB levels between
the men and women and statistical adjustment for age. We suggest that the combination of age-
related changes in ovarian hormone levels and exposure to high levels of PCBs, both known
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to alter DAT function (Bemis and Seegal, 2004; Bossé et al., 1997; Mariussen and Fonnum,
2001) and the viability of DA neurons (Leranth et al., 2000; Lyng et al., 2007; Seegal et al.,
1994b), results in the somewhat paradoxical finding that reproductively senescent women, but
not men, account for the significant relationship between current serum PCB levels and
reductions in striatal DAT binding. Finally, the unexpected results of this study emphasize not
only the need to consider sex as an important variable in determining the central response(s)
to known and suspected neurotoxicants but, also suggest broadening the definition of gene x
environment interactions to include sex.
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Figure 1.

Dopamine transporter density measured by B-CIT SPECT imaging as a function of age by sex

in former capacitor factory workers.
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Figure 2.

Dopamine transporter density measured by B-CIT SPECT imaging as a function of the log of
current serum PCB concentrations (expressed on a lipid—-adjusted basis, ppm) by sex prior to
adjusting for potential confounders in former capacitor factory workers.
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Figure 3.

Dopamine transporter density measured by B-CIT SPECT imaging as a function of the log of
current serum PCB concentrations (expressed on a lipid-adjusted basis, ppm) by sex after
adjusting for age and BMI in former capacitor factory workers.

Neurobiol Dis. Author manuscript; available in PMC 2011 May 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Seegal et al. Page 14

Table 1

Demographic and background characteristics for the B-CIT cohort of study participants and non-p-CIT
participants from the GE capacitor worker study (N=241).

B-CIT Participants (N=89) Non-g-CIT-Participants (N=152)

Characteristic Na Mean+SEM or % Na Mean +SEM or %
Age (years)
Overall 89 635%0.8 152 64.9+0.7
By Sex:
Men 50 62.6%0.9 79 651%10
Women 39 646x14 73 648x11
Sex
Men 50 56.2% 79 52.0%
Women 39 438% 73 48.0%
BMI (kg/m?)
Men 46 29.81+0.67 76 28.60+0.51
Women 39 30.69+1.01 72 29.60+0.72
Education (school years complete)
Men 46 13.07+0.31 76 1311+027F
Women 39 1250+0.19 73 12.29+0.23

Bone Lead (ug/g)
Men 49 17.70+1.11 74 17.65+1.03
Women 37 1432+151 70 15.37+1.28
Caffeinated Beverages Past Year (drinks)
Men 46 958 + 85 79 885%61
Women 39 730+102 73 943+67
Number of Packs of Cigarettes in the Last 10 Years
Men 46 600 + 218 76 648 + 157
Women 39 857+375 73 872+201
Number of Alcoholic Drinks per week in the Last 10 Years
Men 46 585097t 76 771123t
Women 39 158061 73 0.90%0.20

Use of Cardiovascular Drugsb
Men 45 6667 %+t 73  61.64%
Women 39 3333% 73 46.58 %
Use of CNS Active Medications®
Men 50 58.00 % 79 58.23%
Women 39 41.03% 73 49.32%

a . . . ..
Number of observations varies across characteristics due to missing values

Cardiovascular Drugs (Class 24) include: antilipemic agents, vasodilating agents, alpha- and beta-adrenergic and calcium-channel blocking agents,
and renin-angiotensin-aldosterone system inhibitors.
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CNS Active Medications include: antihistamines, sympathomimetic agents, beta-adrenergic blocking agents, angiotensin-converting enzyme
inhibitors, COX-2 inhibitors, other non-steroidal anti-inflammatory agents, opiate agonists, miscellaneous analgesics and antipyretics, thyroid agents
and antithyroid agents.

+
p<0.05, significant difference between men and women within the B-CIT participants or the non-B-CIT-participants

++
p<0.01, significant difference between men and women within the B-CIT participants or the non-B-CIT-participants

+++
p<0.001, significant difference between men and women within the B-CIT participants or the non-B-CIT-participants
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Current lipid-adjusted serum PCB concentrations by sex in individuals that underwent 3-CIT SPECT imaging
and are included in the final data analysis.

PCB Congener
Grouping

Total PCBs
Light PCBs &
Heavy PCBs b

Occupational PCBs ©

Total PCBs
Light PCBs @
Heavy PCBs b

Occupational PCBs ©

B-CIT Particip ants (N=85)
Geometric Mean SEM

Men (N=46)

1.01 0.18
0.39 0.12
0.55 0.08
0.28 0.13
Women (N=39)

0.95 0.76
0.38 0.37
0.52 0.44
0.31 0.43

aEIute before DDE;

bElute after DDE;

c .
Markers for occupational exposure.
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