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Polychlorinated biphenyls (PCBs) are ubiqui-
tous environmental contaminants previously
used in transformers, in the manufacture of
paints, and for various other industrial pur-
poses. PCBs were used and marketed as mix-
tures of PCB congeners under trade names
such as Aroclor. Even though PCB produc-
tion in the United States was banned in
1977, PCB production in other countries
continued into the 1990s (1). Because of
their environmental persistence and ability to
bioaccumulate, PCBs are present in human
and wildlife tissues (2).

Several epidemiologic studies suggest that
PCBs may interfere with the ability to main-
tain a pregnancy to term. These studies report
increased blood or blood serum PCB levels in
women who delivered prematurely compared
with women who went to term (3–5) and
decreased gestation length in women exposed
to PCBs occupationally (6,7) or by consump-
tion of contaminated food (8–10). A positive
association between PCB exposure and spon-
taneous abortion in women was also reported
(4). However, other epidemiologic studies
failed to detect a significant relationship
between premature birth or spontaneous
abortion and exposure to PCBs (11–14). 

Although not widely studied, reports indi-
cate that PCBs modify parturition in animals.
Reported PCB effects on parturition in labora-
tory animals include increased variation of ges-
tation length and incidence of difficult labor

in guinea pigs (15), increased gestation length
in rats (16–18), and spontaneous abortion in
monkeys (at doses toxic to the mother)
(19,20). Elevated tissue concentrations of
PCBs were reported in California sea lions
that delivered their pups prematurely (21). 

Parturition is a complex process that
requires distinct as well as interdependent
physiologic activities. Timely and effective
uterine contraction is a critical component
of parturition (22). In pregnant women,
increased frequency of synchronized uterine
contractions before term is associated with
preterm labor (22–25). Stimulation of uter-
ine contraction is a plausible mechanism
whereby a chemical could induce preterm
labor, decrease gestation length, or induce
abortion. Because PCBs distribute into the
lipids of the uterus to a significant extent
during pregnancy in women (26) and in lab-
oratory animals (27), the pregnant uterus
may be a target of PCB action. 

Previous work in our laboratory showed
that several PCB congeners with ortho-chlo-
rine substitutions and four or fewer chlorines
acutely increased uterine contraction fre-
quency, whereas coplanar congeners or con-
geners with greater numbers of chlorines
were inactive (28). Because individual PCB
congeners elicit different effects on the
uterus, yet most contamination occurs as
mixtures, it was of interest to examine the
uterine muscle response to PCB mixtures.

We hypothesized that PCB mixtures
directly stimulate uterine oscillatory contrac-
tions in a manner inversely related to the
degree of chlorination and the presence of
chlorines in the ortho position of the
biphenyl constituents of the mixtures. The
commercial PCB mixtures Aroclor 1242,
Aroclor 1248, and Aroclor 1254 were chosen
for this study. The last two digits of the
Aroclor name indicate the percent chlorine
content by weight (e.g., Aroclor 1242 con-
tains 42% chlorine). These once commonly
used mixtures typically contain 60–90 of the
209 possible PCB congeners (29). Compared
with Aroclors 1248 and 1254, Aroclor 1242
has a greater proportion of ortho-substituted
congeners with three or fewer chlorines (30).
Also, compared with Aroclor 1254, Aroclors
1242 and 1248 have greater proportions of
ortho-substituted congeners with four or
fewer chlorines (30). Because reductive
dechlorination of PCBs is a common envi-
ronmental transformation in anaerobic sedi-
ments (31–33), we hypothesized further that
microbial dechlorination of Aroclors would
produce PCB mixtures with increased utero-
tonic activity. To test this latter hypothesis,
we evaluated Aroclor 1242 and Aroclor 1254
that had undergone reductive dechlorination
(designated as HR1242 and HR1254,
respectively) by microbes obtained from sedi-
ments of the PCB-contaminated Hudson
River. We applied standardized muscle bath
procedures for working with midgestation
uteri to test these hypotheses, monitoring the
oscillatory contractions of uterine strips
exposed to PCBs in vitro.

Materials and Methods

Chemicals. Aroclors 1242, 1248, and 1254
were purchased from Ultra Scientific (North
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A previous study of six polychlorinated biphenyl (PCB) congeners showed that PCBs with four or
fewer chlorines and ortho substitution stimulate uterine contraction frequency in vitro, whereas
congeners with a greater number of chlorines or non-ortho substitution are inactive in vitro. We
tested the hypothesis that PCB mixtures stimulate uterine contractions in a manner inversely
related to the degree of chlorination and the presence of chlorines in the ortho- position of the
biphenyl constituents of the mixtures. Uterine strips from pregnant rats were suspended in stan-
dard muscle baths and analyzed for changes in isometric contractions in response to in vitro expo-
sure to commercial PCB mixtures (Aroclors) and their dechlorinated products after microbial
degradation. The PCB mixtures Aroclor 1242, 1248, and 1254 significantly stimulated uterine
contraction frequency, and the least chlorinated mixture, Aroclor 1242, was the most potent
stimulant. Microbes from Hudson River sediment dechlorinated Aroclor 1242 and Aroclor 1254
under reducing conditions to produce mixtures with an increased proportion of ortho-substituted
congeners with one or two chlorine substitutions. The PCB mixtures that had undergone micro-
bial reductive dechlorination stimulated uterine contraction frequency to a significantly greater
extent than the parent mixtures. These results show that increased uterotonic activity was associ-
ated with decreased chlorination and increased ortho substitution of the biphenyl constituents of
the mixtures. Key words: Aroclor, dechlorination, muscle contraction, polychlorinated biphenyls,
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Kingstown, RI) or were gifts from Monsanto
to the Pesticide Research Center at Michigan
State University. All of the PCB mixtures
were dissolved in DMSO, and final exposure
concentrations of DMSO did not exceed
1%. The congener compositions of the
Aroclors were determined by gas chromatog-
raphy as described in the next section.

Preparation of the microbial dechlorina-
tion products of PCB mixtures. The commer-
cial PCB mixtures Aroclor 1242 and Aroclor
1254 were incubated in anaerobic sediment
slurries inoculated with PCB-dechlorinating
microorganisms eluted from PCB-contami-
nated upper Hudson River (HR) sediments,
using methods previously described (34).
Briefly, the slurries were prepared in an aero-
bic glove box by mixing 600 g air-dried and
sieved (2 mm) non–PCB-contaminated Red
Cedar River (Okemos, MI) sediment and 600
mL of revised anaerobic mineral medium
(RAMM) in 1-L bottles. The bottles were
then sealed, incubated until methane was
detected in the headspace (about 2 weeks),
and autoclaved. An acetone solution (20%) of
Aroclor 1242 or 1254 was then added to each
bottle to a concentration of 600 µg/g sedi-
ment dry weight (parts per million). An
inoculum of PCB-dechlorinating microorgan-
isms was also prepared under anaerobic con-
ditions by vigorously mixing 1 L of wet upper
Hudson River sediment with 1 L of RAMM
in a tightly stoppered Erlenmeyer flask, allow-
ing the sediment to settle, and decanting the
supernatant. We used this supernatant to
inoculate the sediment slurries, which were
then capped and sealed with tape in the
anaerobic chamber, mixed thoroughly, and
incubated at room temperature. We moni-
tored the dechlorination process periodically
by withdrawing, extracting, and analyzing
samples for changes in PCB congener pro-
file. Control sediment slurries containing
autoclaved (dead) microorganisms were
incubated with Aroclor 1242 or 1254 to
produce control PCB mixtures (Auto1242

and Auto1254, respectively), as described
previously. A control containing active
microorganisms and sediments with no
PCBs was also included. No PCBs were
detected in the latter control, and this extract
was not tested further. The incubations were
terminated after 20 months.

After the incubation period, the PCBs
were extracted from the sediment slurries.
First the liquid contents of each bottle were
decanted into a 1-L separatory funnel. PCBs
were then extracted from the sediments three
times with 500-mL portions of acetone and
three times with 500-mL portions of
hexane:acetone (9:1, v:v). The sediments
were shaken vigorously with each portion of
extraction solvent for 1 hr before the solvent
was decanted into the separatory funnel. The
volume of extraction solvents in the funnel
was reduced by evaporation under N2 as
needed to accommodate subsequent por-
tions of extract, and upon addition of the
first portion of hexane:acetone to each fun-
nel, the lower aqueous phase with acetone
was drained from the funnel. After the
extraction was completed, the remaining
acetone was back-extracted with 2% NaCl in
deionized water. The remaining hexane solu-
tion was treated five times with 25-mL por-
tions of concentrated sulfuric acid, washed
three times with 50-mL portions of 2%
NaCl, dried over anhydrous sodium sulfate,
and passed through 50 mL of Florisil and
acid-rinsed copper powder contained in a
100-mL burette.

We determined the total molar PCB con-
centrations and the identities and concentra-
tions of the individual congeners in each
sample by gas chromatography (35). Test
solutions for the uterine muscle experiments
were prepared by evaporating the hexane and
redissolving the PCBs in DMSO to similar
final target concentrations. We analyzed
these stock solutions in triplicate to calculate
the average total molar concentrations, which
ranged from 72 mM to 90 mM. 

Preparation of uterine strips. Pregnant
(gestation day 10) rats were obtained from
Harlan (Indianapolis, IN) or from the
colony of the Reproductive Science Program
at the University of Michigan. Nulliparous
female rats weighing 180–220 g were mated
between 60 and 90 days of age. The animals
were housed at 24 ± 1°C under a 14-hr light
schedule. Pregnant rats were anesthetized
with ether followed by exsanguination, a
protocol required by collaborators with
whom we shared tissue. After isolating uteri,
embryos and fat were removed. Longitudinal
uterine strips 1 mm wide by 20 mm long
were cut from the anti-mesometrial side of
the mid-portion of horns which contained
four implantation sites.

Measurement of spontaneous oscillatory
contractions. The uterine strips were sus-
pended in standard muscle baths that con-
tained physiologic salt solution (PSS)
composed of 116 mM NaCl, 4.6 mM KCl,
1.16 mM NaH2PO4 · H2O, 1.16 mM
MgSO4 · 7H2O, 21.9 mM NaHCO3, 1.8
mM CaCl2 · 2H2O, 11.6 mM dextrose, and
0.03 mM CaNa2EDTA at pH 7.4. The
water-jacketed bath was maintained at 36°C
and aerated with a mixture of 95% O2 and
5% CO2. Each uterine strip was tied with
surgical silk to a stationary post at one end
and to an isometric force transducer at the
other end. We measured spontaneous oscil-
latory contractions as described previously
(36), with modifications. Briefly, isometric
contractions of strips were monitored under
constant passive force of 1.0 g. After a 40-
min equilibration period, strips were chal-
lenged with 60 mM KCl to determine
viability and maximum KCl-induced con-
traction force. After rinsing out the KCl,
strips were allowed to equilibrate for an
additional 2–5 hr to establish regular sponta-
neous oscillatory contractions. We measured
contractions by frequency (number of con-
traction/relaxation cycles in a 10-min
period) because this was the most prominent
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Figure 1. Concentration-dependent effects on the frequency of contraction of uterine strips exposed in vitro to (A) Aroclor 1242 (A1242), (B) Aroclor 1248 (A1248),
and (C) Aroclor 1254 (A1254). Left, average basal contraction frequency of uterine strips before treatment with DMSO (solvent control) or Aroclor. Right, contraction
frequency response to Aroclors. Values shown are mean ± SEM of 8–10 uterine strips. If no error bar is shown, the SEM is smaller than the size of the symbol.
Means sharing the same letter are not significantly different (p ≤ 0.05).
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parameter affected by Aroclors. The fre-
quency during the 10-min segment after
equilibration and before any treatment was
termed “basal frequency.”

Measurement of chemical-induced oscilla-
tory contractions. In some experiments,
cumulative concentration–response curves
were generated by exposing uterine strips to
increasing concentrations of PCB mixtures
added to the muscle bath in a cumulative
manner at 20-min intervals. The range
spanned from concentrations that elicited no
effect to concentrations that elicited the maxi-
mal effect measurable. Because time is a possi-
ble confounding variable in cumulative
concentration experiments, other strips were
exposed to a single concentration of Aroclor
1242 for 60 min. To examine reversibility, we
exposed strips to different concentrations of
Aroclor 1242 for 60 min, then rinsed them
three times with PSS and monitored them for
up to 4 hr. In each experiment, solvent con-
trol uterine strips were exposed to equivalent
concentrations of DMSO added in a similar
manner as the PCBs. All data were normal-
ized with respect to basal frequency of con-
traction and expressed as percent of basal

frequency. We included 8–11 uterine strips in
each treatment group exposed to neat (parent)
Aroclors. However, quantities of the PCB
mixtures extracted from cultures with live or
autoclaved bacteria limited these experiments
to 2–6 uterine strips per treatment.

Statistical analysis. Results are expressed
as mean ± SEM. We analyzed contractility
data by two-way repeated measure analysis of
variance (ANOVA), except for the HR1254
and Auto1254 data, which were analyzed by
one-way ANOVA because of limited degrees
of freedom (the quantity of Auto1254 avail-
able limited the number of replications possi-
ble). Significant effects detected by ANOVA
were followed by comparisons of group
means using the Student-Newman-Keuls
test. All statistical analyses were performed
with SigmaStat software (Jandel Corp., San
Rafael, CA). For all analyses, a p-value < 0.05
was considered statistically significant.

Results

Concentration-dependent effects of Aroclors
on oscillatory contractions. Each Aroclor was
examined in separate experiments with dis-
tinct solvent (DMSO) control groups. The

most prominent and significant effect of
these PCB mixtures on uterine contraction
was to increase the frequency of oscillatory
contractions. Although contractile force
decreased somewhat at the highest concen-
trations of Aroclors tested (data not shown),
this effect appeared to be secondary to pro-
found increases of frequency. 

Compared with pretreatment (0 µM
Aroclor 1242), exposure to 10, 30, or 100
µM Aroclor 1242 significantly stimulated
contractions to 116.6 ± 6.1, 136.5 ± 6.4,
and 214.9 ± 10.6%, respectively (Figure 1A;
p < 0.05). In comparison with solvent con-
trols, however, contraction frequency was
significantly increased only at 100 µM
Aroclor 1242 (Figure 1A; p < 0.05). In the
solvent control strips exposed to DMSO
concentrations used to deliver 30 and 100
mM Aroclor 1242, the frequency of contrac-
tion also increased significantly, albeit mod-
estly, compared with pretreatment (0 µM
DMSO; Figure 1A; p < 0.05). As a conse-
quence, the statistically significant increases
detected at 10 mM and 30 µM Aroclor
1242 in comparison with 0 µM Aroclor
1242 should be interpreted with caution.
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Figure 2. The gas chromatographic profiles of (A) Auto1242, the PCB mixture extracted after incubation of Aroclor 1242 with autoclaved bacteria (control for non-
microbial alteration of PCBs); (B) HR1242, the dechlorinated product mixture obtained after incubation of Aroclor 1242 with microorganisms; and (C) the differ-
ences in molar percent of PCB congeners in HR1242 compared with Auto1242. The gas chromatographic profiles of (D) Auto1254, the PCB mixture extracted after
incubation of Aroclor 1254 with autoclaved bacteria (control for nonmicrobial alteration of PCBs); (E) HR1254, the dechlorinated product mixture after incubation
of Aroclor 1254 with the Hudson River microorganisms; and (F) the differences in molar percent of PCB congeners in HR1254 compared with Auto1254. The PCB
congener correspondence to each peak is given in Table 1. 
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Contraction frequency could not be quanti-
fied at 300 µM Aroclor 1242 because this
exposure produced contractions with sus-
tained increased basal tension. 

Exposure of uterine strips to Aroclor
1248 at 100 mM and 300 mM increased
contraction frequency to 213.5 ± 48.0% and
294.3 + 64.0%, respectively (Figure 1B).
These stimulations were significant as com-
pared with both pretreatment (0 µM Aroclor
1248) and solvent controls (p < 0.05).
Aroclor 1254-treated strips showed a signifi-
cant stimulation of contraction only at 1,000
µM (155.4 ± 27.2%) relative to pretreat-
ment (0 mM Aroclor 1254) and solvent
controls (Figure 1C; p < 0.05). 

Dechlorination of PCB mixtures by bac-
terial incubation. Gas chromatography iden-
tified and quantified PCB congeners extracted
after incubation of Aroclor 1242 (Figure
2A–C) or Aroclor 1254 (Figure 2D–F) with
or without live bacteria derived from Hudson
River sediment. The data are expressed as
molar percent from total content. Table 1
shows the PCB congeners corresponding to
each peak and includes only congeners found
in Aroclors above the detection limits. The
methods used did not allow quantification of
coplanar congeners independently of co-elut-
ing congeners. Incubation with autoclaved
(dead) bacteria yielded congener profiles of
Auto1242 (Figure 2A) and Auto1254 (Figure
2D) that were identical to those of the

respective Aroclors not incubated with auto-
claved bacteria (not shown). 

Microbial dechlorination of Aroclor
1242 occurred primarily from the meta posi-
tion, with modest dechlorination from the
para position and no evidence for the
removal of ortho-substituted chlorines
(Figure 2B). Hudson River microorganisms
removed 35% of the chlorines of Aroclor
1242, corresponding to an average removal
of 0.63 chlorines of the average 3.1 chlo-
rines/biphenyl. Chlorobiphenyl (CB) con-
geners that appeared or increased more than
5 mol % of the total after dechlorination
were those associated with peaks 1 (2-CB), 4
(2,2´-CB/2,6-CB), 7 (2,4-CB/2,5-CB), and
11 (2,2´,4-CB; Figure 2C). These peaks
totaled 53.6 mol % after dechlorination
(Figure 2B) but only 18.2 mol % before
dechlorination (Figure 2A). The only peak
that decreased by more than 5 mol % was
peak 10 (2,2´,5-CB/4,4´-CB) (Figure 2C). It
decreased from 8.6 mol % before dechlorina-
tion (Figure. 2A) to 3.4 mol % after dechlo-
rination (Figure 2B). 

Hudson River microorganisms removed
40% of the chlorines from Aroclor 1254,
with an average removal of 1.2 chlorines of
the average 4.96 chlorines/biphenyl in
Aroclor 1254 (Figure 2E). The chlorines were
removed primarily from the meta position,
with modest dechlorination from the para
position and no evidence for the removal of

ortho-substituted chlorines. Congeners that
appeared or increased more than 5 mol % of
the total after dechlorination were those asso-
ciated with peaks 4 (2,2´-CB/2,6-CB), 8
(2,2´,6-CB), 11 (2,2´,4-CB), 13 (2,2´,3-CB/
2,4´,6-CB), and 26 (2,2´,4,4´-CB; Figure 2F).
These peaks totaled 49.3 mol % after dechlo-
rination (Figure 2E) but less than 2.5 mol %
before dechlorination (Figure 2D). Congeners
that decreased by more than 5 mol % of the
total were those associated with peaks 38
(2,2´,3,5´,6-CB/ 2,3´,4,4-CB/ 2,2´,4,5,6´-
CB), 42 (2,2´,4,5,5´-CB/ 2,2´,3,4´,5-CB), 49
(3,3´,4,4´-CB/ 2,3,3´,4´,6-CB), and 61
(2,2´,3,4,4´,5-CB/ 2,3,3´,4,5,6-CB; Figure
2F). They decreased from 36.1 mol % before
dechlorination (Figure 2D) to 10.5 mol %
after dechlorination (Figure 2E). 

Therefore, bacterial incubations with
Aroclor 1242 or Aroclor 1254 yielded PCB
mixtures in which the major constituents
were more lightly chlorinated, ortho-substi-
tuted, non-coplanar PCB congeners as com-
pared with the nonmetabolized and parent
commercial mixtures. 

Stimulation of uterine contraction by
bacterial metabolites of PCB mixtures.
Uterine strips exposed to 100 µM
Auto1242 (non-metabolized Aroclor 1242
mixture recovered from autoclaved bacterial
cultures) exhibited significantly increased
uterine contraction frequency compared
with pretreatment (0 µM Auto1242) and
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Table 1. Congener identities of chromatography peaks.

Peak Peak Peak
no. Congener(s) no. Congener(s) no. Congener(s)

1 2-CB 31 2,3´,4´,6-/2,2´,3,4-/2,3,4´,6-/2,3´,5,5´-CB 61 2,2´,3,4,4´,5´-/2,3,3´,4´,5,6-CB
2 3-CB 32 2,2´,3,6,6´-CB 62 2,3,3´,4,4´,6-CB
3 4-CB 33 2,2´,3,3´-CB 63 2,2´,3,3´,5,5´,6-CB
4 2,2´-/2,6-CB 34 2,3,3´,5-/2,3´,4,5-/2,2´,4,4´,6-/2,2´,4,5´,6-CB 64 2,2´,3,3´,4,5´,6-CB
5 2,4-/2,5-CB 35 2,3,3´,5-/2,3,4´,5-CB 65 2,2´,3,4´,5,5´,6-/2,2´,3,4,4´,5,6´-CB
6 2,3´-CB 36 2,4,4´,5-/2,2´,3,5,6´-CB 66 2,2´,3,4,4´,5´,6-CB
7 2,4´-/2,3-CB 37 2,3´,4´,5-/2´,3,4,5-CB 67 2,3´,4,4´,5,5´-CB
8 2,2´,6-CB 38 2,2´,3,5´,6-/2,2´,4,5,6´-/2,3´,4,4´-CB 68 2,2´,3,4,5,5´,6-CB
9 3,4-CB/3,4´-CB 39 2,3,3´,4-/2,2´,3,4´,6-CB 69 2,2´,3,3´,4,5,6´-/2,2´,3,4,4´,5,6-CB
10 2,2´,5-/4,4´-CB 40 2,2´,4,4´,6,6´-CB, surrogate 70 2,2´,3,3´,4´,5,6-CB
11 2,2´,4-CB 41 2,3,3´,4´-/2,3,4,4´-CB 71 2,2´,3,3´,4,4´,6-/2,3,3´,4,4´,5-/
12 2,3´,6-/2,3,6-CB 42 2,2´,4,5,5´-/2,2´,3,4´,5-CB 2,2´,3,3´,5,5´,6,6´-CB
13 2,2´,3-/2,4´,6-CB 43 2,2´,4,4´,5-CB 72 2,2´,3,3´,4,5,6-/2,2´,3,3´,4,5´,6,6´-/
14 2´,3,5-/2,2´,6,6´-CB 44 2,2´,3,4´,6,6´-/2,3,3´,5,6-/2,3´,4,4´,6-CB 2,2´,3,4,4´,5,6,6´-CB
15 2,4,5-CB 45 2,2´,3´,4,5-/2,2´,3,4,5-/2,2´,3,5,6,6´-CB 73 2,2´,3,3´,4,5,5´-/2,3,3´,4,5,5´,6-CB
16 2,3´,5-CB 46 2,2´,3,4,5´-/2,3,4,4´,6-/2,3,3´,5,5´-CB 74 2,2´,3,4,4´,5,5´-CB
17 2,3´,4-CB 47 2,2´,3,4,4´-CB 75 2,3,3´,4´,5,5´,6-CB
18 2,4´,5-CB 48 2,2´,3,3´,6,6´,-CB 76 2,3,3´,4,4´,5´,6-CB
19 2,4,4´-/2,2´,4,6-CB 49 3,3´,4,4´-/2,3,3´,4´,6-CB 77 2,2´,3,3´,4,5,6,6´-CB
20 2´,3,4-/2,3,4-/2,3,3´-/2,2´,5,6´-CB 50 2,2´,3,5,5´,6-CB 78 2,2´,3,3´,4,4´,5-CB
21 2,4´,3-/2,2´,4,6´-CB 51 2,2´,3,3´,5,6´-/2´,3,4,5,5´-/2,2´,3,4,5´,6-CB 79 2,3,3´,4,4´,5,6-CB
22 2,2´,3,6-CB 52 2,3´,4,4´,5-/2,2´,3,4´,5´,6-/2,3,3´,4,5-CB 80 2,2´,3,3´,4´,5,5´,6-CB
23 2,2´,3,6´-CB 53 2,2´,3,3´,5,6-/2,2´,3,4,5,6´-/2,3,4,4´,5-CB 81 2,2´,3,3´,4,4´,5,6´-/2,2´,3,4,4´,5,5´,6-CB
24 2,2´,5,5´-/2,3´,5´,6-CB 54 2,2´,3,4´,5,5´-/2,3,3´,4,5´,6-CB 82 2,3,3´,4,4´,5,5´-CB
25 2,2´,4,5´-CB 55 2,2´,4,4´,5,5´-CB 83 2,2´,3,3´,4,4´,5,6-CB
26 2,2´,4,4´-CB 56 2,2´,3,3´,4,6´-/2,3,3´,4,4´-CB 84 2,2´,3,3´,4,5,5´,6,6´-CB
27 2,2´,4,5-/2,4,4´,6-CB 57 2,2´,3,4,5,5´-CB 85 2,2´,3,3´,4,4´,5,5´-CB
28 3,3´,4-CB 58 2,2´,3,3´,5,6,6´-CB 86 2,3,3´,4,4´,5,5´,6-CB
29 2,2´,3,5´-CB 59 2,2´,3,4,4´,5-CB 87 2,2´,3,3´,4,4´,5,5´,6-CB
30 2,2´,3,4´-/2,3,3´,6-/3,4,4´-CB 60 2,2´,3,3´,4,6,6´-CB

CB, chlorobiphenyl.



lower concentrations of Auto1242 (3, 10,
and 30 µM; Figure 3A; p < 0.05). The
increased contraction frequency observed at
100 µM Auto1242 was 220.98 + 30.4%, sim-
ilar to the response observed with 100 µM
neat Aroclor 1242 (Aroclor 1242 that was not
incubated with bacteria or sediment; Figure
1A). The responses to 10 µM and 30 µM
Auto1242 were not significantly different
from pretreatment (0 mM Auto1242).
Exposure to HR1242 (PCBs recovered after
incubation with Hudson River bacteria)
shifted the concentration–response curve to
the left. Uterine strips exposed to 10 mM or
30 mM HR1242 had contraction frequen-
cies of 128.0 ± 16.0 and 339.4 ± 83.8%,
respectively. These values were significantly
increased compared with 10 µM or 30 µM
Auto1242 and compared with pretreatment
(0 µM HR1242; Figure 3A; p < 0.05). The
response to 30 µM HR1242 was similar in
magnitude to the response to 100 µM
Auto1242 (Figure 3A) and 100 µM neat
Aroclor 1242 (Figure 1A).

Comparable results were observed for
Aroclor 1254. The Auto1254 nonmetabo-
lized mixture, prepared by incubation of
Aroclor 1254 with autoclaved microorgan-
isms, did not stimulate contractions up to
300 µM (Figure 3B), consistent with neat
Aroclor 1254 (Figure 1C). Due to limited
availability of Auto1254, concentrations
higher than 300 µM Auto1254 were not
tested. The concentration–response curve of
HR1254 was shifted to the left in comparison
with Auto1254 (Figure 3B). Exposure to 30
µM or 50 µM HR1254 stimulated contrac-
tions to 153.8 ± 18.9 and 215.4 ± 22.5%,
respectively, and these values were signifi-
cantly increased compared with pretreatment
(0 µM HR1254) and Auto1254 (p < 0.05).
Because higher concentrations of HR1254
produced contractions with sustained
increased basal tension, contraction frequency
could not be quantified at concentrations
above 50 µM HR1254. 

Time-dependent stimulation of Aroclor
1242 on oscillatory contractions. Uterine
strips were exposed to a single concentration
of Aroclor 1242 for 1 hr to determine
changes in the uterine contraction response
with time. Aroclor 1242 increased contrac-
tions of uterine strips in a time-dependent as
well as concentration-dependent manner
(Figure 4A, right panel). Uterine strips
treated with 50 µM or 100 µM Aroclor 1242
showed significant stimulation of contraction
frequency compared with pretreatment (0
min exposure), starting at 30 min and con-
tinuing up to 60 min (p < 0.05). There were
no significant differences between 50 µM and
100 µM Aroclor 1242-treated uterine strips.
Aroclor 1242 had no effect on contractions at
10 µM with exposure durations up to 60

min. Although a modest stimulation was
observed in earlier cumulative concentra-
tion–response experiments at 10 µM and 30
µM Aroclor 1242 in comparison with pre-
treatment (0 mM Aroclor 1242), these
increases were not significant in comparison
with solvent controls (Figure 1A), consistent
with the response observed in this time-
course experiment. 

Sustained stimulation of contractions by
Aroclor 1242 after rinsing. When uterine
strips were exposed to 100 µM Aroclor 1242
for 1 hr followed by three rinses with PSS,
the stimulatory effect was not readily
reversible up to 4 hr after rinsing (Figure
4B). Also, a similar trend was observed with
strips treated with 50 µM Aroclor 1242, but
these differences were not statistically signifi-
cant (Figure 4B). 

Discussion

This study shows that the frequency of con-
traction of pregnant uteri was significantly
increased in response to in vitro exposure to
commercial and microbially dechlorinated

PCB mixtures. Aroclor 1242 (42% chlorine
content by weight) and Aroclor 1248 (48%
chlorine content by weight) were more
potent than Aroclor 1254 (54% chlorine
content by weight). Similarly, the micro-
bially dechlorinated Aroclor 1242 and 1254
mixtures, HR1242 and HR1254, were more
potent than their parent commercial Aroclor
mixtures. PCB mixtures with lower chlorine
content and less chlorination of congeners
had increased uterotonic activity. This is
consistent with the findings of our previous
study with individual congeners, in which
2,2´,4,4´,5,5´-CB exhibited no acute activ-
ity, and the more lightly chlorinated 2,4,6-
CB elicited stronger stimulation of uterine
contraction frequency compared with
2,2,4´,4´-CB (28). The relative uterotonic
activity of Aroclor 1248 (48% chlorine con-
tent by weight) in comparison with Aroclor
1242 is not as clear. Although Aroclor 1248
was clearly more potent than Aroclor 1254,
similar increases of contraction frequency
were observed at 100 µM Aroclor 1242 and
Aroclor 1248. However, greater uterotonic
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Figure 3. Concentration-dependent effects on uterine contraction frequency of (A) Aroclor 1242 or (B)
Aroclor 1254 mixtures that were non-dechlorinated (Auto1242 and Auto1254, respectively) or microbially
dechlorinated (HR1242 and HR1254, respectively). Left, basal contraction frequency of uterine strips
before treatment with PCBs. Right, contraction frequency response to PCBs. Values shown are mean ±
SEM. Means sharing the same letters are not significantly different (p ≤ 0.05) for uterine strips exposed to
Auto1242 or HR1242 (n = 6). 
*Significantly different (p ≤ 0.05) at the same concentration for uterine strips exposed to Auto1254 (n = 2) or HR1254 (n = 5). 
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Figure 4. Time-dependent (A) stimulation of the frequency of uterine contraction by Aroclor 1242 (A1242)
and (B) reversibility of Aroclor 1242 (A1242)-induced stimulation of uterine contraction frequency. Left,
basal frequency of uterine strips before treatment with DMSO (solvent control) or Aroclor 1242. Right, con-
traction frequency response to Aroclor 1242. Values shown are mean ± SEM (n = 10–11). Means sharing
the same letter are not significantly different (p ≤ 0.05). 
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activity of Aroclor 1242 is suggested because
the sustained contractions observed at 300
µM Aroclor 1242 were not observed at the
same concentration of Aroclor 1248.

The reductive dechlorination of PCBs by
bacteria found in sediments is an important
factor in the environmental fate of PCBs
(31–33,37) that is generally considered a
part of the detoxification process. In the pre-
sent study, incubation of Aroclor 1242 or
Aroclor 1254 with bacteria eluted from
Hudson River sediments produced dechlori-
nated product mixtures representative of
those commonly found in anaerobic sedi-
ments (31–33). The major constituents of
these microbially dechlorinated product
mixtures were more lightly chlorinated,
ortho-substituted, non-coplanar PCB con-
geners, as compared with the parent com-
mercial mixtures. Dechlorination did not
occur in the autoclaved bacteria controls,
consistent with previous reports (34). The
augmented stimulation of contraction of
pregnant uterus by microbially dechlorinated
PCB products observed in the present study
suggests that microbial PCB dechlorination
in PCB-contaminated sediment may gener-
ate PCBs with increased stimulatory activity
towards uterine muscle. Whether this could
result in meaningful exposures or risks to
pregnant women is not known. 

The total molar percentages of the main
dechlorination products (2-CB, 2,2´-CB,
2,6-CB, 2,4´-CB, 2,4-CB, 2,2´,4-CB,
2,4,4´-CB, and 2,2´,4,4´-CB) follow the
same general order as uterotonic activity
(from greatest to least): HR1242, HR1254 >
Aroclors 1242, 1248 > Aroclor 1254. It
appears that the uterotonic activities of the
PCB mixtures may depend on the relative
abundance of lesser chlorinated ortho- and
para-substituted congeners. This is consistent
with the findings of our previous study with
individual congeners, in which the more
lightly chlorinated 2,4,6-CB and 2,2,4´,4´-
CB stimulated uterine contraction frequency,
whereas 3,3´,4,4´-CB, 3,3´,4,4´,5-CB, and
2,2´,4,4´,5,5´-CB did not (28). 

Many studies have investigated relation-
ships between the health effects of PCBs and
the number and positions of chlorine substi-
tutes on the biphenyl rings. Coplanar PCBs
elicit a similar spectrum of biochemical and
toxic responses as observed for 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD), related to
their interaction with the aryl hydrocarbon
(Ah) receptor (2). Ortho-substituted, non-
coplanar PCBs, which were predominant in
the most uterotonic PCB mixtures examined
in the present study, do not have affinity to
the Ah receptor but nonetheless evoke
responses in various cells and tissues. For
example, in rat cerebellar granule cells, ortho-
substituted PCB congeners such as 2,2´-CB,

2,2´,4,6,6´-CB, 2,2´,5,5´-CB, and 2,2´,4,6-
CB affect protein kinase C translocation,
whereas coplanar congeners such as
3,3´,4,4´-CB and 3,3´,4,4´,5-CB do not
(38). In addition, 2,2´-CB and 2,2´,4,6,6´-
CB significantly increase intracellular cal-
cium concentration of cerebellar granule
cells whereas 4,4´-CB and 3,3´,4,4´,5-CB
have a marginal effect or no effect (39,40).
Accordingly, 2,2´,3,5´,6-CB induces Ca2+

release from sarcoplasmic reticulum isolated
from rabbit muscle cells, but 3,3´,4,4´,5-CB
does not alter Ca2+ transport (41).
Furthermore, 2,2´,4,4´-CB but not 3,3´,4,4´-
CB, stimulates degranulation of neutrophils,
superoxide production, and inositol phos-
phates accumulation (42,43). In the uterus,
the ortho-substituted congeners 2,4,6-CB and
2,2´,4,4´-CB stimulate frequency of contrac-
tion acutely, whereas the coplanar congeners
3,3´,4,4´-CB and 3,3´,4,4´,5´-CB do not
(28). Thus, these reports show, for some
responses, that ortho-substituted PCBs possess
higher activity than coplanar congeners. 

We previously characterized dechlori-
nated (by Hudson River microorganisms)
and non-dechlorinated Aroclors as to their
TCDD toxicity equivalencies (TEQ, an esti-
mate of total Ah receptor binding) and found
the order, from greatest to least, to be Aroclor
1254 > HR1254 > Aroclor 1248 > Aroclor
1242 > HR1242 (44). Except for the place-
ment of HR1254, this is the reverse of the
order of uterotonic activity found in the pre-
sent study. This suggests that the uterotonic
activity of the PCB mixtures is independent
of Ah receptor binding. In this respect, our
results for the PCB mixtures are consistent
with our previously reported experiments
with single PCB congeners in which the non-
coplanar congeners 2,2´,4,4´-CB and 2,4,6-
CB increased uterine contraction frequency
and the Ah receptor agonists 3,3´,4,4´-CB
and 3,3´,4,4´,5-CB did not (28).The inclu-
sion of Aroclor 1016 or Aroclor 1221 in the
present study may have provided clearer defi-
nition of the relative contribution of non-
coplanar and coplanar congeners to the
uterine response because these Aroclors con-
tain little, if any, coplanar congeners (30).

When uterine strips were exposed to only
a single concentration of Aroclor 1242 in the
time-course experiment of the present study,
50 µM Aroclor 1242 was as uterotonic as
100 µM Aroclor 1242, suggesting that the
response may be saturable. Moreover, the
time-course data show that the frequency of
contraction increased with duration of expo-
sure to Aroclor 1242 up to 60 min. These
data indicate that either the PCBs required
this time to penetrate the tissue sufficiently to
elicit a maximal effect or that the response
required this time for maximal activation. In
addition, these results indicate that the uterine

response at any given concentration in the
cumulative concentration–response experi-
ments is a function of time as well as concen-
tration because PCBs were added to the
muscle baths at 20-min intervals. As a conse-
quence, the data from the cumulative con-
centration–response experiments may not
reveal the maximal response at any particular
concentration. Nonetheless, the cumulative
concentration-response design was useful for
determining initial effective concentration
ranges and for comparing responses to the
limited quantities of PCB mixtures available
from the bacterial cultures. 

We used DMSO as the solvent for the
PCB mixtures. In the cumulative concentra-
tion–response experiments, DMSO was
added to the muscle baths of control uterine
strips in a cumulative manner at identical
concentrations used to deliver the PCB mix-
tures. Although the increases in uterine con-
traction frequency were statistically
significant compared with pretreatment (0
µM DMSO) in the DMSO-exposed solvent
controls for the Aroclor 1242 experiment
shown in Figure 1A, these increases were
modest, and this was the only set of controls
to show this pattern. Because DMSO stimu-
lation of contraction frequency has not been
reported previously and was not replicated in
other solvent control groups in the present
study, we suggest that the increased fre-
quency of contraction observed in the
DMSO-exposed controls shown in Figure
1A most likely reflects variability of the uter-
ine strips and experimental conditions,
rather than uterotonic activity of DMSO.

In the same experiment in which
increased contraction frequency was observed
in response to increased concentrations of
DMSO, the frequency of contraction also
increased, in the Aroclor 1242-treated strips
at 10 µM and 30 µM Aroclor 1242 relative
to 0 µM Aroclor 1242 (Figure 1A). In con-
trast, significant increases of contraction fre-
quency were not observed with 10 mM
Aroclor in the time-course experiment
(Figure 4A), nor were significant increases
relative to pretreatment (0 µM Auto1242)
observed in strips exposed to 10 µM or 30
µM Auto1242 (Figure 3A), even though the
PCB congener HPLC profile of Auto1242
was identical to that of Aroclor1242. One
possible explanation for this discordance of
results is that the lower basal contraction fre-
quency in the Aroclor 1242-exposed group
(Figure 1A) may have allowed statistical
detection of smaller absolute changes in con-
traction frequency. Alternatively, because the
cumulative concentration–response experi-
mental design is confounded by time, the
observed increase of frequency may be a
reflection of improved contractility as the
tissue accommodated to the muscle bath
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environment. This possibility is suggested by
the parallel increased contraction frequencies
in the Aroclor-treated and DMSO (solvent)
controls. Furthermore, the increases of con-
traction frequency at 10 and 30 µM Aroclor
1242 were relatively slight and were not sta-
tistically different from solvent controls, even
though they were statistically significant from
0 µM Aroclor 1242. Based on these consider-
ations, we suggest that the response to 100
µM Aroclor 1242 is the only meaningful
Aroclor 1242-induced stimulation in the
experiment shown in Figure 1A.

Several previous studies suggest that
PCBs may interfere with the ability to main-
tain pregnancy to term. However, a cause-
and-effect relationship between PCBs and
preterm birth is by no means certain.
Increased blood or blood serum PCB levels
were found in women with no identified
exposure to PCBs who delivered prematurely
compared to women who went to term
(3–5). In addition, small but statistically sig-
nificant decreases in gestation length were
observed in women occupationally exposed
to PCBs (6,7) or exposed to PCBs by con-
sumption of contaminated fish from Lake
Michigan (8) or the Baltic Sea (9). An
increased incidence of premature birth was
also observed in the Yu-Cheng Taiwanese
babies born to mothers exposed to PCBs, as
well as to polychlorinated dibenzofurans and
polychlorinated quarterphenyls, through
consumption of contaminated rice oil (10).
However, a study of New York women with
no identified source of PCB exposure found
no significant differences in blood serum
PCB concentrations of women who deliv-
ered prematurely compared to women who
did not (11), and other studies failed to
detect a relationship between premature
birth and consumption of PCB-contami-
nated Great Lakes fish (12,13). One study
reported a positive association (4), whereas
another study found no evidence of a signifi-
cant association (14) between PCB exposure
and spontaneous abortion (extremely prema-
ture delivery of a nonviable fetus) in women.
Because birth weight is correlated with gesta-
tional age at birth and is easier to record
accurately than gestational age, it is some-
times used as a surrogate measure of gesta-
tion length, but it can be confounded by
intrauterine growth retardation. Decreased
birth weight has been associated with PCB
exposure in some epidemiologic studies
(9,45–47) but not in others (12,48,49). 

In the United States, the incidence of
preterm births (infants born before 37 com-
pleted weeks of gestation) has risen 17% since
1981 to the current rate of 11% of live births
(57). Preterm births account for 85% of early
infant deaths and annual costs of $5 billion
were estimated in 1994 for intensive neonatal

care of premature infants (58). Despite its
potential significance, the contribution of
environmental exposures to prematurity is
poorly understood. The present study
describes PCB-induced stimulation of con-
traction frequency in isolated midgestation
uterus, a response that would be expected to
promote initiation of parturition if it occurred
in vivo. Although the midgestation uterus
may be an appropriate model for spontaneous
abortion, it may not be relevant for uterine
responses later in gestation such as preterm
birth because the uterus undergoes significant
modifications as pregnancy advances.
Nonetheless, preliminary experiments in our
laboratory indicate that late-gestation rat
uterus (day 20) responds to PCBs in a man-
ner similar to midgestation uterus. Additional
experiments with late-gestation uterus should
provide greater relevance to preterm birth. 

In the study by Taylor et al. (7) of occu-
pationally exposed women with decreased
gestational length, the geometric mean of
serum PCB concentrations was 302 ppb. In
women whose decreased gestational length
was associated with consumption of contami-
nated Lake Michigan fish, the total PCBs in
serum averaged 5.5 ng/mL. A more recent
study found that the total chlorobiphenyls
analyzed in blood plasma of Swedish women
ranged from 1.0 to 10.7 ng/g (fresh weight)
(50), and a recent study of five American
pregnant women found PCB concentrations
in maternal blood ranging from 18 to 50 pg/g
(lipid based) (51). Differences in reported
concentrations are likely related to different
PCB exposures of the study populations and
to differences in the analytical procedures
used, especially if the PCB concentrations are
reported on a lipid weight basis (50).
Regardless, the micromolar concentrations
that were required in the present study to
elicit uterine responses are much greater than
the concentrations reported in human sam-
ples. However, direct comparisons of concen-
trations used in the present experiment with
concentrations observed in human tissue sam-
ples are difficult due to inherent substantive
differences between the in vitro and in vivo
conditions. For example, the physiologic salt
solution that bathed the uterine strips in the
muscle baths in the present study was an
aqueous solution lacking proteins and lipids.
This contrasts with blood and other tissues, in
which the presence of lipids and proteins
likely plays an important role in determining
PCB concentrations and biological activity.
Moreover, humans are exposed to low con-
centrations of PCBs over extended periods of
time, allowing for tissue accumulation,
whereas the muscle bath experiments in the
present study were performed under acute
exposure conditions. PCBs do concentrate in
the uterine muscle in vivo, particularly during

pregnancy (26,27), further complicating
comparisons. In addition, because the meta-
bolic similarities or dissimilarities of the preg-
nant rat uterus and human uterus are largely
unexplored, it is not known whether species
differences in uterine metabolism may alter
the response. Furthermore, the lack of circula-
tion and extrauterine metabolism in vitro may
influence PCB distribution and uterine
responses in unknown ways. For these rea-
sons, it is difficult to extrapolate from the
concentrations used in the present study to
environmental exposure levels. 

Various effects on parturition have been
reported in laboratory animal studies of PCB
exposure during pregnancy. Monkeys
exposed during pregnancy to the PCB mix-
ture Aroclor 1254 or Aroclor 1248 at doses
toxic to the mother (5 ppm in diet) aborted
their pregnancies (19,20). After discontinua-
tion of PCB exposure, a subsequent breeding
experiment showed that the monkeys
exposed to 5 ppm Aroclor 1248 gave birth to
smaller infants, even though the general
health of the females had improved substan-
tially (52). In rats, the PCB congeners
3,3´,4,4´-CB (16,17) and 2,2´-CB (18), as
well as the mixture Aroclor 1254 (53),
increased gestation length. In guinea pigs
exposed to the PCB mixture Clophen 50,
increases in the variation of gestation length
and incidence of difficult labor were observed
(15). In the wild, significantly higher tissue
concentrations of PCBs were reported in
California sea lions that delivered prema-
turely compared with sea lions that delivered
full-term pups (21). Uterine motility was not
assessed in any of these animal studies. In
future experiments, it would be interesting to
examine uterine contractility in PCB-exposed
animals to determine if the in vitro responses
observed in the present study occur in vivo. 

With the discontinuation of production
of PCBs, the risk of exposure to commercial
mixtures of PCBs is minimal. More likely,
humans are apt to be exposed to those PCB
congeners that persist in the environment
and bioaccumulate in the food chain.
Consequently, the Aroclor mixtures used in
this study do not represent PCB mixtures
likely to be encountered through environ-
mental contamination. The augmented stim-
ulation of contraction of pregnant uterus by
microbially dechlorinated PCB products
observed in the present study suggests that
microbial PCB dechlorination in PCB-conta-
minated sediment may generate PCBs with
increased stimulatory activity toward uterine
muscle. However, the concentrations
required to stimulate uterine contraction fre-
quency are higher than concentrations likely
to be encountered in the environment. 

This study shows, for the first time, that
PCB mixtures are uterotonic and that
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increased uterotonic activity is associated
with decreased chlorine content and
increased abundance of lesser chlorinated
ortho- and para-substituted congeners in
PCB mixtures. Moreover, the results demon-
strate that microbial dechlorination markedly
increases the uterotonic activity of commer-
cial PCB mixtures. Because of the relatively
high concentrations required to stimulate
uterine contraction frequency in vitro, the
complexity of comparing PCB mixtures, and
the differences between the in vitro exposure
conditions of the present study and exposure
conditions for human populations, it is inap-
propriate to draw direct conclusions to
human health. Nonetheless, it is interesting
that several previous studies found a signifi-
cant association between PCB exposure and
decreased gestation length in women (3–10)
and animals (19–21). If PCBs stimulate con-
traction frequency in the late gestation uterus
in vivo, this may be a mechanism by which
PCBs could decrease gestation length.
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