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PCBs have been considered to be almost nonvolatile and insoluble in water. However,
recent studies have shown the importance of their slight solubility in water and capability
to enter the atmosphere and disperse throughout the global environment. This preliminary
study was designed to measure uptake and observe any physiological changes in Sprague-
Daw/ey rats. The PCB product Aroclor 1242 is the major pollutant of the Hudson River,
NY, and New Bedford Harbor, MA. The rats were exposed for 30 d to 0.9 ug/m3 via in-
halation and 0.436 ug/g (ppm) in the food. The inhalation of PCBs gave a greater PCB
uptake than ingest/on. Both routes of administration caused significant serum thyroid hor-
mone elevations. Histopathologic changes were observed in the urinary bladder, thymus,
and the thyroid after both exposure regiments. Rearing and ambulation were significantly
decreased in both exposure regiments in an open field behavior test.

Polychlorinated biphenyls (PCBs) were first synthesized in 1889, and in
the 1920s were developed for large-scale use by the Swan Corporation,
which was later acquired by Monsanto Chemical Company in 1935 (Rise-
brough & Brodine, 1971). Initially referred to as chlorinated diphenyls,
PCBs were mass produced for industrial usage beginning in 1929. In the
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United States, large-scale manufacturing, distribution, and usage continued
until these substances were banned in 1977 due to widespread concern
that PCBs were associated with health risks (U.S. Department of Health and
Human Services, 1993). However, PCBs were implicated in various health
effects long before 1977. Only 7 years after PCBs were first mass-produced,
companies such as Halowax Corporation and General Electric Corporation
reported incidents of chloracne and jaundice in workers and customers
(Drinker etal., 1937).

Three fatal cases of jaundice in workers exposed to vapors from a mix-
ture of tetra- and pentachloronaphthalenes with approximately 10% refined
chlorinated diphenyls (known today as PCBs) prompted Halowax Company
to commission a study of the effects of PCBs (Drinker et al., 1937). Drinker
and his colleagues found that rats that inhaled or ingested these chlorinated
hydrocarbons were adversely affected. The rats exposed to just the chlori-
nated diphenyl had moderate swelling of the liver cells, with increased
granularity and hyalinization. When carbon tetrachloride and ethyl alcohol
were given to test liver function, the PCB-exposed rats exhibited enhanced
hepatotoxicity. Drinker et al. concluded that "the chlorinated diphenyl is
certainly capable of doing harm in very low concentrations and is probably
the most dangerous of the chlorinated hydrocarbons. These experiments
leave no doubt as to the possibility of systemic effects from the chlorinated
naphthalene and chlorinated diphenyls" (Drinker et al., 1937, pp. 296-298).

The evidence is mounting that PCBs are volatilizing from bodies of
water such as the Great Lakes, and sediments and soil in urban areas like
Chicago (Pearson et al., 1996). Recent laboratory studies have shown that
PCBs are volatilizing from sediments into the atmosphere (Chiarenzelli et
al., 1996). Once in the atmosphere, the PCBs are then transported by pre-
vailing winds to areas far beyond their points of origin (Pearson et al.,
1996). This is of great concern due to their long half-lives and tendency to
bio-accumulate (Safe, 1987). A recent study done in the United Kingdom
suggests that PCB exposure from indoor air could be a significant contribu-
tion to total PCB exposure (Currado & Harrad, 1997). These concerns were
discussed in a recent publication, in which inhalation of PCB-contaminated
air (average daily intake 100 ng) and meat/fish/poultry (average daily intake
210 ng; 85% of the daily intake was from the fish load) consumption were
thought to represent the greatest sources of exposure for the general popu-
lation (ATSDR, 1996). In contrast, for dioxin-like compounds (PCDD/
PCDF), beef has been shown to contribute exceedingly to the total daily
intake by food consumption, with fish as a minor contributor (Schecter et
al., 1994).

While ingestion of PCBs is recognized to be a primary route of expo-
sure in humans and wildlife, very little is known about the effects of
inhalation (ATSDR, 1996). What is known about the effects of inhalation
is from aerosol exposures derived from a very few studies conducted fol-
lowing accidents in the workplace (Wolff, 1985). In these studies the expo-
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sure was acute and at very high doses. In addition, one study lacked a
control group and the exact concentrations of PCBs were unknown.

Few PCB inhalation studies have been carried out since Drinker's pio-
neering work in 1937. Two inhalation studies that are noteworthy are Treon
etal. (1956) and Bentheetal. (1972). Treon etal. (1956) volatilized Aroclor
1242 from a heated well and passed air over it at 500 L/min into a 600-L
exposure chamber. The animals were exposed to 8.60 pg/L, 6.83 ug/L, and
1.9 ug/L of Aroclor 1242. In the first experiment, no abnormalities were
found by gross necropsy. In the second experiment, deaths in the test and
control animals occurred and were attributed to pneumonia, an increase in
the rat liver weights of the exposed group, and degenerative changes in the
viscera of both groups. In the third experiment, deaths were attributed to
infectious pulmonary disease in the exposed group; the rest of the sur-
vivors except two had normal viscera. Benthe et al. (1972) aerosolized
Pydraul A200 (trade name for hydraulic fluids produced by Monsanto con-
taining Aroclor 1242 and phosphate esters) at a concentration of 30.4 g/m3.
Pydraul at this concentration was readily absorbed by the rat through the
lungs and reached maximum concentration in the liver and brain 2 and
24 h, respectively, after a single 30-min dose. However, none of these
studies examined endpoints such as behavioral changes, or thyroid hor-
mone levels, and comprehensive histopathology was not preformed.

It has been shown (ATSDR, 1996) that in occupational exposure, 80%
of the uptake was due to inhalation. At present, safe air levels for PCBs con-
tent are defined in the United States by the National Institute for Occu-
pational Safety and Health (NIOSH) as 1000 ng/m3 for an 8-h workday, and
the U.S. Food and Drug Administration (FDA) currently permits the con-
sumption offish that contain PCB levels of 2 mg/kg (ppm) (U.S. Department
of Health and Human Services, 1993). The majority of studies examining
the effects of ingested PCBs in rats have involved doses of PCBs larger than
those allowed by the FDA and than those that commonly occur in the envi-
ronment. In contrast, the study described here was designed to investigate
environmentally relevant, subchronic, low-level exposure of a commercial
PCB product inhalation exposure.

In addition to the hepatic effects of PCB shown by Drinker et al.
(1937) and by numerous other investigators since, harmful effects of PCB
on other mammalian systems have been discovered (Waid, 1986). Aroclors
have now been definitively shown to be carcinogenic to rats (Mayes et
al., 1997). Several endocrine-linked effects have also been demonstrated:
(1) reduction in brain dopamine in rats and nonhuman primates (Seegal &
Schantz, 1994), (2) changes in thyroid hormones (Porterfield, 1994), and
(3) a possible adverse effect on human sperm motility (Bush et al., 1986).
Behavioral changes were observed in rats exposed to Arocior 1254 by
Overman et al. (1987) and by Daly et al. (1989) eating Lake Ontario fish
containing Arociors 1254/1260. These effects have recently been attrib-
uted to a possible interference with the thyroid hormone system (Seegal &
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Schantz, 1994). Studies with female rats clearly show induction of uterine
development in developing rat pups by PCB derived from a landfill (Man-
sen et al., 1995). Related effects on the immune system have also been
reported (Silkworth & Grabstein, 1982).

The endpoints of the present study included (1) measuring the efficacy
of uptake and distribution of PCB congeners in the body, (2) determining
any indications of behavioral change, (3) determination of thyroid function,
and (4) a preliminary microscopic assessment of physiological changes
occurring from exposure to PCB vapor via-inhalation or by PCB ingestion.
The effects were assessed by four distinct means: detailed congener-specific
PCB analysis, histopathology, measurement of serum levels of total thyrox-
ine (T4) and tr;:odothyronine (T3), and a simple behavioral measure (open
field) to detect ">ny gross impairment of exploratory behavior. Sprague-
Dawley rats were employed, as preliminary work showed them to be the
least contaminated with PCB and DDE. This strain of rat is also well docu-
mented in behavioral assessment using open field testing. Young rats were
chosen to more c'aarly detect any body weight gain changes occurring as a
result of exposure.

MATERIALS AND METHODS
In the present study, inhalation and dietary exposure to Aroclor 1242

at levels below the NIOSH and PDA standards were studied in adolescent
male Sprague-Dawley rats. Exposure to PCB vapor and PCB-contaminated
food was undertaken, while allowing the animals to live in as normal
conditions as possible, so that substantial stress would be limited, to min-
imize erroneous behavioral, endocrine, and immune reactions. Whole-
body exposure was employed rather than nose-only inhalation in order to
prevent the severe stress that would accompany restraint for 23 h/d
(Leavens et al., 1996). This exposure regimen is widely employed for
vapors, where deposition of test compounds on fur or skin is of lesser
concern than with aerosol or particulate exposure.

Two exposure routes were employed to compare and contrast the
widely investigated food exposure results with the inhalation of PCB
vapor. The food exposure was a positive control. The nonexposed rats
served as controls for both groups and for the diet, which contained
added corn oil.

Animals
Twenty-four adolescent (31-d-old) male Sprague-Dawley rats were

used (Taconic Farms, Germantown, NY). The animal care and treatment
protocol was approved in accordance with established guidelines for ani-
mal subjects at Cortland College, State University of New York. Upon
arrival, the rats had a 2-wk acclimation period. They were housed 2 per
cage in metabolism cages (Whahmann, Baitimore, MD) and maintained
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on a 12-h light/dark cycle with free access to food and water. Prior to the
commencement of the experiment, the air and water were tested for PCB
content. There were no detectable PCB levels found in the air (<1 ng/m3)
or the water (<1 ng/L). The rats, weighing 167 ± 12 g at 45 d of age, were
randomly assigned to one of the 3 exposure groups (n = 8): inhalation,
ingestion (Aroclor 1242), or the control group. The day prior to exposure
a 23-h food deprivation schedule was commenced; during the 1-h rest
period each pair of rats was presented with 30 g powdered food in glass
sponge cups. There was adequate food to satisfy them without any sign of
fighting or dominance behavior between the pairs. The next day the con-
trols and the inhalation group were fed 30 g of food containing corn oil
(1 g/30 g of powdered food) for the next 30 d. The food was Agway
Proline rat ration. The ingestion group was fed 30 g of Aroclor 1242-
spiked food (0.436 ug/g; Table 1).

Characteristics of Aroclor 1242
Aroclor 1242 is a complex mixture of PCB congeners ranging from

mono- to octachlorobiphenyl species (Erickson, 1997). The lot (1 qt) of
Aroclor 1242 was obtained from Monsanto in 1971; since then it has
been fully characterized by our laboratory. Coplanar congeners present
were IUPAC PCB numbers 81, 77, 123, 118, 114, 105, 126, 167, 156,
and 157 (Hong et al., 1993). Impurities of PCDF and PCDD (total con-
geners) have been detected in Aroclor 1242 at a concentration of 0.6 ug/g
and of <0.002 ug/g, respectively (Erickson, 1997; Hong et al., 1993). The
presence of PCDFs is noteworthy; however, the toxic equivalent (TEQ) is
0.0008 ug/g, which makes its contribution minimal when compared to
the coplanar PCB TEQ contribution of 25 ug/g (Hong et al., 1993).

The PCB congener patterns of the vapor phase and the liquid phase of
Aroclor 1242 are strikingly different with regard to the penta or higher
chlorinated PCB congeners. The liquid phase contained a larger propor-
tion of these higher chlorinated PCB congeners than the vapor phase
(Table 1). The higher chlorinated PCB congeners are less volatile, as
shown by their longer retention time on the gas chromatograph. It was
expected that their contribution to the inhalation dose would be lower
than the ingestion dose.

Generation of Test Atmosphere
The generation of a vapor-phase test atmosphere was based entirely

on the evaporation of the liquid PCB mixture (Figure 1). The term vapor
refers to the gaseous state of volatile substances that can coexist as a gas
and a liquid at atmospheric pressure and room temperature. Aroclor
1242 has an average molecular weight of 261, and Graham's law of
gaseous diffusion can be used to predict a diffusion rate. Experimentally,
the evaporation rate at 25°C of Aroclor 1242 was determined to be 0.029
g/m2/h (Metcafe et al., 1986).
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TABLE 1. PCB Congener Concentrations and Doses Via Food and Air and Resulting Doses Received by Sprague-
Dawley Rats

Congener

2
4
2/2 + 26
24 + 25
2/3
2/4 + 23
26/2
3/4
25/2
4/4 + 24/2
236 + 26/3
26/4 + 23/2
245
25/3
24/3
25/4
24/4
34/2 + 25/26
24/26 + 23/4
236/2
23/26
25/25
24/25
24/24 + 246/4 + 245/2
23/25
236/3 + 34/4 + 23/24
26/34 + 234/2 + 236/2
23/23
245/3
235/4
235/26 + 245/4
25/34
24/34 + 236/25
236/24
23/34 + 234/4
235/25
236/23
235/24 + 245/25
245/24
2346/3 + 235/23
245/23
234/25
236/236
236/34 + 34/34

IUPAC
number

1
3
4 + 10
7 + 9
6
8 + 5
19
13
18
15 + 17
24 + 27
32 + 16
29
26
25
31
28
3^ + 53
51+22
45
46
52
49
47 + 75 + 48
44
59 + 37 + 42
71 + 41 + 64
40
67
63
94 + 74
70
66 + 95
91
56 + 60
92
84
90+101
99
109 + 83
97
87
136
110 + 77

Food
(ng/g)

13.5
0.0

14.5
3.2
6.0

29.7
4.7
5.0

31.2
39.8

3.3
38.8
0.4
3.2
1.6
0.0

26.0
24.3
18.9
2.8
2.2

11.6
9.9

10.3
14.1
24.7
12.0
3.8
1.0
1.1

14.2
10.8
14.3
1.5

10.7
0.5
1.6
3.3
2.1
0.8
1.9
2.0
0.0
4.7

Air
(ng/m3)

42.5
24.1

113.2
17.5
26.0

132.8
24.7

9.?
95.9

I1 0.1
8.6

100.3
0.5
4.4
2.1

33.3
33.2
27.6
20/

3.2
2.2
8.8
6.9
6.3
8.2

12.5
5.9
1.5
0.0
0.0
3.2
2.5
2.1
0.0
1.7
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.1

Control
(ng/g)

0'
0
0
0
0
0
0
0
J
0
0
±j
r
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.438
0.259
0.528
0.139
0
0
0.316

Food
dose
(ng/d)

202
0

217
48
91

445
70
76

468
597
49

581
7

48
23
0

390
365
283

42
32

174
149
154
211
371
179
57
15
16

213
162
214

22
161

8
24
50
32
12
28
30
0

70

Air
dose
(ng/d)

4.3
2.5

11.6
1.8
2.7

13.6
2.5
1.0
9.8

11.2
0.9

10.2
0.1
0.4
0.2
3.4
3.4
2.8
2.1
0.3
0.2
0.9
0.7
0.6
0.8
1.3
0.6
0.2
0.0
0.0
0.3
0.3
0.2
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Food
(pg/kg/d)

1.0
0.0
1.1
0.2
0.5
2.2
0.4
0.4
2.3
3.0
0.2
2.9
0.0
0.2
0.1
0.0
1.9
1.8
1.4
0.2
0.2
0.9
0.7
0.8
1.1
1.9
0.9
0.3
0.1
0.1
1.1
0.8
1.1
0.1
0.8
0.0
0.1
0.2
0.2
0.1
0.1
0.1
0.0
0.4

Air
(pg/kg/d)

0.02
0.01
0.06
0.01
0.01
0.07
0.01
0.01
0.05
0.06
0.00
0.05
0.00
0.00
0.00
0.02
0.02
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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TABLE 1. PCB Congener Concentrations and Doses Via Food and Air and Resulting Doses Received by Sprague-
Dawley Rats (Continued)

Congener

234/23
2356/25
235/236 + 2346/25
2356/24 + 235/34
345/24
245/34
2356/23
2345/4
235/245
245/245 -, 234/236
234/34
2345/25 + 2356/236
2345/24
2346/236
234/235
234/245 + 236/345 +

2356/34
2346/34
2345/23
2356/235
2345/246 + 2356/245
2346/245
234/234
245/345
23456/25
2345/236
2356/234
2346/234 + 2345/34
2346/2356
2345/235
2345/245
2356/345
23456/236
2345/234 + 23456/34
2345/2356
23456/245 + 2345/

2346
23456/234
2345/2345
23456/2345

Total

IUPAC
number

82
151
135 + 144
147 + 107
123
118
134
114
146
153 + 132
105
141 + 179
137
176
130
138+ 164 +

163
158
129
178
181 +187
183
128
167
185
174
177
171 +156
201
172
180
193
199
170 + 190
199
203 + 196

195
194
206

Food
(ng/g)

0.8
0.0
2.6
0.0
0.0
3.2
0.0
0.0
0.0
0.0
1.1
0.0
0.0
0.0
0.0
0.8

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.6
0.0
0.0

0.0
0.0
0.0

436.0

Air
(ng/m3)

0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.1

0.0
0.0
0.0
5.6
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.8
0.0
0.0

900.0

Control
(ng/g)

0
0
0
0
0.626
0
0.153
0
0.136
0.392
0
0
0
0
0
0.686

0.257
0
0
0.477
0
0
0
0
0
0
0
0
0
0.408
0
0
0
0
0

0
0.09
0

4.766

Food
dose
(ng/d)

12
0

39
0
0

48
0
0
0
0

17
0
0
0
0

11

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

24
0
0

0
0
0

6550

Air
dose
(ng/d)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.1
0.0
0.0

91.9

Food
(ug/kg/d)

0.1
0.0
0.2
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0

0.0
0.0
0.0

32.8

Air
(|jg/kg/d)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00

0.46

Note. Congener structures show the position of the chlorine, with rings separated by /.
"A value of zero indicates less than the detectable level (see text).
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The vapor phase was produced by drawing air over the liquid Aroclor
1242 product contained in a 500-ml glass impinger at room temperature.
The air was drawn through the impinger by producing a very slight nega-
tive pressure (140 dyn/cm2 or 0.14 g/cm2 caused by 9 L of air/min (184
upoises at 25°C) passing through a limiting orifice of 1 mm radius 2 mm
long). Inside the sealed inhalation chamber, air was drawn through three
Florisil-packed tubes (10-ml graduated glass disposable pipettes) situated
at the far end of the chamber using a Cast vacuum pump (model 1531-
107K-G557X, Benton Harbor, Ml). This system was designed to overcome
several potential problems. First, because negative pressure determined
by the limiting orifice in the stem of the impinger was employed, and
vapor was produced by air demand only, possible contamination of the
facility was avoided. Second, in the event of air leakage into the chamber
via poor seals, which would cause dilution of the atmosphere, the exit
concentration of PCB in the atmosphere was measured, not the concen-
tration entering the chamber, using Florisil traps. Since the air from the
impinger first impinged upon a stainless steel plate (comprising the side
of the first cage; Figure 1), the flow would be turbulent, causing good
mixing in the chamber. If leaks of the chamber did occur, the leaked air
would be mixed into the chamber atmosphere before reaching the outlet
tubes. The animals near to the entry port should not have experienced a
higher concentration than animals further away, although rotating the
cages daily also guarded against this possibility. Furthermore, leakage was
unlikely as the pressure drop of <1 g/cm2 or 0.001 atm was so low. The 9
L/min flow produced approximately 3 changes of air in the chamber per
hour.

This system did not create aerosol droplets from the surface of the pool
of Aroclor 1242 surface (35 cm2, 1 cm below the impinger orifice), as no
surface ripple was visible. Since the system drew air over the pool of
Aroclor instead of blowing air into the impinger, a nebulizing effect of
mist/droplets was not created. It was important not to create an aerosol
since low-level vapor exposure was required for the experimental protocol.

Because behavioral experiments were to be carried out on the ani-
mals postexposure, a normal 12-h light cycle was required; this was
achieved by having the front face of the cage made of polyethylene.
Ideally, glass should have been used for this purpose since, unlike metals,
glass, and Teflon, polyethylene absorbs PCB vapor strongly; however, the
actual concentrations that the animals were exposed to were known
(Table 1) because vapor concentrations were measured downstream of
the chamber. Lower vapor concentrations were discernable only on the
first 2 d of the experiment, possibly caused by absorption by the poly-
ethylene. Each group of animals was housed similarly, except that the
control and ingestion groups were in unsealed polyethylene-fronted cham-
bers open to the atmosphere of the room, which had 15 changes of air
per hour.
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Inhalation Exposure
The exposures were carried out in a standard five-level rack of metab-

olism cages, the middle level of which was modified into a sealed cham-
ber with heavy-gauge aluminum foil and duct tape (Figure 1). A second
layer of polyethylene sheet, again sealed with duct tape, backed up the
aluminum foil. The front of the chamber was covered with a polyethylene
sheet allowing light into the chamber. The chamber dimensions were 165 x
35 x 30 cm (volume 173 L). In the chamber there were four cages (24 x
1 8 x 1 8 cm) with stainless steel mesh fronts and bottoms and stainless
steel sides and top; these slid into the top of the rack on stainless steel
flanges. Each housed two rats with a space for a fifth cage. This space was
used for the Florisil traps, which protruded into the bottom of the cham-
ber (ID 0.9 cm, length 26 cm). The manifold system drew 9 L air/min
through the chamber. This system generated an atmosphere containing
900 ±110 ng/m3 of PCBs, as determined by gas chromatography-electron
capture detection (GC-ECD) based congener-specific analysis of the Florisil
traps on alternate days (n = 17) for the entire study (Figure 2). This resulted
in the rats inhaling an average of 0.64 ug/kg/d, given an average respira-
tion rate of 74 mL/min (107 L/d) (Altman & Ditter, 1971) and an average
rat weight of 200 g (starting rat weight 167 ± 12 g, final rat weight 232 ±
35 g).

The 9-L/min flow through the inhalation chamber represents 540 L/h;
the 8 rats would inhale 35 L/h, so that the air supply was judged to be
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FIGURE 2. Mean PCB congener pattern measured daily in air generated by passing air at 9 L/min
over a pool of Aroclor 1242 liquid with surface area of 32 cm2 for 30 d. Lotus numbers are the
spreadsheet serial numbers of the congeners as they emerge from the chromatograph, ordered as
shown in Tables 1 and 2.
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adequate with regard to carbon dioxide and oxygen content, although
some condensation of water was visible in the inhalation group chamber,
indicating some increase in humidity and temperature. The animal load-
ing (MacFarland, 1976) increased from 0.8% to 1.07% during the experi-
ment.

Ingestion Exposure
Rat ration was weighed into 30-g portions and then corn oil (1 ml)

containing Aroclor 1242 (1.3 ug/ml) was mixed into it thoroughly with a
spatula to give a final concentration of 0.436 ug/g (ppm). The rats in each
cage consumed the 30 g of ration completely during the 1-h rest period; it
was assumed they consumed 15 g each. This method of exposure was
more convenient than preparing a bulk diet before the experiment, and it
assured an accurate measure of the daily PCB intake. The inhalation and
control groups were fed the same powdered Agway ration containing the
same quantity of corn oil. During the 1-h rest period (hence the exposure
was for 23 h daily) the Durosorb pads on the cage bottoms were changed
and the water bottles were filled. The food dishes were removed at the
end of the hour to prevent ingestion of food that might become contami-
nated by PCB absorbed from the vapor. This procedure resulted in the
ingestion group being exposed at a rate of 45 ug/kg/d. No differences
were present in the amount of food consumed by the groups, since all
food was consumed during the rest period.

Collection for Analysis
At the end of the 30-d period, all animals were killed via stunning and

decapitation. Blood was collected directly after decapitation, allowed to
clot for 40 min, and centrifuged for 15 min to yield serum, stored at -20°C
until analysis. Dissection was carried out to avoid cross-contamination of
tissue with highly PCB-contaminated materials such as fat, skin, or fur. The
tissues collected for PCB analyses were brain, abdominal fat, lung, and
liver. The tissues were stored at -20°C until analysis. The histological exam-
ination was performed on the adrenal gland, urinary bladder, stomach, thy-
mus, lacrimal glands, spleen, lymph nodes, colon, skin, testes, secondary
sex glands, liver, and pancreas. The tissues were fixed in 10% buffered for-
malin and were later paraffin embedded, sectioned at 7 urn, and stained
with hematoxylin and eosin for histological analysis.

Open Field Behavior
On the day following the last day of exposure, the rats were tested indi-

vidually in an open field device that consisted of a cylindrical white wall
(100 cm diameter, 65 cm high) enclosing a gray plywood floor divided
into 18 segments with a circle in the center. A fluorescent fight was
placed above the device, which was bathed in loud white noise (85 dB).
The animals' behavior in this mild stress situation was evaluated for 3 min
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for the following endpoints: (1) ambulation—the number of segments
entered with all feet was counted; (2) rearing; (3) urination; and (4) num-
ber of fecal deposits.

Determination of PCB
The tissues, sera, and Florisil traps were analyzed by congener-specific

analysis. This was performed by capillary GC with electron capture de-
tector (ECD) (Bush et al., 1983, 1989). Briefly, the tissue samples were
mixed with anhydrous sodium sulfate to remove water. The tissue and
sodium sulfate were then ground together with 20 ml hexane:acetone
(1:1) with an SDT Tissumizer (Tekmar, Cincinnati, OH) for 1 min. The
hexane supernatant was then pipetted into a volumetric flask. The extrac-
tion was repeated 2 more times and the combined extracts were diluted
to 50 ml; a 2-ml aliquot was removed for a gravimetric measurement of
percent lipid. The remaining extract was transferred to a Kuderna-Danislt
(KD) evaporator (to achieve concentration without PCB loss) and concen-
trated to approximately 2 ml on a steam bath. The extract was transferred
quantitatively to a 1 cm x 15 cm chromatography column containing 10
g calibrated 4% deactivated Florisil (US Silica, Silver Springs, WV) with a
2-g layer of sodium sulfate on top of the Florisil. The sample was then
eluted with hexane and 50 ml was collected, transferred to a KD evapora-
tor, evaporated to 1 ml, and pipetted into a 2-ml CC vial for analysis. For
the extraction of PCB from the Florisil traps, the three traps were eluted
with 18 ml hexane and the first 15 ml was collected. The three extracts
were combined and 1 ml was taken for analysis.

The samples were analyzed on a Hewlett-Packard 5890 CC equipped
with a nickel-63 ECD using a fused silica column with cross-linked 5%
phenylmethylsilicone coating (0.33 urn film thickness, 0.25 mm internal
diameter, Hewlett Packard Ultra II). The oven temperature was held at
100°C for 2 min, then raised up to 160°C at 100C/min, then 1°C/min to
190°C, and then 2°C/min to a final temperature of 270°C. The temperature
was held at 270°C for 10 min until all congeners were eluted. Ninety-six
PCB congeners were identified and measured. The microprocessor of the
GC was calibrated with the a mixture of Aroclors 1221, 1016, 1254, and
1260 (200 ng/ml of each) fortified with hexachlorobenzene (HCB), p,p'-
DDE, and mirex at 5, 10, and 10 ng/ml, respectively, and 3,3',4,4'-tetra-
chlorobiphenyl at 20 ng/ml. This mixture has been previously character-
ized (Bush et al., 1989; Frame, 1996). The data analysis was carried out
with a personal computer using FILESERVER to transfer the data into a
LOTUS 123 spreadsheet (Lotus Development Corp., Cambridge, MA).
Quality control for the analysis was ensured as described previously (Bush
et al., 1983, 1989) and by spiking each sample with DDE to standardize
retention times. A replicate of a sample was run every 20 samples to
ensure the consistency of the sample extraction. The average minimum
detectable level (MDL) (p < .05 that the reported level is zero) (type I
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error) for a sample weighing 1 g was 0.02 ng/g (U.S. EPA, 1984). It should
be noted that at one quarter of this value, the chance the congener is pre-
sent is >87% (type II error).

Thyroid Hormone Analyses
Total thyroxine (TT4) and total triiodothyronine (TT3) were deter-

mined with veterinary DPC Coat-A-Count Total radioimmunoassay kits
(Diagnostic Products Corporation, Los Angeles, CA). The blood was col-
lected at the time of dissection in a glass vacutainer tube, was centrifuged
for 15 min, and the serum was separated from the red cells and pipetted
into a clean Eppendorf tube. The procedure required 200 ul serum. The
samples were stored at -60°C until analysis. The samples were removed
from the freezer and allowed to warm to room temperature. The samples,
controls, and calibrators (100 ul each) were pipetted into the DPC tubes.
One milliliter iodinated triiodothyronine (for T3 analysis) or 1 ml iodi-
nated thyroxine (for T4 analysis) was added to each tube. The samples
were vortexed for 30 s and then incubated for 2 h in a 37°C water bath.
After the incubation the samples were decanted and read for 1 min on a
Wallac Wizard 1470 gamma counter. The standard curves were plotted
and sample concentrations were calculated using Wallac MultiCalc soft-
ware.

RESULTS

Daily Health Observations
All animals survived the 30-d exposure period. During the 30 d of

exposure, the rats showed no overt signs of illness. Starting rat weight at
age 45 d was 167 ± 12 g, and the final rat weight at age 75 d was 232 ±
35 g. Weight gain of control rats (85 ± 18 g) was similar to that reported
by others (94 ± 12 g) for somewhat larger male Wistar rats (100-120 g)
(Harris et al., 1993). There was no significant percentage weight gain dif-
ference between the control and ingestion groups (39 ± 4% and 40 ± 7%,
respectively). However, there was a diminished percentage weight gain
between the control and inhalation groups (39 ± 4% and 33 ± 4%).

PCB Analysis
Figure 2 illustrates the composition and reproducibility of the vapor

exiting from the inhalation chamber (numeric values are given in Table 1).
The compositions of the inhaled air and of the diet are illustrated in Fig-
ure 3, showing differences in the relative congener levels, particularly for
the higher chlorinated congeners. The relationship between vapor concen-
tration and concentration in the liquid PCB phase (concentration differen-
tial) is shown in Figure 4. This illustrates the difference in lipophilic char-
acteristics between air and a lipid phase of lower and higher chlorinated
congeners.
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Air:ng/cu m Oil:ng/g

§ 150]

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86

PCB Lotus Numbers
FIGURE 3. Three-dimensional comparison of the PCB congener composition of generated air and
food. Congeners are represented in the order they elute from the gas chromatograph (Lotus numbers),
which is approximately in order of increasing lipophilic character.

PCB congener concentrations found in the four tissue types examined
are shown in Table 2. The cerebral cortex concentrations are illustrated in
Figure 4; this is presented to demonstrate the consistency of the uptake
for the individual rats in this experiment. The control rat brains showed
two congeners at low levels, 2,4,4'-trichloribiphenyl (IUPAC number 28)
and 3,4,4'-trichlorobiphenyl (IUPAC number 37) that were present in the
rats when obtained from the supplier.

Mean PCB congener concentrations in each tissue were compared
using Student's £-test:

Air 900 ng/cu m Food 0.5 ppm

CO

Food- Contror1

FIGURE 4. Three-dimensional presentation of the PCB congener concentrations found in the brain of
individual rats after exposure. (1) Inhalation from a total PCB concentration of 900 ±110 ng/m3 in air
for 30 d. (2) Ingestion from a food concentration of 436 ng/g total PCB in food. (3) Brains from con-
trol rats. IUPAC PCB numbers are given.
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TABLE 2. Mean PCB Congener Concentrations (ng/g wet weight) in Rat Tissues After Inhalation and Food Exposure

Congener
structure

2
4
2/2 + 26
24 + 25
2/3
2/4 + 23
26/2
3/4
25/2
4/4 + 24/2
236 + 26/3
26/4 + 23/2
245
25/3
24/3
25/4
24/4
34/2 + 25/26
24/26 + 23/4
236/2
23/26
25/25
24/25
24/24 + 246/4 + 245/2
23/25
236/3 + 34/4 + 23/24
26/34 + 234/2 + 236/4
23/23
245/3
235/4
235/26 + 245/4
25/34
24/34 + 236/25
236/24
23/34 + 234/4
235/25
236/23
235/24 + 245/25
245/24
2346/3 + 235/23
245/23
234/25
236/236
236/34 + 34/34
234/23
2356/25
235/236 + 2346/25

IUPAC
number

1
3
4 + 10
7 + 9
6
8 + 5
19
13
18
15 +
24 +
32 +
29
26
25
31
28
33 +
51 +
45
46
52
49
47 +
44
59 +
71 +
40
67
63
94 +
70
66 +
91
56 +
92
84
90 +
99

17
27
16

53
22

75 +48

37 + 42
41 +64

74

95

60

101

1 09 + 83
97
87
136
110 + 77
82
151
135 + 144

Air

6.50
0.00
0.82
1.56
2.12

10.50
0.00
0.00
3.23
4.50
0.00
4.07
0.00
0.77
0.11
0.00

103.88
2.62
1.96
0.08
0.00
3.98
2.71

21.70
1.90
1.55
1.24
0.00
0.00
1.09

39.60
1.93

16.89
0.00
7.41
0.00
0.00
3.64

12.55
0.00
0.00
0.25
0.00
0.65
0.00
0.00
0.80

Fat

Food

14.30'
0.00
0.00
0.52"
0.90a

5.54s

0.00
0.00
1.62
1.12
0.00
2.49
0.00
0.53
0.05
0.00

99.47
2.51
0.59
0.18
0.00
7.34
6.25

41.06
2.69'
2.67°
2.54'
0.00
0.00
1.66s

120.76a

4.37a

45.72a

0.00
26.92

2.31
0.00

12.11
39.11
0.00
1.22
3.88
0.00
4.03s

0.00
0.00
0.63

Cerebral cortex

Air

1.14
0.73
0.20
0.35
0.09
0.48
0.10
0.35
0.24
0.36
0.04
0.45
0.02
0.06
0.03
0.00
1.72
0.31
0.37
0.06
0.07
0.27
0.19
0.41
0.22
0.32
0.21
0.03
0.12
0.01
0.50
0.07
0.28
0.00
0.12
0.00
0.03
0.14
0.17
0.14
0.05
0.04
0.00
0.10
0.04
0.03
0.05

Food

3.16s

2.89a

0.72a

0.34
0.1 6a

1.09a

0.1 6a

0.29
0.48a

0.65a

0.08a

0.83a

0.03
0.07
0.03
0.00
2.23
0.51a

0.40
0.1 Oa

0.09
0.47a

0.24
0.64a

0.32
0.34s

0.24
0.07
0.01a

0.02
1.50
0.1 3a

0.55a

0.03s

0.37
0.06a

0.06a

0.29
0.53a

0.12a

0.08a

0.11
0.00
0.23a

0.02
0.06a

0.05

Liver

Air

0.00
0.00
0.00
0.15
0.04
0.56
0.03
0.12
0.09
0.46
0.02
0.15
0.00
0.03
0.02
0.00
1.83
0.08
0.04
0.00
0.04
0.16
2.78
1.12
0.10
0.20
0.07
0.00
0.00
0.08
2.04
0.02
1.60
0.01
0.48
0.01
0.00
0.33
1.50
0.54
0.00
0.10
0.00
0.02
0.00
0.00
0.09

Food

0.00
0.00
0.00
0.07a

0.02
0.32a

0.00
0.12
0.04
0.07a

0.03
0.07a

0.00
0.01a

0.03
0.00
1.77
0.06
0.00a

0.00
0.03
0.23a

2.49
2.06a

0.09
0.15
0.08
0.00
0.00
0.1 la

3.89a

0.02
2.72a

0.00
i.or
0.02
0.01
0.43
3.or
1.87a

0.1 2a

0.22s

0.00
0.02
0.00
0.01
0.09

Lung

Air

1.07
0.00
0.10
0.17
0.11
0.28
0.06
0.08
0.08
0.21
0.02
0.11
0.01
0.03
0.03
0.00
2.57
0.08
0.06
0.02
0.00
0.34
0.14
0.60
0.08
0.08
0.04
0.02
0.00
0.08
0.92
0.04
0.65
0.00
0.52
0.01
0.00
0.15
0.46
1.34
0.00
0.05
0.00
0.04
0.01
0.02
0.05

Food

3.20a

0.72
0.07a

0.1 8a

0.05a

0.1 7a

0.06
0.00
0.05a

0.11s

0.03
0.12
0.01
0.03
0.05a

0.00
3.27
0.06a

0.06s

0.02
0.02
0.52a

0.21s

1.33
o.ir
0.14s

0.07a

0.01
0.03
0.20a

3.74s

0.06s

2.46s

0.00
3.12a

0.05
0.00
0.42s

1.63a

1.81s

0.08
0.1 9a

0.00
0.1 3a

0.02
0.02
0.05

(Table continues on next page)
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TABLE 2. Mean PCB Congener Concentrations (ng/g wet weight) in Rat Tissues After Inhalation and Food Exposure
(Continued)

Congener
structure

2356/24 + 235/34
345/24 + 236/245
245/34
2356/23
2345/4
235/245
245/245 + 234/236
234/34
2345/25 + 2356/236
2345/24
2346/236 + 234/235
234/245 + 236/345
2346/34
2345/23
2356/235
2345/246 + 2356/245
2346/245
234/234
245/345
23456/25
2345/236
2356/234
2346/234 + 2345/34
2346/2356
2345/235
2345/245
2356/345
23456/236
2345/234 + 23456/34
2345/2356
23456/245 + 2345/

2346
23456/234
2345/2345
23456/2345

Total

Fat (%)

IUPAC
number

147 + 107
123
118
134
114
146
153 + 132
105
141 + 179
137
176 + 130
138/164
158
129
178
181 + 187
183
128
167
185
174
177
171 + 156
201
172
180
193
199
170 + 190
199
203 + 196

195
194
206

Fat

Air

0.00
1.07

14.86
0.37
1.86
3.49

25.85
3.76
0.31
0.59
0.00

22.36
1.14
0.00
0.56
7.20
2.85
2.30
0.00
0.00
0.00
4.34
2.09
0.75
1.67
9.13
0.00
0.11
6.21
4.02
2.87

1.77
2.08
0.98

386.25

Food

1.44
2.98a

61.57"
0.00
3.56
4.99a

44.69''
1 8.69"
0.09
1.63d

0.00a

37.35*
2.91"
0.00"
0.82"
9.12a

3.37"
4.58"
0.00"
0.00'
O.OO1'
4.57"
2.28a

0.75
1.20
9.94
0.00
0.00
8.05a

4.60
3.20

2.67"
2.43a

1.27"

697.26"

Cerebral cortex

Air

0.00
0.10
0.24
0.01
0.02
0.04
0.45
0.09
0.02
0.00
0.02
0.46
0.08
0.01
0.00
0.13
0.05
0.03
0.00
0.00
0.02
0.08
0.08
0.01
0.03
0.18
0.00
0.00
0.70
0.15
0.11

0.09
0.06
0.03

14.03

8.48

Food

0.00
0.18s

0.86a

0.03"
0.09a

0.07"
0.76a

0.36"
0.04"
0.03"
0.00'
0.65"
0.10
0.01
0.02''
0.17*
0.09a

0.1 8*
o.oi"
0.01 '
0.06
0.14''
0.1 6"
0.07'1

0.09-1

0.23'
0.01
0.02
0.43
0.14
0.11

0.07
0.06
0.05*

26.16

6.88

Liver

Air

0.00
0.00
0.66
0.00
0.45
0.09
1.27
0.18
0.00
0.10
0.00
0.92
0.07
0.01
0.01
0.26
0.15
0.12
0.00
0.00
0.00
0.14
0.14
0.05
0.02
0.33
0.00
0.00
1.42
0.23
0.24

0.12
0.18
0.17

22.25

3.24

Food

0.00
0.09
1.65"
0.00
0.68a

0.123

1.46
0.48*
0.00
0.40a

0.00
1.31a

0.24"
0.22a

0.00"
0.32'
0.18"
0.19''
0.11
0.00
0.02
0.1 6a

0.23a

0.12"
0.05a

0.36
0.00
0.21
2.10
0.24
0.24

0.14
0.19
0.18

33.00

3.05

Lung

Air

0.00
0.00
0.41
0.00
0.01
0.10
1.61
0.12
0.12
0.06
0.00
0.83
0.24
0.00
0.02
0,34
0.14
0.05
0.01
0.00
0.01
0.10
0.08
0.04
0.05
0.24
0.02
0.03
0.80
0.15
0.12

0.07
0.09
0.08

16.68

5.01

Food

0.11
0.00
1.85"
0.00
0.19"
0.17
2.22'
0.95a

0.26
0.10
0.00
1.56
0.68
0.00
0.02
0.44'
0.18
0.16
0.03
0.02
0.02
0.13"
0.05"
0.09a

0.07"
0.29"
0.02
0.05
1.29"
0.18
0.15

0.10
0.10
0.12

36.29"

4.43a

. See text for minimumNote. A concentration of zero indicates the congener was not detected or <.01
detectable levels. Data were rounded to two decimal places for clarity.

"Concentrations by the two exposure routes are discernibly different (p < .05, n = 8 for each route).

where X, is the mean via inhalation, X2 is the mean via food, 5 is the stan-
dard deviation of the mean via inhalation, and n is the number of sub-
jects (n = 8). All concentrations were significantly different from control
concentrations (p < .01). Significantly different concentrations between
inhalation and ingestion (p < .05, t > 1.9) values are marked in Table 2.
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FIGURE 5. Histopathology of thyroid tissue from control rats.
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Thyroid
The mean thyroid hormone response is shown in Table 3 (standard

errors of the mean are shown). Analysis of variance (ANOVA) analysis of
the results for both compounds showed significant difference between
groups at p < .01. When pairwise £-tests were carried out, there were
marked differences (p < .01) between controls and both exposure groups
and also between inhalation and ingestion exposed groups, with the in-
halation exposure groups being highest in both cases.

Histology
Histologic changes were obsc"ved in both the inhalation and inges-

tion exposure groups. The control rats tissues appeared to be normal. In
spite of the observation of tearing in the vapor-exposed rats, there were
no obvious histrlogic lesion^ in the lacrimal glands. No obvious lesions
were apparent i;i the liver, lymph nodes, colon, skin, testes, secondary
sex glands, or pancreas. Histopathc logical change were observed in the
following: thyroid gland of the inhalation group (n = 8), urinary bladder
changes in both exposures (air n = 8, food n = 6), and thymus changes in
both exposures (air n = 7, food n = 7).

Mo^t potable among the histopathological changes observed was the
increased intracellular vacuoP'Tation of follicular epithelial cells of the
thyroid gland in air-exposed rats (Figures 6 and 7). Tall follicular epithelial
cells surrounding a reduced amount of colloid characterized the thyroid
glands. Epithelial cells contained numerous intracytoplasmic vacuoles.
The nuclei of these cells contained compact chromatin and prominent
nucleoli. These changes are characteristic of actively secreting thyroid fol-
licular cells and are consistent with the observed elevated serum levels of
thyroxine (T4) and triiodothyronine (T3). This change was not apparent in
the PCB-fed rats.

Both the air and food groups showed thymic atrophy. The thymus at
40x magnification (Figures 8 and 9) showed a reduced ratio of darkly
staining cortex compared to the medulla.

The urinary bladders of both exposed groups exhibited epithelial
hyperplasia. The fed rats showed 8-11 layers of cells, compared to 3-5

TABLE 3. Total Triiodothyronine (TT3) and Thyroxine (TT4) Concentrations
in Controls and Rats Exposed to 0.46 )jg/kg/d of Aroclor 1242 via Inhalation
and 32.8 ug/kg/d via Ingestion

Exposure groups TT3 (ng/dl) TT4 (ug/dl)

Control 68 ±4.75 5 ±0.27
Ingestion 90±2.84a 6 ± 0.26a

Inhalation 113±2.64a 9 ± 0.36a

Note. Values are mean ± SEM.
"Discernibly different from control (p < .05).
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FIGURE 6. Histopathology of thyroid tissue from air exposed rats at the same magnification as Figure 5.
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FIGURE 7. Histopathology of control rat thymus tissue at 40x
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FIGURE 8. Histopathology of inhalation rat thymus tissue at 40*.
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FIGURE 9. Urinary bladder at 450x of control rat.
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for the control rats, at 450x (Figures 10 and 11). It is apparent that there
was an increase in plasma in intermediate and superficial cells. The sur-
face plasma membrane was more darkly staining. The urinary bladders on
dissection of the inhalation and ingestion groups appeared opaque, while
control bladders had the normal degree of transparency.

Open Field Behavior
Each rat was submitted to an open field test on the morning after termi-

nation of exposure before sacrifice in the afternoon. There was a significant
difference between control and both groups of exposed rats in rearing,
ambulation, and production of boli. The exposed groups were less active

; on all counts in the order control, inhalation, and fed groups (Table 4).

j DISCUSSION

"i Daily Health Observations
i Overall there were no signs of ill health. All the groups ate the 30-g
j ration during the 1-h rest period with no overt signs of starvation or aggres-
| sion. In comparing the weight gain of rat pairs, the mean percentage gained
| by the larger rats (in all pairs) showed a discernable" difference from that
I gained by the smaller rats (39 ± 6 and 34 ± 4; t = 3.3, p < .01), so domi-
j nance may be a factor in the overall experimental variance. However,
I there was a discernable difference between the percentage weight gain of
I the inhalation group versus both the control and the ingestion groups (29 ±
j 4 and 33 ±4; t = 3.6, p< .01).
| Although the number of air changes per hour (i.e., 3.1) was lower

than that recommended in the guidelines of the National Research Council
; for care and use of Laboratory Animals (Institute of Laboratory Resources,
I 1996; i.e., 10-15), our animal loading is only 0.8 to 1.07% compared

with 5% in the recommendations, so it is probable that the air changes
were sufficient to maintain an adequate supply of oxygen and to prevent
the buildup of carbon dioxide and ammonia. Barrow and Dodd (1979)
measured ammonia levels in chambers with animal loads of 1-5% with
8, 16, and 24 air changes per hour. The urine was collected on absorbent
pads as in the present experiment. At 1% loading with 8 changes per
hour, ammonia levels reached equilibrium at 0.48 ± 0.7 ppm after 4 h. At
the highest animal loading, the ammonia level reached 2.4 ± 0.38 ppm
after 4 h but continued to increase. In 1983, Schaerdel et al. determined
that at 100 ppm, urine-derived ammonia produced extremely small blood
concentrations of ammonia and had no other measurable effects in rats.
In the present experiment the Durosorb pads were changed daily during
the 1-h rest period, but it is not known whether the microbial generation
of ammonia from urine would be similar to that observed in Barrow and
Dodd (1979) and Schaerdel et al. (1983).
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FIGURE 10. Urinary bladder at 450x of rat fed Aroclor 1242;T
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FIGURE 11. PCB congener concentration differentials between air and liquid Aroclor 1242 during
passage of air at 9 l/min over a surface area of 32 cm2.

Thyroid Measurements
Collins and Capen (1980) observed pathological changes in the thy-

roid gland similar to those observed here. They fed rats 5, 50, and 500
ppm Aroclor 1254 for 4 wk, and also observed a statistically significant
increase in serum T3 at 5 ppm, which dramatically decreased at 50 and
500 ppm. The changes observed in the present study were produced at
approximately one-tenth of the lowest PCB food concentration used by
Collins and Capen (1980), and while the changes observed here may be
reversible when exposure is terminated, permanent harm to brain devel-
opment of young rats could result from variations in thyroid hormones
levels of the magnitude observed in our work (Porterfield, 1994).

Histological Changes
The present work includes an extensive histological examination of

the rat tissues as well as thyroid hormone measurements. Few animal tox-

TABLE 4. Open Field Behavioral Results

Exposure groups Rearing Ambulation Boli

Control
Ingestiort
Inhalation

10.8± 7
5.8 ±2.4'
5.9 ±3.3'

53.4 ± 10.5
31 ± 7.5a

42.6 ± 12s

3.1 ± 1.5
2.6 ±2"
1.8 ± r

•'Discernibly different from control (p < .05).
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icity data on Aroclor 1242 exist, especially at low doses by inhalation.
The New York State Department of Health (NY DOH) permitted air con-
centration at a New York State office building that was contaminated by
an electrical transformer fire is approximately equal to the concentration
used here (NY DOH, 1996). The histological changes observed in our
study may well be reversible, but the doses used are similar to or lower
than permitted environmental exposures. For example, the U.S. PDA per-
mitted concentration of fish ingestion 2 ppm is 4 times greater than the
level used here. In addition, previous studies on PCBs (Overman et al.,
1987; Seegal et al., 1990, 1991) were carried out at oral doses of >3
mg/kg/d using neonatal and adults rats and nonhuman primates. In the
majority of studies, endpoints related to liver cytochrome activity (Wolff,
1985; Hansen et al., 1995; Baker et al., 1977) behavioral and neurotrans-
mitter changes in certain brain regions (Daly, 1991; Seegal et al., 1991),
thyroid (Collins & Capen, 1980), and immunological measurements (Silk-
worth & Crabstein, 1982) were made; changes were discernible in all sets
of measurements at the doses employed.

The exposure to PCBs derived from Aroclor 1242 by either ingestion
or inhalation elicited significant histopathological effects on the thyroid
and thymus. The effects of exposure to PCBs and furans on the thyroid
and thymus have been well documented and are consistent with other
studies (Collins & Capen, 1977, 1980; Chu et al., 1994). However, the
dose used in this study was one-tenth of the doses where discernible
effects were reported in the previous two studies.

The thyroid lesions have been previously described in PCB and furan
orally exposed rats (Collins & Capen, 1977, 1980). The orally exposed
rats in our study showed no histopathological changes, as reported by
Collins and Capen (1977) with a dose of 5 ppm. The inhalation-exposed
group showed the same histopathological characterization as the 50 and
500 ppm orally exposed rats in the Collins and Capen (1980) study. This
type of lesion was confirmed with the elevations of serum TT3 and TT4.
This elevation could have been a transient effect due to an early overstim-
ulation of the thyroid. A longer study or a higher dose might have repro-
duced the decreases in circulating serum TT3 and TT4 seen by Collins
and Capen (1977, 1980). A study of thyroid functions (T4 and T3) in 123
Yusho patients 16 yr after exposure did show significantly higher T4 and
T3 compared with controls (Murai et al., 1987).

The histopathological effect on the thymus was the same in both
exposure regimes. The reduced cortical volume and the medullary atro-
phy have also been reported by others (Collins & Capen, 1977; Chu et al.,
1994). It is not known if exposure at this age will have an effect on the
immune system; however, in other studies adult rats were exposed and no
effects were found in the immune system, whereas prenatal exposure
altered immune function.

803399



SPRAGUE-DAWLEY RATS INHALE AND INCEST PCB 337

Open Field Behavior
The open field test is one of the most traditional and widely used

methods for the assessment of exploratory behavior and the emotional
states of rats. Normal exploratory behavior, measured by the open field
tests, was clearly affected by the PCB intake when compared to the con-
trol group; no marked difference could be discerned between the two ex-
posed groups.

The exploratory behavior was slowed with the reduced number of
ambulations and rearing in the exposed groups. The emotionality of the
rats in the exposed groups was also affected by the reduced numbers of
defecations. This indicates that in future studies, more sensitive tests may
reveal more clearly the behavioral locus that is being affected, as in the
work of Daly et al. (1989) and Daly (1991), which showed effects on
delayed gratification.

PCB Uptake
The composition of the vapor exiting the inhalation chamber was

remarkably constant (Figure 2). No change in composition over 30 d was
discernable when the concentrations of individual congeners were plotted
and regressed against time. The composition of the vapor resembles the
composition of the liquid Aroclor 1242 in the food but with the expected
relatively higher concentrations of the more volatile congeners (Figure 3).
Aroclor 1242 does contain traces of the majority of the higher chlorinated
congeners, but this is not evident from Table 1 because the analyses are
rounded to improve readability.

Figure 12 illustrates the partition between the liquid PCB phase and
the air flowing over it. The concentration of each congener in the air
phase will be related to the fugacity in the liquid (or "lipid") phase in a
situation, resembling what we have already described between liquid
PCB mixtures and water (Bush & Kadlac, 1995). The resemblance to the
Kow values for the congeners (Wood et al., 1987) is striking, showing that
the more chlorinated congeners have approximately six times the affinity
for the lipid-like PCB phase than the less chlorinated PCB. Since the liq-
uid and air are not at equilibrium, the values do not accurately reflect
true thermodynamic values. They are, however, helpful in indicating what
might occur when PCB congeners are taken up from the vapor by lipids
in the lung membranes. Although protein receptor-type binding of one
congener (2,4,2'4'-tetrachlorobiphenyl) in mouse lung tissue has been
demonstrated (Brandt & Bergman, 1975), simple partitioning to the lipid
constituents, and diffusion, will probably be the dominant means of
uptake to the blood stream based on our studies of lower organisms (Bush
& Kadlac, 1995; Wood et al., 1987).

Although the PCB doses were substantially lower than in the majority
of previous toxicological studies in rats, effects were observed which
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Constant 0.4
Std Err of Y Est 0.2
R Squared 0.86
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Degrees of Freedom 79
X Coefficient(s) 1.1
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FIGURE 12. Scatter plot of the PCB composition of rat adipose tissue after exposure to Aroclor 1242
by inhalation for 30 d (x) and the PCB congener composition of the same tissue-type in rats expose
by ingestion of Aroclor 1242 (y).

were qualitatively and quantitatively different between groups. The sum of
PCB congeners comprising the air dose was 0.46 ug PCB/kg body weight/d,
assuming a rat breathing rate of 74 mL/min or 107 L/d and complete
absorption from the inspired air, whereas the food dose was approximately
100 times higher (i.e., 32.8 ug PCB/kg/d). Clearly, PCB was transported
into the animals, and although the PCB congener patterns differed be-
tween tissues, the residue patterns and tissue concentrations from inhala-
tion and from ingestion did not differ greatly. However, the experimental
variance was low enough to allow statistically significant differences to
be discerned. Although the pattern of airborne PCB differed from the in-
gested pattern, with the food containing proportionately more of the higher
chlorinated congeners, the resultant residues in fat in particular were very
similar, except for the higher chlorinated PCBs in the food group. This
may be attributed to the more lipophilic character of the more highly
chlorinated PCB congeners. Comparison of the uptake via inhalation and
via ingestion may be accomplished with a linear model, which compares
the two compositions on a congener, by congener basis (Bush & Kadlac,
1995). Figure 12 illustrates the very close match between congener pat-
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terns between the two routes of intake in adipose tissue, with t2 = .86.
The x coefficient of 1.1 indicates that the adipose tissue was contaminated
to a similar extent overall by the two routes of exposure, although on a
congener-by-congener basis there were discernable differences as shown
in Table 2. Other tissues showed pattern similarities as indicated by the x
coefficients obtained by regressing the non-log-transformed data (fat, 1.3;
liver, 1.4; brain, 1.8; lung, 1.7); all r2 values were >.69. Since the food
dose is approximately 100 times the air exposure dose, this suggests that
inhalation is a considerably more efficient adsorption route for the rat
than ingestion. However, toxicokinetic factors may be important, since
the inhalation exposure was essentially continuous whereas the food
group received one daily bolus dose.

Ten congeners comprised 75.5% and 80.5% of the residue in fat via
inhalation and ingestion, respectively; these are congeners that have pre-
viously been shown resistant to mammalian liver hyd.oxylation, having
4,4'-chlorine substituents (Baker et al., 1977; Brandt & Bergman, 1975;
Shain et al., 1986). The surprisingly high level of^,4,4',5-tetrachlorobi-
phenyl (IUPAC number 74; 26% and 17%, respectively) caused some
concern because the proportion of this congener in both intakes was lower
in the original product. Because of this, the identity was confirmed using
a second GC column, Apiezon L (Bush et al., 1989). This congener is the
second most prevalent in human milk in spite of its low level in the envi-
ronment (Bush & Kadlac, 1995; Fitzgerald et al., 1996). Its surprisingly
high concentration in rat tissues in the present experiment may indicate a
novel aspect of mammalian liver metabolism worthy of further investiga-
tion. In Macaca nemistrina fed Aroclor 1016 (Seegal et al., 1990) 2,4,4',5-
tetrachlorobiphenyl was not an important component of brain tissue (adi-
pose tissue was not analyzed), whereas 2,4,4'-trichlorobiphenyl was the
major residual congener. This may indicate a species difference in meta-
bolic capability, with the macaque being vegetarian.

2,4,4'-Trichlorobiphenyl is the next most dominant congener in the pre-
sent study. It is a large component of Aroclor 1242 and Aroclor 101 6. Both
2,4,4'-trichlorobiphenyl and 2,4,4',5-tetrachlorobiphenyl are major residual
congeners in workers exposed to Aroclors 1016 and 1242 (J. Brown, Jr.,
personal communication). These data and that of others suggest that some
rearrangement or removal of chlorine atoms from the PCB molecule may
be occurring in humans and rats (Shain et al., 1986). The relatively high
concentration of 2-monochlorobiphenyl and 2,4'-dichlorobiphenyl would
support this hypothesis.

The liver PCB composition greatly resembles the fat composition.
When the mean congener concentrations in the two tissue types are com-
pared on a scatter plot, an r2 value of .39 (air) and .61 (food) is obtained
with an x coefficient of 15 ± 2 (air) and 20 ± 2 (food). Brain PCB patterns
are represented in a three-dimensional form in Figure 5; they resemble
the intake compositions more than did the fat or liver residues. The con-
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centration data show more significant differences between the fed and
inhalation groups for brain than for other tissues examined. This may be
attributed to PCB congeners crossing the blood-brain barrier directly via
the blood circulation without prior passage through the liver, where exten-
sive hydroxylation by mixed-function oxidases would occur.

The PCB composition of the lung did not show evidence of any affinity
of lung tissue for particular PCB congeners as reported when 14C-labeled
individual congeners were injected into the mouse (Brandt & Bergman,
1975). Table 2 indicates that the congener pattern was similar to the other
tissues but, as could be expected, the congener composition between the
ingestion and inhalation groups was also dissimilar for lung tissue (r2 =;.64).

CONCLUSIONS
PCB congeners were absorbed via inhalation of Aroclor 1242 vapor.

The vapor was produced by the sir.iple passage of air over liquid Aroclor
1242. This illustrates the ease with which Aroclor 124? evaporates. Living
in an atmosphere of 900 ng/m3 for 23 h/d resulted in tissue concentra-
tions that were approximately half the concentration found when the rats
ingested 0.5 ppm in their food. The effect produced by the ingestion route
replicated results of other studies, namely, effect on the thyroid and the
thymus. Changes produced by inhalation were similar.
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