
agent is also observed when chemical 
carcinogens are used as the transforming 
agents (10). Therefore, studies of the 
function of genes responsible for dif- 
ferential susceptibility-which are segre- 
gated, depressed, or induced in the vari- 
ant cells-will make it possible to identify 
crucial factors in the neoplastic transfor- 
mation by physical and chemical agents. 
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also suggests a possible way to develop a 
better system for rapid assay of environ- 
mental carcinogens. 

TAKEO KAKUNAGA 

JANET D. CROW 

Cell Genetics Section, Laboratory of 
Molecular Carcinogenesis, 
National Cancer Institute, 
Bethesda, Maryland 20205 

agent is also observed when chemical 
carcinogens are used as the transforming 
agents (10). Therefore, studies of the 
function of genes responsible for dif- 
ferential susceptibility-which are segre- 
gated, depressed, or induced in the vari- 
ant cells-will make it possible to identify 
crucial factors in the neoplastic transfor- 
mation by physical and chemical agents. 
The isolation of variants reported here 
also suggests a possible way to develop a 
better system for rapid assay of environ- 
mental carcinogens. 

TAKEO KAKUNAGA 

JANET D. CROW 

Cell Genetics Section, Laboratory of 
Molecular Carcinogenesis, 
National Cancer Institute, 
Bethesda, Maryland 20205 

Racemic pentobarbital is used clinical- 
ly to induce general anesthesia. Studies 
of the cellular mechanisms underlying 
this pharmacologic action have revealed 
that the drug depresses neuronal ex- 
citability in a variety of ways (1-4). Two 
of these depressant effects appear to be 
stereospecific and are caused primarily 
by the (-) isomer of the drug (5). One of 
these actions involves an increase in C1- 
conductance (3, 5), an effect that is 
blocked by drugs that also antagonize 
C1- conductance evoked by the putative 
neurotransmitter y-aminobutyric acid 
(GABA) (2, 3). It is thus possible that the 
effects of (-)pentobarbital are mediated 
through activation of GABA receptors 
(2, 3). The recent application of fluctua- 
tion analysis and single-channel record- 
ing techniques to membrane responses 
induced by endogenous ligands revealed 
the statistical nature of the underlying 
elementary events and their associated 
electrical properties (6). We applied fluc- 
tuation analysis to membrane current re- 
sponses evoked in cultured mouse spinal 
neurons by GABA and (-)pentobarbital, 
and we report that the drug opens ion 
channels whose conductance is similar 
to that of GABA-activated channels but 
which remain open five times as long. 

We grew mouse spinal neurons in tis- 
sue culture (3) and, at the time of the ex- 

SCIENCE, VOL. 209, 25 JULY 1980 

Racemic pentobarbital is used clinical- 
ly to induce general anesthesia. Studies 
of the cellular mechanisms underlying 
this pharmacologic action have revealed 
that the drug depresses neuronal ex- 
citability in a variety of ways (1-4). Two 
of these depressant effects appear to be 
stereospecific and are caused primarily 
by the (-) isomer of the drug (5). One of 
these actions involves an increase in C1- 
conductance (3, 5), an effect that is 
blocked by drugs that also antagonize 
C1- conductance evoked by the putative 
neurotransmitter y-aminobutyric acid 
(GABA) (2, 3). It is thus possible that the 
effects of (-)pentobarbital are mediated 
through activation of GABA receptors 
(2, 3). The recent application of fluctua- 
tion analysis and single-channel record- 
ing techniques to membrane responses 
induced by endogenous ligands revealed 
the statistical nature of the underlying 
elementary events and their associated 
electrical properties (6). We applied fluc- 
tuation analysis to membrane current re- 
sponses evoked in cultured mouse spinal 
neurons by GABA and (-)pentobarbital, 
and we report that the drug opens ion 
channels whose conductance is similar 
to that of GABA-activated channels but 
which remain open five times as long. 

We grew mouse spinal neurons in tis- 
sue culture (3) and, at the time of the ex- 

SCIENCE, VOL. 209, 25 JULY 1980 

References and Notes 

1. T. Kakunaga, Proc. Natl. Acad. Sci. U.S.A. 75, 
1334 (1978); in Short Term Test for Chemical 
Carcinogens, H. F. Stich and R. H. C. San, 
Eds. (Springer-Verlag, New York, in press). 

2. D. W. Nebert, W. F. Benedict, R. E. Kouri, in 
Chemical Carcinogenesis, P. 0. P. Ts'o and J. 
A. DiPaolo, Eds. (Dekker, New York, 1974), 
pp. 271-288. 

3. D. W. Nebert, S. A. Atlas, T. M. Guenthner, R. 
Kouri, in Polycyclic Hydrocarbons and Cancer, 
H. V. Gelboin and P. 0. P. Ts'o, Eds. (Academ- 
ic Press, New York, 1978), pp. 345-390. 

4. R. E. Kouri, in Polynucleur Aromatic Hydro- 
carbons: Chemistry, Metabolism and Carcino- 
genesis, R. I. Freudenthal and P. W. Jones, 
Eds. (Raven, New York, 1976), pp. 139-151. 

5. T. Kakunaga, Int. J. Cancer 12, 463 (1973). 
6. _ , ibid. 14, 736 (1974); Cancer Res. 35, 

1637 (1975); Nature (London) 285, 248 (1975). 
7. H. E. Johns, Methods Enzymol. 16, 253 (1969). 
8. R. S. Day, Photochem. Photobiol. 20, 95 (1974). 
9. S. A. Aaronson and G. J. Todaro, J. Cell 

Physiol. 72, 141 (1968). 
10. T. Kakunaga, in preparation. 
11. We thank R. S. Day for reviewing the manu- 

script. 

5 December 1979; revised 5 February 1980 

References and Notes 

1. T. Kakunaga, Proc. Natl. Acad. Sci. U.S.A. 75, 
1334 (1978); in Short Term Test for Chemical 
Carcinogens, H. F. Stich and R. H. C. San, 
Eds. (Springer-Verlag, New York, in press). 

2. D. W. Nebert, W. F. Benedict, R. E. Kouri, in 
Chemical Carcinogenesis, P. 0. P. Ts'o and J. 
A. DiPaolo, Eds. (Dekker, New York, 1974), 
pp. 271-288. 

3. D. W. Nebert, S. A. Atlas, T. M. Guenthner, R. 
Kouri, in Polycyclic Hydrocarbons and Cancer, 
H. V. Gelboin and P. 0. P. Ts'o, Eds. (Academ- 
ic Press, New York, 1978), pp. 345-390. 

4. R. E. Kouri, in Polynucleur Aromatic Hydro- 
carbons: Chemistry, Metabolism and Carcino- 
genesis, R. I. Freudenthal and P. W. Jones, 
Eds. (Raven, New York, 1976), pp. 139-151. 

5. T. Kakunaga, Int. J. Cancer 12, 463 (1973). 
6. _ , ibid. 14, 736 (1974); Cancer Res. 35, 

1637 (1975); Nature (London) 285, 248 (1975). 
7. H. E. Johns, Methods Enzymol. 16, 253 (1969). 
8. R. S. Day, Photochem. Photobiol. 20, 95 (1974). 
9. S. A. Aaronson and G. J. Todaro, J. Cell 

Physiol. 72, 141 (1968). 
10. T. Kakunaga, in preparation. 
11. We thank R. S. Day for reviewing the manu- 

script. 

5 December 1979; revised 5 February 1980 

periment, replaced the normal mainte- 
nance medium with Hanks balanced salt 
solution containing 1 mM CaCl2, 10 mM 
MgC12, and 0.5 uM tetrodotoxin to elimi- 
nate all evoked synaptic activity and al- 
low clearer study of the pharmacologic 
responses. Using the voltage clamp tech- 
nique, we made intracellular recordings 
on the modified stage of an inverted 
phase microscope with two electrodes 
filled with 3M KCI. The recordings were 
made at room temperature (25? + 1?C). 
The GABA was applied to individual 
cells by iontophoresis from pipettes con- 
taining 1M solutions, and the (-) isomer 
of pentobarbital was applied by pressure 
from pipettes containing 100 AM solu- 
tions. Analysis of current fluctuations 
was performed with the aid of PDP 11/10 
and 11/40 computers. 

Fourteen cells were studied with 
GABA alone; two, with (-)pentobarbital 
alone; and seven, with both agonists. 
Application of GABA or (-)pentobarbi- 
tal induced membrane current responses 
in all of the cells tested. The responses to 
GABA and (-)pentobarbital were ac- 
companied by additional membrane cur- 
rent variance (Fig. 1). Variances of mem- 
brane current fluctuations during 30-sec- 
ond samples of baseline records and of 
agonist responses were averaged, and 
the former were subtracted from the lat- 
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ter to yield the variance induced by the 
drug. Agonist-induced variance was di- 
rectly proportional to the amplitude of 
the current response over the 0.3- to 3.0- 
nA response range. Assuming that the 
variance reflects statistical fluctuation in 
the number of open ion channels about a 
mean number of open channels, the av- 
erage conductance y of a single channel 
can be estimated from the relation 
y = o2/[Al(Vc - ER)], where -r2 is the 
variance associated with agonist-induced 
changes in membrane current AI, ER is 
the reversal potential of the agonist re- 
sponse, and Vc is the holding potential 
under voltage clamp. Estimates of y for 
GABA, 14.5 ? 7 pS (mean + S.D., 
N = 21 cells), and (-)pentobarbital re- 
sponses, 14.7 + 9 pS (N = 9 cells), were 
not significantly different (P > .90, Stu- 
dent's t-test), indicating that both sub- 
stances open channels of similar con- 
ductance. 

Estimates of the average lifetime of 
open channels were obtained from the 
power spectral density of current fluctu- 
ations in the presence of the agonists. 
The spectra were calculated as the fast 
Fourier transform of 6144-point samples 
of membrane current, digitized at 5 msec 
per point. Spectral analysis of baseline 
fluctuations in all of the cells showed 
that, in the absence of agonist, power 
spectral density was proportional to the 
inverse of frequencyf over the entire fre- 
quency range of the spectrum and over 
the membrane potential range used (-50 
to -90 mV) (Fig. 2A). Similar 1/f 
spectra have been reported in a number 
of excitable tissues studied in the ab- 
sence of chemical stimulation, but the 
physical basis of the 1/f spectrum re- 
mains unclear (7). 

Spectra of baseline fluctuations imme- 
diately before or after agonist responses 
were subtracted from spectra obtained 
during agonist responses, giving dif- 
ference spectra of agonist-induced fluc- 
tuations. We obtained 139 spectra of 
GABA responses in 21 cells and 75 
spectra of (-)pentobarbital responses in 
nine cells. For holding potentials over 
the -50 to --90 mV range, the difference 
spectra can be described by a single 
Lorentzian term, S(f)/S(O) - 1/[1 + 

(f/f/)2],where S(f) is the spectral den- 
sity as a function of frequency and f, is 
the half-power frequency of the spec- 
trum (Fig. 2B) (6). The Lorentzian char- 
acter of the spectra suggests that both 
GABA and (-)pentobarbital open an 
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153.4 + 27 msec, is five times that of 
GABA-induced channels, 30.7 + 7 msec 
(P < .001). Channel lifetime appeared to 
vary little for either agonist over the -50 
to -90 mV membrane potential range. 

The results show that, like the re- 
sponses to GABA, the membrane re- 
sponses to (-)pentobarbital were associ- 
ated with the appearance of additional 
current fluctuations whose behavior can 
be described by a single Lorentzian 
term. A simple interpretation of this ob- 
servation is that the drug opens ion chan- 
nels of similar conductance and five 
times the lifetime of those activated by 
GABA from synaptosomal membrane 
veal the mechanism by which the drug 
activates the channel. Barbiturates po- 
tentiate the pharmacologic responses of 
exogenously applied GABA and synap- 
tic events mediated by GABA (2, 3), ap- 

parently by prolonging the average life- 
time of GABA-activated channels (8). 
The I/f character of baseline spectra we 
obtained indicates little, if any, detect- 
able contribution of either exogenously 
(9) or endogenously released GABA in 
the absence of (-)pentobarbital (10). It is 
conceivable that the drug either induces 
release of GABA or blocks uptake of am- 
bient GABA and then prolongs GABA- 
activated channels. If induced release of 
GABA does occur, it cannot be resolved 
as discrete quantal events. There is no 
evidence to indicate that barbiturates in- 
duce the release or inhibit the uptake of 
GABA from synaptosomal membrane 
preparations of mammalian brain (11- 
13). Thus it seems unlikely that the drug 
effects are due to prolongation of GABA- 
activated channels. Alternatively, the 
drug effects may not require the pres- 

Fig. 1. Membrane re- (-)Pentobarbital 

sponses to (-)pento- P_ __l_ __ ___ ___ 
barbital and GABA, GABA 
as recorded with KCI 1...., . 1 
electrodes from a 

Vc=-60 mV 5 mV 
cultured mouse spi- - 

nal neuron voltage- 
clamped to -60 mV. I L 
The 100 ,um (-)pento- 
barbital was applied by n 

pressure from a pi- Im-~ 5 nA 

pette during the peri- 
od indicated on trace 
P. The GABA was 
iontophoresed from a o 
1M solution at the cur- 
rent shown in trace h. 2 
The high-grain, a-c- 
coupled membrane 30 Seconds 

current record (Im) is 
illustrated above the low-gain, d-c-coupled record (Im). Membrane current variance o'2 (con- 
verted to a voltage) is displayed at the bottom. Both substances evoke membrane current 
responses associated with a thickening of the current tracings and a coincident increase in 
variance. 

Fig. 2. Power spectral 4 BaselineGABA 1A GABA _, 
density spectra of 
membrane current 
fluctuations in a cul- :(-)Pentoba bita 

tured mouse spinal 
neuron. (A) Each of J 
the baseline spectra < < 
observed under con- 'o .04 1- 

trol conditions at -70 
mV (immediately pre- . 004 

ceding application of 
the agonist) can be .0004 

approximated by a 
straight line that de- .00004- 
lineates a 1/f rela- .1 1 10 100 .1 1 10 100 

tionship between pow- Frequency (Hz) 
er spectral density and 
frequency. (B) These spectra were obtained as the difference between the spectra derived 
from baseline fluctuations and those calculated during responses to GABA and (-)pento- 
barbital. Each is the average of 17 difference spectra. They have been normalized by dividing 
each spectral density point S(f) by the zero frequency asymptote of the spectrum S(0). Least- 
squares analysis of the normalized spectra show that both are closely approximated by single 
Lorentzians (solid lines) described by the equation S(f)/S(O) = 1/[1 + (f/f)2], whose cutoff 
frequency fc is 4.72 Hz for GABA and 1.23 Hz for (-)pentobarbital. Since the mean channel 
lifetime r = 1/2rf, r for GABA = 33.7 msec and T for (-)pentobarbital = 129.1 msec. 
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ence of GABA, but may result from 
direct activation of membrane con- 
ductance through engagement of recep- 
tors for a natural ligand or interaction 
with ion channels per se. 

It is difficult to conclude that the drug 
directly engages the agonist binding site 
of the GABA receptor, since 100 JiM 

(-)pentobarbital does not always direct- 
ly affect cultured neuron membranes or 
other excitable membranes sensitive to 
GABA (4), and since in binding assays 
barbiturates do not compete with GABA 
for receptor sites (14). Such a com- 
petitive interaction has, however, been 
demonstrated between barbiturates and 
picrotoxin (15), which is thought to be a 
noncompetitive antagonist of GABA re- 
sponses in vertebrate neurons (16). It is 
possible, therefore, that (-)pentobarbi- 
tal may activate membrane channels per- 
meable to C1- by causing them to open 
transiently (17). It should be noted that 
endogenous ligands such as purines, py- 
rimidines (18), and peptides (19) can also 
activate C1- conductance mechanisms in 
cultured spinal neurons. These observa- 
tions raise the possibility that GABA re- 
ceptors may not be involved in mediating 
the effects of (-)pentobarbital, but that 
receptors for other endogenous ligands 
may. Thus, although the data suggest 
that (-)pentobarbital opens ion channels 
analogous to these activated by a neuro- 
transmitter, it is not yet clear how this 
occurs. 
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and metabolites) per million. 

The impact of toxic waste on the envi- 
ronment is often difficult to assess (1). 
However, the effects of DDT pollution 
are well known and have helped spur 
the environmental movement. In partic- 
ular, data on DDT residues have been 
experimentally tied to harmful effects in 
various wildlife species. In this report we 
document the effects of massive con- 
tamination of an important national re- 
source with industrial DDT. 

From 1947 to 1970, DDT was manu- 
factured on a site leased from the U.S. 
Army at Redstone Arsenal, Alabama. 
Production reached approximately 106 
kg per year in 1963 (2); more than 6 x 105 

kg were produced in 1970 prior to June of 
that year, when manufacture ceased. A 
ditch carrying effluent from the factory 
ran directly into Wheeler National Wild- 
life Refuge, where it joined Huntsville 
Spring Branch, a tributary to the Tennes- 
see River, about 1 km from the plant site. 
The refuge, a 140-km2 area administered 
by the U.S. Fish and Wildlife Service, is 
the major waterfowl refuge in Alabama, 
with winter populations recently esti- 
mated at 80,000 ducks and geese; in the 
past, population peaks of 150,000 were 
recorded (3). 

In the 1960's, attempts were made to 
contain the effluent by dumping it in 
holding ponds or hauling it to landfills. 
Even so, the amount of DDTR (the 
simple sum of DDT isomers and metabo- 
lites) currently present in the sediments 
of Huntsville Spring Branch within the 
boundaries of the wildlife refuge has 
been estimated to be as high as 4 x 106 

kg (4). Gross contamination is not limit- 
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that year, when manufacture ceased. A 
ditch carrying effluent from the factory 
ran directly into Wheeler National Wild- 
life Refuge, where it joined Huntsville 
Spring Branch, a tributary to the Tennes- 
see River, about 1 km from the plant site. 
The refuge, a 140-km2 area administered 
by the U.S. Fish and Wildlife Service, is 
the major waterfowl refuge in Alabama, 
with winter populations recently esti- 
mated at 80,000 ducks and geese; in the 
past, population peaks of 150,000 were 
recorded (3). 

In the 1960's, attempts were made to 
contain the effluent by dumping it in 
holding ponds or hauling it to landfills. 
Even so, the amount of DDTR (the 
simple sum of DDT isomers and metabo- 
lites) currently present in the sediments 
of Huntsville Spring Branch within the 
boundaries of the wildlife refuge has 
been estimated to be as high as 4 x 106 

kg (4). Gross contamination is not limit- 
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ed to the aquatic system; in February 
1979 we collected fist-sized chunks of 
crystalline material lying on the ground 
near the plant site; this material was 21 
percent DDT. 

Table 1. Concentrations of DDTR in selected 
fauna collected in February 1979 at Wheeler 
National Wildlife Refuge and the adjacent 
Redstone Arsenal. Abbreviations: Max, max- 
imum; GM, geometric mean; and CI, 95 per- 
cent confidence interval. 

DDTR (ppm) 
Species 

and Wet Lipid 
tissue weight weight 

basis basis 

Mallard ducks 
(N = 27) 

Carcass 
Max 480 6730 
GM 4.0 38.0 
CI 1.6-9.9 15-49 

Muscle 
Max 150 6900 
GM 0.67 11.5 
CI 0.31-1.4 2.1-49 

Crows (N = 14) 
Muscle 

Max 49 1470 
GM 4.0 123 
CI 1.4-11.2 42-355 

Cottontail rabbits 
(N = 4) 

Muscle 
Max 0.52 79 
GM 0.27 21.7 
CI 0.12-0.62 0-626 

Swamp rabbits 
(N= 5) 

Muscle 
Max 0.58 79 
GM 0.25 18.0 
CI 0.10-0.50 1.1-170 

0036-8075/80/0725-0509$00.50/0 Copyrighl 
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Birds, rabbits, and earthworms were 
collected for residue analysis in Febru- 
ary 1979 (5), nearly 9 years after the 
manufacture of DDT at the Redstone site 
was halted. Mallard ducks (Anas platy- 
rhynchos) were collected from flocks en- 
tering an evening roosting area on 
Huntsville Spring Branch approximately 
0.5 km downstream from its confluence 
with the drainage ditch. Crows (Corvus 
brachyrhynchos), cottontail rabbits (Syl- 
vilagus floridanus), and swamp rabbits 
(Sylvilagus aquaticus) were collected 0.4 
to 0.5 km from the plant site. Composite 
samples of earthworms (Bimastos, Den- 
drobaena, and Diplocardia) were ob- 
tained about 0.1, 0.3, and 1.0 km from 
the factory. 

Concentrations of DDTR in these 
fauna are high (Table 1). On a lipid 
weight basis, concentrations of residue 
in the muscle of the rabbits and birds ex- 
ceeded established tolerances for human 
consumption of domestic animals in 37 
of 50 samples (6). The concentration of 
DDTR in whole carcasses of female mal- 
lards was as high as 480 parts per million 
(ppm) (wet weight), and the geometric 
mean for DDE (l,1-dichloro-2,2-bis(p- 
chlorophenyl)-ethylene) in these females 
was 3.8 ppm (6.1 ppm DDTR) (7). In an 
experimental study, females of the close- 
ly related black duck (Anas rubripes), 
with whole-carcass DDE residues aver- 
aging 3.4 ppm, produced eggs with shells 
nearly 10 percent thinner than those of 
control eggs (8). Also, the overall pro- 
ductivity of these females was found to 
be significantly lower than that of controls 
(P < .05, X2 test). In captive mallard 
ducks reproductive effects due to DDE 
occur for periods of at least 11 months 
after cessation of exposure (9) and in 
captive black ducks for at least 2 years 
after exposure (8). 

Waterfowl wintering at Wheeler Na- 
tional Wildlife Refuge migrate from as 
far north as Ontario (10). Our data and 
those of Longcore and Stendell (8) and 
Haegele and Hudson (9) indicate that im- 
paired reproduction on breeding grounds 
far removed from the refuge is highly 
likely. In addition, contamination from 
this one source has had a strong influ- 
ence on the interpretation of DDT resi- 
due data for the entire waterfowl popu- 
lation of Alabama. Nationwide monitor- 
ing of pesticides in waterfowl wings 
since the mid-1960's has shown that 
DDT and DDE concentrations in Ala- 
bama waterfowl are among the highest in 
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from a tricounty area surrounding the 
refuge; and the residues found in these 
animals, high enough to indicate im- 
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DDT Contamination at Wheeler National Wildlife Refuge 

Abstract. Disposal of industrial waste resulted in massive DDT contamination at 
Wheeler National Wildlife Refuge, Alabama. Nearly a decade after the cessation of 
DDT manufacturing at the facility responsible, concentrations of DDT residues in 
the local fauna are still high enough to suggest avian reproductive impairment and 
mortality. Populations of fish-eating birds are low, endangered species are being 
exposed, and muscle lipids of game birds contain up to 6900 parts of DDT (isomers 
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